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Abstract

t

Electronic structures for various geometries of coordinated aryldiazeniao’
ligand in complexes are developed by using Fragment Molecular Orbi:‘ali
Interaction analysis.

n-acid strengths of the singly bent aryldiazenido and nitrosyl ligands in the
identical chemical environment of the compounds [Cp™Ir{CoH,4)L]BF 4 (L= NO and
p-NoCgH,4OMe) have been compared. It is concluded that the singly bent
diazenido ligand is a stronger n-acid than the linear nitrosyl in a low symmetric
environment. Further, the singly bent aryldiazenido ligand is shown to undergo
re-orientation of the aryl substituent, leading to two observable isomers at low
temperature.

The & effect of the ancillary ligands on the geometric preference of the
aryldiazenido ligand in the complexes [Cp*Ir(L)(p-NxCgH4OMe)]0 0 + is

demonstrated. This is characterized by following results:

1. When L= CO, a strong n-acid, no stable complex [Cp*Ir(CO)(p-
N>CgH4OMe)]BF 4 can be isolated. But in EtOH solvent, a diazene complex,
[Cp*Ir(CO)(OEY) (p-NHNCgH,OMe)]BF 4, is formed. Further deprotonation of
this complex affords a doubly bent aryldiazenido complex, Cp*Ir(CO)(OEt)(p-
N>CgH4OMe).

2. When L is a weak n-acid, the singly bent aryldiazenido complexes
[Cp*ir(L)(p-NoCgH4OMe)]BF 4 (L=CoH,4 or PPhs) are produced. Addition of a
- hydride to [Cp*Ir(PPh3)(p-NoCgH4OMe)]BF, yields Cp*Ir(PPhg)(H){p-
N>CgH4OMe), with a doubly bent diazenido ligand. The chloro analogue,
Cp*ir(PPh3)(Cl){p-NoCgH,OMe), is unstable; but protonation of it at Na,

iii



forming [Cp*Ir(PPh3}{Cl}{p-NHN-CgH,OMe)]BF 4, can stabilize the chloro

ligand in the coordinaticn sphere.

3. When L=X, (I or Br}, [Cp™Ir{X)]»{1Z-1n2-p-NoCgH,4OMe) (u2n1-p-NoCgHy-
OMe) are produced, and when L= Cp*Ir{CO),, {[Cp*If{CO)]s{u2-nZp-
NoCgH,OMe)}BF 4 is produced.

Complexes produced in the nitrogen extrusion reactions of aryldiazonium
ion with certain iridium carbonyls include [Cp*Ir{CO)»(Ar)]BF 4 and [Cp*Ir{CO)>—
erb"(CO)(CI)]BF4, formed by reactions of the aryldiazonium salt with Cp*Ir(CO)»
, in acetone and CHxCly, respectively, and {{Cp*Ir(CO)]»(1-n1-1, 2-n2-u2p-
CBH4OMe)}BF4, fbrmed by a reabtion of the aryldiazonium salt with [Cp*Ir(CO)]».
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CHAPTER 1L

Electronic Structures, Properties and Structural Characterization of

Aryldiazenido Complexes

1.1 Introduction

Transition metal aryldiazenido complexes (MNgAi’) have been of great
interest in this group for many years. This research program has been
continuously stimulated by two simple facts. First, in organometallic chemistry,
relatively little is known about dinitrogen and organodinitrogen complexes
compared to carbon atom ligated comiplexes. Secondly, the close relationship of
the aryldiazenido ligand to nitrosyl, dinitrogen and other organodinitrogen
species leads to a family of related compounds. In fact, aryldiazenido ligands
have been successfully converted into dinitrogen,’ diazene,2 hydrazido(1-),3
and hydrazido(2-)4 ligands. It is noteworthy that the hydrogenated forms of
these organodinitrogen ligands, including diazenide itself, could be intermediates
involved in the nitrogenase mediated reduction of molecular nitrogen.5-10

Structural studies of aryldiazenido complexes yield valuable insights into
the electronic structure of the ligands and perhapsr into reaction mechanisms
involving these ligands. Much effort in the study of organodiazenido chemistry
has gone into determining which factors influence the geometry and, therefore,
the electronic structure of the organodiazenido ligands in various complexes.
Undoubiedly, detailed structural and chemical information regarding these
ligands in transition metal complexes will not only enrich today's organometallic
chemistry, but more importantly, may also contribute to our understanding of the

catalytic reduction of dinitrogen, and even to the future development of new and -



efficient catalysts for the conversion of molecular nitrogen into ammonia, or other
useful organodinitrogen compounds, under mild conditions.11.12
| Historically, this study has been closely related to nitrosy! chemistry.
Sihce NoAr+ and NO* are isoelectronic, very often the mode of coordination of
aryldiazenido ligands to transition metals was considered to be similar to that of
the NO Iigahdﬁs The convenient valence bond (VB) description for the
electronic S{:ructure of the nitrosyl ligand has beén used also equivalently for
diazenido ligands. In fact, the analogy between NO+ and NZAV.!‘+ has been found
_frequently in syntheses and discussions of molecular structure, and it certainly
facilitated the development of organcdiazenido and nitrosyl chemistry during the
early stages of research in this area.
The work presented in this thesis focuses mainly on aryldiazenido iridium
complexes with pentamethylicyclopentadieny! (GC')r as the main co-ligand. The
| syntheses, structural éha;acterizations and some typical chemical reactions of
these CompoUhds have been investigated. The chemical and structural
significance of these pentamethylcyclopentadienyl! iridium diazenido compounds
is highlighted by observed changes in the coordination mode of the diazenido
!igand at the iridium Centre, giving rise to various geometries as depicted in
Scheme 1.1. The donversions between these modes are dependent upon the
identity of the co-ligands in some cases. For comparison with the singly bent
diazenido compounds, some nitrosyl compounds have also been synthesized
and studied. | |
The details of the structures of each mode shown in Scheme 1.1, and the
relationship beiw’éeﬁ them can be interpreted in terms of the electron
configuration of the diazenide Iigand and the nature of the bonding between it

and the transition metal. During the course of this work, a number of unique
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- chemical and structural features of the aryldiazenido ligand and other related

organodinitrogen ligands have been noticed, and interestingly, some of these

<+
Ir=N= N\ Ir———N\
Ar NN—Ar
Singly Bent Doubly Bent
Ar
. AT N/
N— ( ",
ir Ir ir Ir
1n2-n2-Bridging n1-u2-Bridging
Scheme 1.1

were not satisfactorily explained by the classical picture of the electronic
structure of the aryldlazemdo ligand that, for example, treats the nitrogen lone
palr electrons as non-bonding and does not take mto account conjugation of the
N=N double bond with transition metals and the aromatic ring. Similarly, in the
literature of diazenido compounds, a number of anomalies and uncertainties
about the structure and chemical properties are rooted in the classical valence
bond framework, and reflect the inadequacy of it in the description of the
bonding and electron configuration of the aryldiazenido ligand. Some of these

discrepancies are discussed below as examples:



{1). The NO ligand is considered to be a better & acceptor than the NoAr
ligand due to the greater electronegativity of the O atom in the NO ligand and
the greater Lewis acidity of NO* over N>Ar+. This apparently simple fact has
been confirmed many times.14-17 However, we found that, at least for
[CpIr(CoH4)LI+ (L=NO or N»Ar), the chemical and spectroscopic evidence
suggests that electron transfer from the iridium centre to the aryldiazenido
':ligand is rmo'rré extensive than to the NO 'Iigand. This suggests that N>Ar+ is a

better & acid than the NO* ligand in this case.

(2). In aryldiazenido complexes, the singly bent NoAr+ ligand has a smali or
negligible structural influence on the ligand trans to it, such as halide,
whereas, there is a significant trans Iengthéning (~ 0.10 A) of the metal-
chloride bonds in PtCI(N,Ar)(PEt3),18 and IrCIo(CO)(NoAr)(PPhg)o1° where
| the halidé bonds are trans to a doubly-bent N>Ar ligand. How can this be

éxplained?

(3). Similar confusion has also been found in understanding the different

reactivities of the ligand in the following reactions (Egn. 1.1a and 1.1b)

H-
—> CpRe(CO), (NHNAr) (Egn. 1.1a)

[CpRe(CO)2(N; Ar)]" —

Me ‘
————>  CpRe(CO),(NNMeAr)  (Eqn. 1.1b)




Nucleophilic attack of the diazenido ligand by H- apparently occurs at the N,
atom forming the expected diazene complex,4 20 whereas attack by the
carbanion Me- seems occurred at the Np position forming the unusual doubly

bent NNR, hydrazido(2-) complex.4

Clearly, a full explanation of these observations requires a detailed
description of the electronic structure and bonding in aryldiazenido transition
metai complexes. Previously, the problems of structure and reactivity for
aryldiazenido ligands have been mainly discussed in terms of the traditional
valence bond theory. The inadequacy of this theory to account for observed

_discrepancies suggests that this approach may be inappropriate and a more
accUrate picture of the electron configuration of this ligand may be required. This
might be achieved through the use of the Fragment Molecular Orbitals (FMO)
approach due to Wolfe, et.al,21. 22 hased on the Extended Huckel Molecular
Orbital (EHMO) calculations by Hoffmann.23 In fact, Hoffmann, in 1977, has
described qualitative molecular orbitals for the structures of a series of
isoelectronic species, such as Np, NO*+ and NoH* , as well as some complexes
of these yspecieé by using EHMO.24 Many important conclusions have been
dfawn from these calculations and they are still valuabté in dealing with the
molecular structure of the diazenido complexes. In particular, the ideas behind
these calculations are very instructive and useful. On the other hand, since an
oversimplified NoH* system was used as a model in the calculations, some
conclusions suitable for NoH may noi be directly transferable to the aryldiazenido
caSerbecausre it ignores the coﬂjugation of N=N with the a.romatic ring . For -
example, a cis-conformation for a doubly bent diazenido kligand was found to be

energetically prefei'red' based on the calculation. In fact, no single example of
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this conformation has breen found in known aryldiazenido complexes, except in
the case of a metallacyclic product.25 Clearly, the steric effect of the rather bulky
aryl ring must be taken into consideration along with electronic effects when
| considering arydiazenido complexes.
| While this Thesis was in preparation, a recent paper appeared that also
deals with EHMO calculations on methylkdiazenido c‘:omplexes.26

In this 'chapter, an atterhpt will be made to build u'p a qualitative molecular
orbital picture to describe the aryldiazenido ligand. Ih order to do this, first, a
phenyldiazonium ion, NoPh+, will be used as a model to develop the fragment
orbitals for the aryldiazenido,ligand in different geometries. This approach is
based on EHMO calculations, with parameters and some details as described in
Appendix I. Once the fragment orbitals of the ligand have been constructed, a
~ quaiitative F'MO analysis approach will be used to combine thése orbitals with
th,é Well-de\)eloped'fragment orbitals of transition metal species (ML,).27-29 The
relative energy of the latter is approximated by the \)alence shell, or valence
orbital, ionization potential energy (VSIP or VOIP); values are listed in Appendix
Il-with the literature references. This will allow the électronic structure and
bonding between the diazenido ligand and transition metal centres to be
qualitatively modelléd. A particular emphasis will be placed on applying this
approach to structure and reactivity problems in aryldiazenido complexes. Many
important areas related to diazenido chemistry are only briefly dealt with. For
example, a detailed discussion of the structures for hydrazido and diazene type
‘ iigandé, areas important enough to be discussed in their own right, are only
touched on 'supefﬁda}iy here. No attempt will be made to-deal with the
theoretical basis of this work here. This has been reported at considerable length

elsewhere.30-32 Only the results, data and methodology will be discussed here.

6



It is not intended to give a critical review of the previously published
results here. Nevertheless, some previously published contributions on
aryldiazenido chemistry have been re-evaluated in the framework of the FMO
analysis.

The later part of this chapter inciudes a discussion of some structural
characterization methods commonly used in diazenido chemistry. The potential

application of 15N NMR spectroscopy is emphasized, simply because this

| technique is still not often expioited.

1. 2. Electronic Structure of Aryldiazenido Ligénds

--1.2. 1. Introduction

The EHMO method normally does not consider electron-electron
interactions in the Valence orbitals and does not ene'rgetically minimize the
molecular geometry. Therefore, when using EHMO calculations to construct
valence orbitals for a ligand, it is very important that the fragment for the ligand
be chosen carefuﬂy; it must be sure to have appropriate geometry and a suitable

\ e!ectroh count. The convention used to assign the electron count for the

, fragment is cértainlyrnot unique; however, the total é!ectron count for a complex
must stay the sarﬁe no matter what conventions are used, and the choice will be
reflected in the resulting formal oxidation state at the metél. For example, alkyl
groups and halogens can be‘ counted as neutral 1e~-donors or, anionic 2e-
donors, provided a formal positive charge is included on the metal centre in the
latier case. Treaiment of all ligands as Lewis bases, namely, as two electron-
donors, is used here whether these iigandsrare neutral or charged. The virtue in

this is that the formal charge on the metal centre directly corresponds to the



formal oxidation state of the metal, and the number of d-electrons on the metal
centre is also straightforwardly obtained.

For aryldiazenido complexes, a suitable fragment assignment for the
singly or doubly bent aryldiazenido ligand is rather difficult. The NoAr ligand can
be formally viewed as N»Ar+, N2Ar or NoAr-. The latter corresponds to an odd-
electron configuration and will not be used here because it violates the 2-
electron donor concept indicated above. The NyAr formalism is a closed sheli
'conﬁguration; generates a formal count of 1+ toward the oxidation state of metal,

- and has a "doubly bent" geometry when it donates a ¢ pair as a Lewis base. A

trans conformation will be presumed, as shown bélow in (A) |

M—N
\!‘.l— Ar

(A)

The closed shell configuration for the NoAr+ ligand shown in (B) corresponds to

a linear geometry for this ligand,

M :N=N—Ar
(B)

and requires a formal charge of 1* on the NB position. However, there are no
known complexes i‘n which the N>Ar+ ligand actually adopts the "linear”
geometry. The prevailing geometry is "singly-bent” with an angle near 1200 at Ng

which can be formally re, resented by the valence structure (C)



Therefore, it is this singly bent assignment of the ligand which needs to be
considered in EHMO calculations for the complexes of this type. The ligand

fragment that is suitable is then (D)

Note that this is not a closed shell configuration at the terminal nitrogen and is
clearly reminiscent of a singlet carbene. In determining the oxidation state and
formal electron count of the metal, there is no difference between the linear and
singly bent formalisms, but clearly the geometry and the electron distribution in
the Iigand differs. It is this that needs to be adequately taken into account in
formulating the EHMO framework.

It should be clearly understood at this point that the above convention is

different from the normal convention for treating the electron count in

organometallic compounds, which avoids the notion of a formal oxidation state of
the metal centre and simply treats the ligands as 1e-, 2e-, 3e” efc. donors
depending on their electron configuration. For example, NO and NoAr are 1e™-

donors (E) or 3e™-donors (F) in this convention.



+ =s + B
M- -N M :N—N\

!\.]-——Ar Ar

(E) 1e~-donor (F) 3e -donor

The two conventions are clearly related to each other and their relationship for
the aryldiazenido ligand is diagrammed in Scheme 1.2. It is obvious that
Convéntioh /, the common convention in organometallic chemistry, emphasizes
the electric charge neutrality of the NoAr ligand, whereas the Convention I

| emphasizes the Lewis base nature of the ligand, as well as the true charge
distribution on it. In fact, conversion between Convention | and Convention Il can
‘be easily achieved in the scheme of the valence bond theory by simply

relocating the charge on the metal centre or N, atom, and, meanwhile,

+ +
M<+-=N=N M—N
\ N\
Ar N—Ar  (Convention |)
12, (3e7) 1b. (1e7)
+ N"H' N‘
M=RN=nN T
N AN
Ar N—Ar  (Convention II)
2a.(2e7) 2b. (2e7)

Scheme 1.2 Conventions for singly bent (a) and doubly bent (b) aryldiazenido

complexes
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exchanging the dative bond arrow with the normal covalent bond bar. However,
in Convention |, the odd number of electrons counted for the ligand to form the
bond often leads to an uncommon formal oxidation state for the transition metal
centre. For example, in Convention |, the formal oxidation state of Fe in
[Fe(CO)2(NoPh)(PPh3)ol* will be Fe(l), and in [Fe(CO)(NO)(NoPh) (PPhs)] will
be Fe(0), which is clearly confusing. Judicious use of this convention is
hecessary when ligands like NoAr, NO and allyl are present. Unfortunately,
indiscriminate use of Convention | has caused confusion in this area. For
example, N>R+ (R=alkyl or aryl) is frequently incorrectly described as a three
electron donor ligand and NoR- as a one électron donor ligand in the literature.
In this Thesis, Conventjon Il will be used throughout, simply because it is
convenient and unambiguous in representing the bonding between the metal
and the ligand. Therefore, in Convention ll, the singly bent aryldiazenido ligand
(2a ih Scheme 1.2) will be considered formally as a type of two-electron
"cationic carbene” ligand and expressed as NoR+, or aryldiazenido(+1 ).
Correspondingly, the doubly bent diazenido will be assigned as a two-electron

anionic ligand of form NoR-, or aryldiazenido(-1).

1. 2. 2. Fragment Orbitals of N,Ar Ligand |
1. 2. 2. 1. Fragment Orbitals of Aryldiazonium lon N,Ar+

Hoffmann24 previously used the EHMO method for calculating fragment
orbitals for No, NO* and NoH+, but not NoAr+. Here we apply the EHMO method -
to NoAr+, but first in order to tést the consistency of the EHMO program used
hére the calculations for the other three speciés were also computed, and gave
results identical to those of Hoffmann. The calculatéd relative energies of the

valence orbitals of N5, NO+: NoH+ and N2Ph+ are shown in Figure 1.1. The bond
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~ Figure 1.1 The frontier orbitals of NN, NO', NNH"and NNPh*




distances and angles used in the calculation for the free phenyidiazonium ion
were taken from the X-ray structural data.33
The molecular orbitals for N5, NO+ and NoH+ are filled through the o level,
so the highest occupied molecular orbital (HOMO) for each of these species is a
o-type orbital. When coordinating to a metal, this orbital will be expected to
donate electrons to an empty orbital at the metal centre to form a ¢ bond.
rHowever, for the NoPh+ ion, the highest occupied moiebula'r orbital is a non-
bonding orbital of & character. In fact, the filléd c'orbital of NoPh+ is buried
beneath three filled n-type orbitals, one with b,rsymmetry and other two with by
symmetry in this C, system. Interestingly, all these three = orbitals have non-
bonding character with respect to the NNC linkage and they are located rather
higher than the corresponding = orbitals in No, NO+ and NoH* (Figure 1.1).
Energetically, they are very close to the pure 2p orbitals of the nitrogen atom
(-13.40 eV), which further indicates the N-N rion-bonding character of these
orbitals. Another distinguishing feature is that for Ny, NO*+ and N,H*, the lowest
unoccupied molecular orbitals (LUMO's) are two degenerate = antibonding
orbitals, but for NoPh+ the corresponding T type orbitals are non-degenerate,
(m," and my,’); the ny* orbital, which is conjugated with the & system of the phenyl
ring lies low, and =,*, which is perpendicular to it lies high. Clearly, the‘
underlying cause of the differences of the frontier orbitals for No, NO+ and NoH+
from NoPh+ is the conjugation of the & system of the aryl ring with one setof &
type of orbitals of the N, group (r, and n", in Figure 1.1) in NoPh. It is this
de!ocalization interaction that makes the traditional VB rﬁode! unsuitable for
describing NoPh+, since it is built upon strictly localizing a pair of bonding

electrons between two atoms Which are bonded together.
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- In summary, energetically, the linear phenyldiazonium ion NoPh+ seems

to be neither a good o donor nor a good &t acceptor ligand.

1.2.2.2. Fragment Orbitals of the Singly Bent NoAr Ligand
Once the MOs for phenyldiazonium ion have been calculated, it is
possible to use them, together with the known metal fragment orbitals, to model
" the molecular orbital interaction in a linear aryldiazéﬁido complex. However, this
- :s not what we are interested in at this stage, because, experimentally, in
‘tréhsition métal complexes, the aryldiazenido ligand has always been observed
' to‘b,end at Ngin a direction coplanar with N, Ng and the aryl ring plane.13. 34
-This expeﬁmental fact simply indicates that a linear aryldiazenido ligand in
~ complexes may not be energetically favorable. In other words, under the
influence, or perturbation of a transition metal the aryldiazenido ligand seems to
prefer' to have a different electronic configuration from thét in its free state, i.e., |
| the diazo'nium'ion.This can be fairly easily understood, in principle, in the
framework of the perturbation theory. k |
During coordination of the aryldiazonium ion to a transition metal centre,
the electronic configuration on the metal centre will perturb the ligand
approéching along the reaction coordinate. Under this perturb’ation, which
includes the symmetry properties of the metal centre, the previous orthogonal
- condition éppﬁed to the basis set of the linear NoAr+ now becomes unnecessary,
and hence a reorganization of it into a new set of orbitals could occur, of which
the spﬁtting pattern and symmetry properties should be strongly dependent on
the nature of the perturbation. Further, a change in the electronic configuration is

always accompanied, and reflected by a geometric change'in bond lengths

14




and/or bond angles. For the diazenido ligand this change is indicated by a
significant bending of £N,-Ng-Ar from 1800 to ~120°.

Clearly, in order to use the FMO meihod for aryldiazenido complexes, the
fragment MOs of a bent aryldiazenido ligand, rather than the linear one, are
needed. Calculations on the bent pheny!diarzoniurm were, therefore, carried out
by the EHMO method. | |

The effect of this bending on the &, &, ahd ¢ orbitals are shown in Figure
1.2 (assuming the bending occurs in the xz plane). Upon bending at the NB
position, the local molecular symmetry drops from C, to CS_ Conseguently, the
o type of orbitals and =, type of orbitals (x, and =), which were orthogonal in’
C 2. will now interact with each other in the Cg system. Energetically, the filled ¢
and & orbitals are very close to one anothér in trher frée diazonium ion, so a
strong mixing of the ¢ orbital and =, orbital would be expected. The higher orbital
24, actually the HOMO, prbduced by this miking is an orbital of 6 character,
which directly contrasts with the & type of HOMO in the linear aryldiazonium ion.
Interestingly, this ¢ orbital is located in the bending plane and is pointing in the
direction slightly fransto the phenyl group. The mixing also producés a
éounterpart orbital of the HOMO, which is a ¢ orbital 14, primarily bonding
between the Nﬁ and C atoms. Another primary feature is that the bending
decreases the energy of the &', orbital dramatically. The driving forces behind
this large energy change of the Ty orbital mainly come from: (1) the mixing-in of |
a higher o orbital thich is primarily antibonding between Ng and C atoms, as
- shown in Scheme 1 .3; (2) a weakening of the antibonding = ihteraction between
the NB and C atoms; and (3)’ka weakening of the antibdnding 7t interaction

~ between N, and Ng .

15



NNC= 180° NNC=120°
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Figure 1.2 Singly bending effect on the frontier orbitals of NNPh”
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Scheme 1.3

The splitting patterns of the frontier orbitals, shown on the left and middle
in Figure 1.2, were calculated by using the dimensions of the free N,Ph*
~ (N-N = 1.091 A; N-C = 1.412 A), but ZNNC = 180° and 120° separately. In order
to construct the fragment molecular orbitals for the singly bent aryldiazenido
ligand, which has different NN and NC bond lengths from the free NoPh*, the
values of N-N = 1.232 A;N-C=1.427 A (avereged from the experimenfal data
for ~40 X-ray structurally determined compounds with singly bent
aryldiazenido(+1) ligands,3> were used in the EHMO calculation. The results are
shown on the right-hand side of Figure 1.2. Lengthening the NN bond distance
will certainly decrease the = antibonding interaction between Ng and Np and,
therefore, agam wxli lead to afurtner decrease inthe =, orbltal energy. ltis
worth mentioning that the =, Orbital will be expected to play an important role in
the formation of aryldiazenido complexes, since it is much closer in energy to the
metal d orbitals than is the n, orbital. It is this large energy difference between
Ryand that distinguishes thebondihg to transition metals in the case of the
aryldiazenido ligand from other small isoelectronic species NO*, Np, CO. for

which the two = orbitals are degenerate.
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Considering the shape and arrangement of the HOMO and LUMO of the
- singly bent aryldiazenide in Figure 1.2, these resemble those for carbenes as

shown in Scheme 1.4.

Y,

(I DON=N

Singly Bent NoPh+ | Singlet Carbene
Scheme 1.4

‘7 ThejLUMVO;3a'V. of the aryldiazenido ligand mainly consist of the empty x, orbital
on the N, atom lying in-plane with the phenyl ring and it could be considered
analogous to the empty'p orbital of the carbon atom in the singlet carbene
igand. The HOMO, 2a, of the N2Ph+, ligand can also be considered analogous
~ 1o the carbon orbital containing the o type lone pair of electrons in the singlet
carberrlre; In fact. the electron configuation énalysis for the singly bent |
aryldiazenido ligand leads us to the conclusion that aryldiazenido(1+) is a
carbene type of cationic ligand.

The energy of the frontier orbitals, 3a'(x’, ) and 2a', the LUMO and the
HOMO, as a ﬁsnctisf: of the bending angle of NNC in N,Ph+ is shown in Figure
13.The greatest change in"enérgy occurs forthe LUMO 3a. When the bending
angle is close to 1200, the energy of this orbital is mmumlzed When an

~ arykﬁazemdo Egand ooorcf nates to a transition metal centre ina smgly bent
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Figure 1.3 Frontier orbitals of NNPh* as functions of the bending angle
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-fashion, this orbital will be, very often, the highest populated orbital for the ligand
in the complex. According to Walsh's rule,36 therefore, the singly bent
phenyldiazenido ligand will be expected to prefer a 120° bending angle at NB'

In fact, the orbital 3a”- which is orthogonal to the bending plane, as
expected, is almost unaffected by the bending. This is also true for the other

* orbitals with a’ symmetry, such as 2a". (This is not shown in Figure 1.3, but it can

be'seen clearly from Figure 1.2)

Another distinguishing character of this singly bent ligand is that the
HOMO and LUMO are located in the same plane defined by the phenyl ring and
the dinitrogen group and with the HOMO pointing in a direction trans to the
phenyl ring. it is this unique coplanar property of the singly bent aryldiazenido
ligend thet gives'us a chance te use the bending direcﬁiion of the aryl ring to

pro‘bewhichrorbitals on the metal centre are involved in bond formation between
the diazenido ligand and the metal centre, and what will be their effects on other
ligands. Consequently, based on the same reasoning, any obvious perturbation
of the geometry and orientation of the diazenido ligand, e.g. by protonation,
nucleophilic attack or other reactions at the N-atoms, should have predictable
effects on the other ligands, especially, en the rone trans to the aryldiazenido
ligand, and vice versa. About this laﬁer point, we will give more detailed
discussioh in séction 1.3.2, when dealing with the aryldiazenido complexes.
Since a bending the phenyldiazenido ligand at Ng will raise its HOMO and
lower its LUI‘V‘:O in energy, by considering the relative energies of the transition
“metals’ d orbitals (exciuding Group Vi elements), which, generally, have the

energy aboui -11 ~ -14 eV, obviously, this bending of the
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phenyldiazenido ligand at Ng will change the ligand to a stronger n-acceptor and
better -donor than the linear NoPh+, and even than NO+ and N, ligands, by
reference to Figure 1.1.

Furthermore, the comparison between the linear and singly bent
phenyldiazenido ligands indicates another impohant conclusion, which is that the
existence of complexes poésessing a Iihear aryldiazenido ligand is highly

improbabile. It can be seen clearly in Scheme 1.5 that the back bonding

T, =
Ty - -/
N : N . g’ -— T *
M " dy §
aEet ()
dy;
Linear NoPh+ Metal Singly Bent NoPh+
Scheme 1.5

interaction (l) between metal n-type orbitals and empty n* orbitals on the linear
NoPh+ Iigahd is much less favorable than the interaction (ll) between the metal
and the singly bent NoPh+ ligand, since the energies of such n-type orbitals for
the most of transition metds are lower than that of the LUMO of singly'bent

aryldiazenido ligand. Although the linear structure would have a smaller steric
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effect, more importantly, the energy lowering by the geometric transformation
from linear to singly bent is large. In order to form a complex with a linear NoPh+
ligand, a carefully designed metal centre with a steric "trap” formed by the other
ligands would be needed to prevent the favorable energy resuiting from the
geometric change. There is presently, amo'ng more than 40 structurally
determirherd éxampies, not one aryldiazenido complex in which the MNN system
is linear.13. 34

Essentially, this intrinsic bending feature of the aryldiazenido ligand is
decided by the non-degeneracy of the in-plane and out-of-plane n systems of the
aryl ring. Therefore, for a diazenido ligand, NoR, as long as the substituent R is
such a group that its symmetry is not higher than 2-fold, such as -CHsR' and -
COR’ groups, alohg the NB-R bonding axis, a similar bending feature as in the
aryldiazénido ligand would be expected. So although arﬂdiazenfdo chemistry is
the subject of this'Thesis, many conclusions defived: from our discussion of the
aryldiazenido ligand are also equally applicable to these kinds of alkydiazenido
ligands. Therefore, in the discussion which follows, unless particularly specified,
"diazenido" ligand will often be used to refer to either aryldiazenido or such kinds
of alkyldiazenido ligands. Howeverr, for a methyldiazenido ligand where the
methyl group contains a C5 symmetry element, or a ligand having an R group of
even higher symmetry, such as NoB1oHgS(CHg)o (which has a Cy4 rotation axis in
the direction concernea,38 bending at Ng may not be necessarily occur in the
coordinated form. In other words, this kind of diazenido ligand could potentially
' "aa'opi either a linear or a bent geometry when coordinating to a metal centre.

However, which one is adopted by such kinds of diazenido ligands in a given



compound would depend on the symmetry of the metal centre. For a metal
centre with an asymmetric, or anisotropic, n system perpendicular to the
coordination direction, in principle, a bent diazenido ligand would be the most
favoured. This case can be exemplified by the methyldiazenic» compound,
CpW(CO)2(NoCH3),37 for which the molecular structure is shown as (a) in
Figure 1.4. However, for a metal centre with a symmetrié, or isotropic, ©t system
perpendicular to the coordination direction, a linear diazenide would be possible.
No example of this case has been observed, possibly due to the critical
requirement for an isotropic n elactronic system on both the ligand and the metal
centre. If the n back bonding capability from the metal centre is different in one
direction than in the other, but not significantly so, it may not provide enough
stabiiiiation energy to compensate the energy lossr ﬁom removing the
degeneracy of the & system as a result of the bending ét Ng, so a linear
geometry of the ligand also could be possible. For this, rather weak = bonding
beween the metal and the ligand, and an only slightly anisotropic = electron
distribution of the metal centre are necessary. This situation has been observed
in RuHx(NoB1gHgS(CHg)5)(PPhs3)3,38 for which the molecular structure has
been characterized by X-ray crystallography, and is shown as (rb) in Figure 1.4,
By comparing with ruthenium-nitrogen bond lengths for six-coordinated singly
bent diazenido complexes,34 a significant lengthening, ~0.11 A, of the Ru-N,
bond has been observed in this linear diazenido compound, which suggests

rather weak n bonding between the ruthenium and the diazenido ligand.
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1. 2. 2. 3. Fragment Orbitals of the Doubly Bent N,Ar Ligand
Another interesting structural feature of the aryldiazenido ligand in
mononuclear complexes is the ability also to bend at the nitrogen atom N,
bound to the metal. Once again, the bending occurs in the plane defined by N,
Ng and the ary! ring. The doubly bent aryldiazenido ligand can be conveniently
-assigned as N>Ar based upon thé Conventioh Il established earlier.
Experimentally, almost all neutral doubly bent aryldiazenido complexes can
undergo facile protonation on the N, atom,13.34 which indicates that it is
reasonable to assign a lone pair of electrons on this atom. Although, as yet, the
" free anion NoAr has not been achieved by either direct or indirect synthesis, use
of this anion, NoAr, as a conceptual approach to build up the fragment
molecular orbitals for a doubly bent arydiazenirdo ligand is truly instructive.
Figure 1.5 shows ihe effects of the in-plane bending of the aryldiazenido ligand
at Ng. A hydrogen atom was used as a "metal centré" atom in the calculation
simply to define the geometry of this diazene type of molecule as either the cis-
or trans-conformation. The orbitals are filled through to the 3a’level, as shown in
Figure 1.5. Therefore, the HOMO of the doubly bent aryldiazenide, in either the
cis or trans case, is mainly derived from the LUMO of the singly bent diazenido
ligand, mixed with some o character component from the "metal centre”. The
significance is that the HOMQO, in either case, is bent away from the "metal
centre”, to which the N, atom is bound, and has a strong n character. Although
the HOMO in the cis conformation is slightly more stable than in the trans, the

phenyl ring bends toward the metal centre in the cis conformation, and this may
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cause significant steric interaction with other coligands in the same plane as the
- diazenido ligand. This could be the reason that the cis geometry has not been
observed yet in the known dbubly bent aryldiazenido complexes.13. 34

Note that the LUMO, 3a(x’,) of the singly bent NoPh ligand becomes the
\ ,k ~ HOMO in the double bénding transformation, and the "superjacent " antibonding
orbital 33" (n"y) of fhe singly bent NQPh now bebor'nreé the LUMO,in the doubly
bent NoPh ligand. Since the geomietry change occurs in the nodal plane of 33"
(m 'y), the energy and symmetry of this orbital essentially remain thé same during
- this change. On the other hahd, the 3a” orbital (poténtially involved in an

~ unfavorable © back-bonding interaction in the singly bent NoPh complex) now

becomes the only possible empty orbital in the doubly bent ligand able to accept
n back-donatlon from the metal centre. Keep in mind that the 3a’ (predomlnately
7 involved i m the ba..,k-bondmg interaction with metal in the smgiy bent ligand) and
3a’ orbitals are perpendicular to each other. Therefore, for an aryldnazemdo
ligand coordinated to a metal centre in a low symmetric environment, it is
predicted that the tranéformatioh of a singlyrbent' to a doubly bent N»Ph ligand

| wou}d be accompanied by a 90¢ ligand rotation about ihe of M-Nq bond axis in

*: Subjacent was first used by L. Salem in J. Am. Chem. Soc., (1972), 94, 8917, and
Superjacent by L. Salem and R. Hoffmann in J. Am. Chem. Soc., (1973), 95, 3806.
They have following definitions

- Superjacent Unoccupied Malecufar Orbital (SUMO) is the unoccupied MO which is
energetically superior and adjacent to the LUMO.

‘Subjacent Occupied Molecular Orbital (SOMO) is the occupled MO Wthh is
energetxcally subordmate {or mfenor) and adjacent to the HOMO



cis-NoPh- NoPht trans -NoPh-

Figui'e 1.5 Effect of forming a doubly-bent configuration on the frontier orbitals of NNPh+



order to achieve better overlap of the filled metal d orbital and the empty =
dfbital of the ligand. This will also avoid an unfavourable antibonding interaction
between the filled metal d orbital and the 3a’ (the filled orbital now in doubly bent
NoPh ligand). An exception might be when there is é crowded coordination
‘environment around the metal centre which could sterically block such a rotation.
Direct experimental evidence for this predictioh fs absent, because few doubly
bent aryldiazenido complexes have been structurally characterized, and there
are no known pairs of structures of singly bent and doubly bent aryldiazenido
complexes related in this fashion. However, indirectly, it is supported by the
examples shown in Figure 1.6. In the singly bent aryldiazenido compound
[Cp'Mn(CO)5(NoCgH4CF3)]BF 4, (Cp' = CsH4CHs),1: 32 the planar aryldiazenido
ligand is rlocated in the poéition which is pseudo-parallel to 'the Cp' plane, but in
the hydrazido(2-) compound CpRe(CO)z(NN(Me)CGH4OMe),4 the hydrazido (2-)
ligand, which can be considered structurélly similar to a doubly bent diazenido
ligand, is'in the position perpendicular to the Cp plane.

~From the above discussion, we see that doubly bending the aryldiazenido
ligand fesuits ina single, weak n-acceptor orbita{ perpendicular to the bending
plane and an n orbital pointed away from the metal centre that the diazenido
ligand is bound to. Furthermore, the shapes and the relative orientations of the
HOMO and LUMO at the ligating atom, N, indicate that the doubly bent
| diazenido ligand is actually isolobal with the simple arylnitroso compound, ONAr,

presumably a very weak ligand.
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1. 3. Mononuclear Aryldiazenido Complexes
1. 3. 1. introduction

As pointed out already, structural studies for terminal aryldiazenido
complexes have demonstrated that the aryldiazenido ligand in mononuclear
bomplexes can adopt the two different coordination geometries, singly bent and

doubly bent, as shown in Figure 1.7

Ar Ar
4 |
N N
N+ N
H |
M M
Singly Bent Doubly Bent

Figure 1.7 Coordination modes of the terminal aryldiazenido ligand

By far the most prevalent bonding mode found is the singly bent geometry (1),
with typical parameters: Z/M-N-N= 170°; ZN-N-C=120° ; N-N=1.2 A. There are
only three crystallographically characterized examples of the dOubly bent
geometry (I1),40-42 aithough more examples have been reported to be observed
in solution by spectroscopic methods.34.40 Of these two coordination modes, the
particular one observed in a given complex presumbly depends on the electronic
requirement qf the metal centre. Thése two different geometries of terminal NoAr
ligands in r‘nro'st’o'fthe‘ complekeé; especially in those of later transition metals,
can be easily rationalized by considering only the general requirements of the
maximum codrdinaﬁon number and ihe 1'8'ele<’:irrbn' couhting rule of the metal
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centres. However, when we are dealing with some of the detailed structural and
reactivity features of diazenido ligands in the complexes, these general criteria
‘seem less helpful. For example, problems like which nitrogen atom is
preferentially attacked by an electrophilic reagent in a doubly bent aryldiazenido
Iigand, and why no stable compound has been found sd far in which a carbonyl
ligand is frans to a singly bent aryldiazenido ligand.' (except for the complexes of
Group VI transition metal elements, which will be discds’sed later as a spebiai

| case), whereas carbonyl is a common trans Iigand in ma'ny‘doublyrbent
aryldiazenido complexes. In order to answer these sorts of questions, fine details
of the electronic structure of the molecule concerned must be considered. This
consideration should nat only include the electronic configuration of the metal
centre, but should also inlude the electronic contributions of various co-ligands
around the metal centre. In fact, we believe it is this latter contribution from the
co-ligands that plays the kev roie in stabilizing or de-stabilizing the bonding
between the metal and the aryldiazenido ligand.

In the following section, a qualitative fragment molecular orbital
description of the nature of the MNNATr linkage will be presented, by means of
which the electronic requirement of the aryldiazeﬁido ligand in regard to both the
méta! and some key co-ligands located in different positiohs in the molecule will

be investigated.

‘1. 3. 2. Singly Bent Aryldiazenido Complexes
1.3. 21 In Qetahedra! and Square-Planar Geometries
-For the sake of simplicity, it is convenient to stan with a six-coordinate
diaZenido complex. The molecular orbital interactions between the singly bent

NoPh+ fragment and a square pyramidal metal fragment ML are illustrated in
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Figure 1.8. On the left of Figure 1.8 are listed the metal-centred d orbitals for a
'square pyramid MLz, and on the right side are the frontier orbitals of a singly
bent NoPh+ which we have established in Section 1.2.2.2. The e and b, sets are
non-bonding d orbitals of the metal and, therefore, to a first approximation with
no consideration of & interaction, they should have the same energy as in the
free metal ion (which, generally, is around -12 ~ ;1 3 eV for the most transition
' metals)*. Note, however, that Group VI transition metals have higher energy d
orbitals, at around -10 — -11eV*. When an aryldiazenido ligand approaches the
- apical position of the ML fragment, two interactions mainly occur, labelled as A
:and B, in Figurer 1.8. In interaction A , the HOMO (2a’) of NoPh+* overiaps with
the metal orbital a;, which is primarily d,2. Clearly, only when this d,2 orbital is
énibty, can interaction A be a favorable one and the sySterh be stébiliiéd by it.
7 Otherwise, this interaction will be pimarily antibonding. Therefore, in order to
| geta stable singly bent diazenido complex in an octahedral geometry, a d? (n<
- 6) metal centre is essential. This clearly agrees with the 18 electron counting
- rule. Examples of this type of compound can be found in Table 1.1.
" On the other hand, the LUMO of the NoPh+ ligand has the same
 symmetry as a filled metal dy orbital, one of the e group orbitals in C4, MLs.
Mixing between them wil produce another bonding interaction, iabelled as B.
!riteraétion A is of o type and there is only a small energy gap between the two
fragment orbitals involved. Interaction Bis a & type interaction between two
- rather largely separated fragment orbitals. So, generally, interaction A is
stronger than imeraction B and A is the dominant component in the "synergic”

™ Refer to the appendix Ii for the references.
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Figure 1.8 Qualitative Orbital Interactions of MLg and Singly Bent NoAr+

bonding pattern of M-NoPh+. It is worth mentioning that the interaction of the
filled metal d,, orbital and another empty =* orbital (3a"=n,") superjacentto the
LUMO of the diazenido ligand is small, albeit not negligible, so that the © back
bonding in this "synergic” process mainly occurs in the plane in which a metal
d,, orbital and the LUMO of the singly bent NoPh+* are located. This intrinsic
property of the singly bent aryldiazenido ligand can be described as an
anisofropic or "single-faced™ n-back bonding ability, and distinguishes it from
those having an isotropic or “cylinder-type” n back bonding ability, such as
terminally bonded CO, NO, N, étc ligands. Importantly, the "single-faced” n-type
interaction between the singly bent aryidiazenido ligand and the metal centre

actually could provide us with some insights into the approximate arrangement of
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Table 1.1 Bond Angles of M-N-N in Singly Bent Diazenido Complexes

Compounds £ M-N-N (9) Reference
a*
[(MeCgH4)Mn(CO)o(NoCgH4CF3)BF 4 171.8(8) 1
[(CsMes)Ir(CoHy) (NoCeH4OMe)]BF 4 176.2(6) 37
RUCI3(N,CeHaMe)(PPha)y 171.2(9) 38
* (CsHs)Re(CO)(NoCeH4OMe)(AuPPh,) 171(1) 39
~ ReBra(NoPh)(NoHPh)(PPhg), 172.4(10) 40
* ReCla(NzC(O)Ph)(PMeoPh)s 170(2) 41
ReCly(NoPh)(PMesPh)y 172(2) 42
| -
(HBpz3)Mo(CO)o(NoPh) 174.2(1) 43
' (HBpz3)Mo(NaCaHaF)(SCaHaMe),  170.8(8) 44
MoCI(N,C(O)Ph)(NHNC(O)Ph)(PMe,Ph),  174(1)
- 175(1) 45
| Mbl(NQCSH11)(diphos)2 177(1) 46
Mos(NoPh)4(acac)>(OMe)o
isomer A - ' ~ 177:7(11)
| - o 175.9(11)
isomerB 173.3(9)
176.5(9) 47
[Moo(N,Ph)4(M0O,)o(OMe), 2 180 48

- *:Groupa cohtains compounds having non-Group VI trahsition metals, and group b
contains compounds having Group VI transition metals



the metal frontier orbitals in the complexes. It is also apparent that the terms "n-
accepting strength” or "r-accepting ability”, normally used for n-acid ligands,
should be used carefully, with due regard to the nature of the ligand. A simple
comparison of this strength when it involves a "single-faced" n-acid ligand on the
one hand, and a "cylinder-type” n-acid ligand on the other is not very meaningtul,
and could even be dangerous because it, sometimes, might lead to a wrong
éonciusi'o’n. |

In singly bent aryldiazenido complexes the ligand has a formal positive
charge, and a low-lying LUMO, even lower than that of CO or NO* ligands. It
therefore would be expected to strongly accept;: back donation from the metal
centre. The bond lengths of M-Na found in singly bent diazenido complexes (1.8 -
~ 2.0 A) almost all fall into the metal-nitrogen double bond range, indicating that
the "single-faced” "synergic” back bonding in the M-N, linkage is quite effective.
If we restrict back bonding to only one plane, the singly bent aryldiazenido ligand
in this "single-faced” sense may even be better than CO or NO+. As part of this
work, we have made a direct comparison of the singly bent aryldiazenido ligand
with the nitrosy! Iigand in low symmetry complexes in which |
each effectively back-bonds with only one metal drbital (i.e. both ligands are
effectively in a single-faced situation). The results support N2Ar+ being the bé’tter
w-acceptor, and are presented fully in Chapter II.

Recalling that the calculated HOMO of the singly bent NoPh+ ligand is
located in the bending plane and slightly pointed away in a direction trans to the
phenyl ring (see ﬁgure 1.2), it would be expected that the bonding of a singly
bent NoPh+ to a MLg fragment, would be dominated by ¢ interaction A, and
should pfoduce a product with a sl‘»ightlybent M-N-N linkage, i.e., «4M-N-N <

180°. This is indeed observed for all of those diazenido complexes with a singly
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“bent diazenido ligand which have been accurately characterized by
rcrystallo‘graphic methods. Some examples are listed in group a in Table 1. Of
course, since this bending deviates only slightly from linearity, it is difficult to
judge whether it is truly an electronic effect or is simply a crystallographic
phenomenon. For exempie, terminal carbonyl ligands, in even highly symmetric
molecules, are often observed crystallographically to have «M-C-O = 180°.
However, more imp'o'ﬁentiy, the bending of singly bent diazenido ligands in these
complexes,is oVerwhelmingly toward one direction, that is the direction trans to
the aryl ring. If ythis were a crystallographically imposed effect, the bending
direction would depend on the c'rystelline packing structure and be expected to
be quite variable. On the other hand, if this delicate structural phenomenon'is
truly due to the dominant ¢ bonding interaction (A, in Figure 1.8) between the
" HOMO of NoAr+ and LUMO of ML5, then as this interaction decreases, the
bendieg angle of the M;N-N linkage should be expected to increase, even to
18090 .'One way to weaken the interaction A is to raise the energy of the d
| orbitals of the metal centre. This can be simply achieved by using Group VI
Itransition metals which have rather higher VSIP's for their d orbitals. For
example, the molybdenum atom has a VSIP energy about 10 eV for its 4d
orbitals. Therefore, the bonding interaction between a singly bent NoAr+ and a
Mo centrein an octahedral or related complex would be expected to have a less
effective ¢ component. In other words, ¢ bondi‘ng between Mo centre and
NoAr+'s HOMO would not be so dominant in the molybdenum diazenido linkage.
Not suprisingly, the crystallographic data on the known molybdenum diazenido
complexes (listed in Tabie 1.1 as gro'up b) undoubtediy indicate rather larger
V.ZMQ—N-N angles, close to 180°, by cbmpan'sonwith the angles for ether metal

centres.
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In organotransition metal complexes, all ligands with the exception of H-
have n-type valence orbitals. These orbitals can participate in bonding,
nonbonding or antibonding interactions with metal dr orbitals, (for simplicity here
and later, we will call metal d,,, d,,, and d,, orbitals d; orbitals). Stabilization or
destabilization of a bonding interaction between a metal and a diazenido ligand
may not only strongly depend on & interactions of metal with this ligand, but also
depend on the r interactions of the metal with the other co-ligands about the
metal; If symmetry conditions are satisfied, there are two factors which would
decide the magnitude of this & type of interaction. These are the relative
energies of the metal d,g and the ligand orbitals, and the electron filling situation
in these fragment orbitals. The variations of these two factors in different
complexes are the real source of the rich and diverse structural properties and
chemical reactivities of organotransition metal cemplexes.

Until now we have assumed that metal d, orbitals are nonbonding to other
co-ligands. Now it is necessary to remove this restriction and determine the
effect of other co-ligands on this synergic bonding process between the metal
and diazenido ligand.

In order o do this by using fragment rhoIeCUIar orbital theory, the principal
concern will be to evaluate the contribution from a few, and only a few, n-type
valence orbitals of co-Iigends to the metal d,; orbitals, and hence to the metal
diazenido linkage. The ¢ orbitals from these ligands need not be considered
further, since they normalty have much lower energy than the metalfbased ones.

Two Iigahds X- and CO, which are at the opposite ends of the
- spectrochemical series, 5 will be used as examples.

A carbonyl Iigand has two orthogonal sefs of n-type orbitals, say =, Ty

and n,, n°, . When a cO group is coordinated to a transition metal centre, there
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is overlap between these n type of orbitals and metal d;; (dy, and d,,) orbitals, as

shown in Figure 1.9. Consequently, there results 3 sets of & molecular orbitals,

n*
=
. dr (G .4y )
L
.~ ' -
n Ho ’
N T -

Figure 1.9 mwinteraction between a terminal carbonyl and metal centre

corresponding to bonding, nohbonding and ahtibonding, respectively. For a
metal centre with filled () or partially filled (.2 or d.4) dr orbitals, the
nonbonding set, n} and 'y, would be filled or partially filled and, therefore, would
become the highest occupied molecular orbital set. Since these two orbitals are
primarily metal-centred nonbonding ones, (one of them shown in Scheme 1.6),
the electron densities on the metal centre in these orbitals will be expectec to be
onISr éhanééd slightly. lt is ndteworthy thatrthe eléctron density on the carbon

atom in these newly formed HOMOs is substantially decreased. This can be
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illustrated by the facile attack of nucleophiles at the carbon atom of the terminal

CO ligand in later transition metal carbonyl compounds.56 It is important to note

that as a result of this bonding, the energy of these metal dr orbitals could

decrease dramatically. This would, in turn, directly decrease their back bonding

potential to other ligands, particularly, the ligand trans to the CO group. In the

case of aryldiazenido complexes, the influence of this trans carbonyl on the «

bonding of the metal and diazenido ligand can be clearly seen from Scheme 1.7.

Ttx*,
e NN
.- (2)”' AE
‘ —_— A E'
drn 3
diazenido

metal with trans CO

- Interaction (2) << interaction (1)

Scheme 1.7
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The back bonding from the metal centre to the singly bent diazenido
- ligand is thus largely reduced by a trans CO ligand. In fact, no matter how the
diazenido ligand might be rotated around the axis of the metal-ligand ¢ bond to
bring the LUMO into either the x direction or the y direction to maximize overlap
-with the d-orbitralr, the weak back bonding situation will still be the same.
Therefore, it is conélu’ded that for most transition métal complexes in low
okidation states,where the d orbitals have energy around -12 eV, a trans

) arrangement of a CO and a singly bent diazenido ligand is unstable. The

' experimehtal evidence is entirely consistent with this conclusion. So far, with the
- exception of Group VI, in all structurally characterized aryldiazenido transition
metal complexes with CO as co-ligand, not one of them has CO trans to the
' si‘nglyrbent NzAf group. | 7

7 When ra carbohyl ligand is located in a position cis to ra Singly bent
aryidiazenido ligand, the situation rrrnay become different. In a cis carbonyl
diazenido complex, where the carbonyl, the nit‘rogen group of diazenido and the
metal define a plane, say the xé plane, the tWo metal d, orbitals stabilized 'by the
| cis carrbony! ligand, (assume CO is on the y axis), will be dy, and d,, The
7‘ remaining d; orbital (d,) on the metal will nbt be affected by the cis carbony!l
Iigand, as shown in Scheme 1.8. It is this unaffected d,, orbital that will have the
same symmetry as the n”, orbital (LUMO) of the aryldiazenido, (or this ligand
could rotate to achieve the same symmetry). So if, and only if, the metal centre is
d"{n = 6), the ele-ctrons in this d, orbital could be back donated to the empty n*,
orbital of the diazenido ﬁgan'd.‘f MOféovér,'ih this cis arrarngement,rthe bending of

the aryl ring in the diazenido ligand would be expected to be toward the direction



TEX*

metal metal with cis CO diazenido

Scheme1.8

- perpendicuiar to the plane, as shown in Scheme 1.9, in which the metal, the
‘nitrogens of the diazenido ligand and the CO group are located. An example is
CpRe(CO)-(N5CgH4OMe)(AuPPh3)57 with a OC-Re-N angle 94.7(6)°. The -
VCGH4OMe ring is bent perpendicular to the plané defined by OC, Re and NN.

Scheme 1.9

The X-ray crystal structure of CpRe(CO)(N206H40Me)(AuPPh3) is shown in
Figure 1.10. |
A similar argument could also be applied to di-carbohyl diazenido

complexes such as M(CO)Z(NzAr)L3. When two carbonyls and the diazenido
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FiQure 1.10 The molecular structure of compound CpRe(CO)-

~ (p-NoCgH4OMe)(AuPPhs)

ligand are in a fac-arrangement, this would be expected to destabilize the
compound. When th,eftwd carbo'nyls and theﬂrdiazrenidor ligand are in a mer-
~configuration rand the two carbonyls are trans to each other, less effect on the
bonding of the diazenido ligand to the metal would be expected. Of course, if

some strong & base ligands are present trans to the CO ligands, the
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destabilization of the metal dr orbitals due to the carbanyls could be completely
offset by the stabilization due to these n donor ligands. An example of this
stabilization is dicarbonyl compound [Cp'Mn(CO)5(NoCgH4CF3)IBF 4,1 in which
the two CO's and the diazenido ligand are in a sort of fac-arrangement. A
detailed analysis of the stabilization ot metal d; orbitals by n donor ligands like
Cp will be discussed in the next chapter.

it has been mentioned that Cr, Mo and W have rathér higher d orbital
energies, (Cr: -11.22 eV; Mo: -10.50 eV and W:-10.37 eV) relative to othe'r
transition metal elements, which have the VSIP's about 12 eV ~ 14 eV. When

these metals, in low oxidation states, are involved in organometallic compounds,

the interactions between them and the ligands are slightly different from thatof -

other transition metals. For example, in their aryldiazenido carbonyl!
complexes,34 the CO group seems to bé able to occupy ény position.

The differences in the orbital interaction for the Group VI metal Mo and
those of other groups in a trans diazenido carbonyl complex are illustrated in
Figﬁre 1.11. In the molybdenum diazenido complex, (case A in Figure 1.11), a
trans CO ligand will cause the metal @, orbitals t‘o, lower in energy (AEq). Due to
the resulting closeness in energy of the CO LUMO and Mo HOMO, this drop will
be Iargér than that (AE4') in case B, where a non-Group VI transition metal is
involved. Since the initial d, energy of the unpertubed Mo centre is higher than
the LUMO of the trans diazenido ligand (which is reversed for other transition
metals) the & interaction between Mo and the trans CO group, in fact, will push
the filled metal d,, orbitals to an energy level mofe favorable for back bonding to
the diézenido ligand. This is shown in interaction A of Figure 1.11 as a smaller
AE;. For other transition metals, this trans effect of a CO ligand almost surely

increases the energy gapbetweén the metal d;t:orbital and the LUMO of the
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diazenido ligand, and is shown as the larger AE-' in interaction B of Figure 1.11.
Clearly, a trans CO ligand in a group VI metal diazenido complex does not
weaken the metal-aryldiazenido bond as much as in a diazenido complex with
other group metals. The complex [Mo(CQ)3(N206H4F)(PPh3)2]BF4 8 is a good
example, in which the singly bent diazenido ligand is in a fac-arrangement with
two carbonyl ligands. 7

‘Now we consider the halide ligand. Unlike a carbonyi ligand, a halide
ligand only has two filied p orbitals of = symmetry in the energy range of interest.
When it coordinates to a metal centre, © interactions‘will be expected to occur
between the two filled p orbitals and metal d; orbitals. Figure 1.12 shows this
kind of interaction for a CI- ligand, for which the & orbitals have energy ca.
-14.2 eV . This interaction will produce two degenerate low-lying bonding orbitals

which are mainly CI- cenired, and two high-lying degenerate antibonding

eV) Cr- Ci-M M
n*
-12- , —Q-,—.i l S
s ~
5 ~ dxz dyz
i
£ ~ .
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13
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Figure 1.12 Qualitative n interaction of CI- ligand and metal centre



7 orbitals which are primarily metal centred. One component ¢f each of these
two sets of molecular orbitals is diagrammed in Scheme 1.10. In the & bonding
orbitals, electron density is mainly distributed between the metal and the chloro
ligand, but closer to the latter. In the = antibonding orbitals, the electron density
is méin!y focussed on %he metal centre and is formally concentrated in the two

_ lobes pointed away from the metal chlorine bond. Since the antibonding orbitals

' Va"re filled metal-centred ones, coordination of a halide to the metal centre actually
; pushes the metal d, orbitals into a much higher energy level. In order to to

release this energy buildup, it will be an advantage for the metal centre to bind

Cl—wMm

Scheme 1.10

omer = acid ligands, like aryldiazenido, in the trans position. For a trans
diazenido chioro complex, although this r interaction between the metal and the
diazenido ligand may only involve one of the metal d, orbitals raised by ihe trans
chioro Ifgand. it will surely stabilize the meial~diazenido bonding. Examples to
EEﬁustraté iﬁe stmctuiai éharécter df this trans arrangement are
 [RhCH{NCgH,OMe}(PPhg),] BF459 MoCI(N,C(O)Ph)(dppe), 60 and Mol
k(I‘»i;_;(':ai-h;1)’(;ckip::)e)2',5~2 and their X-ray aysté! structures are shown in Figure 1.13.
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(ii) (iii)

Figure 1.13 Perpective views of molecules: (i) [RhCI(N,CgH4OMe)(PPh3),]
BF 4, (ii) MOCI(N2C(O)Ph)(dppe) and (iii) Mol(NxCgH11)(dppe)z
showing the trans arrangement of the halide ligand and the

, singiy bent diazenido ligand
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Furthermore, since the two raised metal d orbitals are orthogonal and
degenerate, each will have equal probability to donate an electron pair into the
LUMO of the diazenido !igand- Therefore, the bending direction of the aryl ring of

the diazenido ligand trans to a chloro ligand will not be electronically controlled,
but wiil depend on the steric effect or the electronic configuration of other co-
ligands in positions perpendicular to the CI-M-N>Ar axis. On the other hand,
when an aryldiazenido ligand is cis to a halide, (say the halide is in the x
direction and the diazenido ligand in the z direction), now only one of the two
high-lying metal dr orbitals, d,,, has the same symmetry as the LUMO (n*,) of
the diazenido group, and the result of overiap between these two symmetry

métChed ofbitals is shown in Scheme 1.11

7 L
dey L dyy . e
e i ——
dy,
s .
C-M  cis-C-M-N,AT NLAr+
Scheme 1.11

Censidering only the r interactions there is, energetically, no difference
between the cis arrangement of a halide and a diazenido ligand, and a trans
arrangement, However, the trans halide creates two symmetrically equivalent
metal d; orbitals toward diazenido’s LUMO, but cis halide only creates one. So,
the (ﬁazenido'ligand cisto a haiide will show only an in-plane bending; that is,
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the aryl ring plane of the diazenido ligand will stay in the same plane defined by
the two ligands and the metal. In fact, all of the singly bent diazenido complexes
with a cis-halide ligand are in accord with this model. Examples are RuCls(p-
N,CgH4sMe)(PPhs), 44 and ReCly(NoCgHs)(PMeosPh); 48,

As a logical extension, we may ask in which direction the aryl ring would
prefer to bend — toward the cis halide or away from the cis halide? In order to
~answer this questioﬁ, rwe have to re-examine the distortion of the metal d_ orbital
caused by the = interaction of the cis halide.

The repulsion interaction between the halide's filled p, orbital and the
filled metal d,, orbital will result in a distorted metal d, orbital, which has the
- same symmetry as the LUMO (n*,) of the singly bent aryldiazenido ligand.
Consequently, the interaction of this d,,, orbital with n*, of the diazenido group
will form a & back-bond (Figure 1.14). As mentioned in section 1.2.2.2 this m*y
orbital of the diazenido ligand is also characterized as antibonding between N,
and NB, (refer to Figure 1.2). Sc an increase of electron population in this orbital
would increase the antibonding character between the two nitrogen atoms. Since
the = back bonding orbital is mainly composed of the distorted metal d,, orbital,
it will be expected to have an asymmetric distribution of lobes on the two sides
along the M-N, bond. Consequently, the antibonding strength between N, and
Nﬁ atoms will be different with two different orientations of the singly bent
aryldiazenido. The two orientations are shown as (A) and (B) in Figure 1.14. In
case (A), two large antibonding lobes kof the metal and Ng atom are on the same

'side, so the overiap between them will produce a larger repulsion than that in
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A)

Cl

M— Np+Ar ®)

Figure 1.14 Effect on the in-plane p orbitals of different orientations of
phenyl ring of ligand N>Ar+ in a cis-chloro-aryldiazenido

arrangement

case (B), where the two large antibonding lobes are located in opposite positions
which avoid an 'efﬁcient'overlap between them. Therefore, case (B) is more
etable than case (A), hamely, the aryl ring is energetically preferred to bend
away from the cis nt base ligand, unless there is a large steric effect in this
direction. The latter situation occurs in Re(NoPh)Cly(PMeoPh); 48 as shown in
F‘lgureiJS, where the phenyl ring of the phenyldiazenido ﬁgand bends toward
the reis?chtore ligand,r‘ratgher than‘tbwkard the bulky PMesPh group; that is tfrans fo

- the chloro ligand.



CV,—//"E‘; L8
. }\!375 W
2/ ) 1‘; >
e /
A~ / /Q
o

Figure 1.15 Molecular structure of Re(N,Ph)Cly(PMesPh);

In general, as a summary for this section we have identified the following:
(a) The position trans to a singly bent diazenido ligand is preferentially occupied
by a base ligand; a strong = acid ligand in this position will strongly‘ destabilize
the metal—d'iazenidor bonding. (b} If one = acid ligand isina position cis to ‘a |
diazenido ligand, this diazenido ligand will not be destabilized and the aryl ring
will bend away from the plane defined by the two ligands and metal centre, and
the ring plane will be perpendicular to it. (c) If two = acid ligands are cisto a
singly bent aryldiazenido ligand in a fac structure, they will destabilize the
diazenido ligand, whereas in a mer geometry with the two n-acid ligands in trans
positions, the diazenido ligand will not be destabilized. Further, in the latter case,

the aryl ring plane will again bend away in the direction perpendicular to the
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plane defined by the two auxiliary ligands and the N5 group of the diazenido
ligand. (d) If a strong &t base ligand is cis to a singly bent aryldiazenido ligand,
the aryl ring plane will be coplanar with the metal, diazenido and the n-base

ligand, but tend to be bent away from this n-base ligand.

1. 3.2. 2. In Trigonal Bipyramidal Geometry
. In organotran"srition metal chemistry, fivé coordinated complexes can

axhibit both square pyramidal (SP) and trigonal bipyramidal (TBP) geometries.61
Since a generally sbﬁ potential energy surface is believed to connect these two

geometrric minima, therfactors influencing the choice between SP and TBP for a
particular penta-coordinated complex has been a fascinating problem.62-65 For
0o 2] trénsrifrion metal complexes, Osborn,86 Churchillé/ and Raymond® have

generallized that strong n acceptor ligands will tend to occupy équatorial sites in
a tngonal bipyramida'ir geometry. This conclusion is based on a series of crystal
structures as well as static and dynamic NMR studies. The result of a MO
calculation by Hoffmann®8 is consistent with this conclusion. A simple qualitative
analysis of the orbital interactions for five coordinated aryldiazenido complexes
thatis preéehted be@ow results ih the same conclusion, but provides additional
- insight. | | |

The four crystallographicaliy known five-coordinate aryldiazenido

compounds of non-group VI transition d® metals, i.e., [Fe(CO)o(NoPh)-
(PPh3),}*;70 OsH(CO)(NoPh)(PPhg),;71 [Fe(N2C5H4Me){P(OEt)3}4]+ 72 and
EIFCKNéPh)(PMQth)g}"’ 73 are all in TBP geometry and have the singly bent
aryi;diazenido,ligand inan equatoriél position. Although the last one was claimed

to have a geometry between SP and TBP, it is most probably best described as
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a distorted TBP geometry caused by short contacts with other atoms in the
molecule.

The sole TBP geometry taken by these five-coordinate diazenido
complexes in the solid state indicates that a rather large barrier between the SP
and TBP conformations could have been produced by the diazenido ligand. This
prompted our interest in examining their electronic structures. A five-coordinate
complex of a ¢® metal in a SP geometry can be treated as an octahedral model
with one lone pair of electrons occupying a coordination position; since the
electronic configuration of this has been discussed in section 1.3.2.1, the
discussion, here, will concentrate on the electronic structure of the TBP
geometry and on a frontier orbital correlation between the TBP and SP
geometries.

~ Figure 1.16 shows the frontier orbitals for a MLg system, presumed to
have D3, symmetry, in the absence of & interaction. For the cpnvenience of later
discussion, without loss of generality, the y direction is defined by the Cj axis.
Lowest in energy is the set e”, consisting of the pure metal d,zand d,,, orbitals.
The e’orbitals are primarily the metal d,2 and d,, orbitals mixed in \Mth some
cdntributioh from the metal p, and p, orbitals in a bonding sense and with the
equatorial ligand o orbitals in a strongly antibonding sense. Consequently, this e’
set occurs at’higher energy than the e” set. When the n interactions between the
metal centre and the ligands are considered, the involvement of the two orbitals
in the e’ set is important because they constitute the HOMO. Geometrically,
these two orbitals are located in the equatorial plane of the molecule. Therefore,
rc inferacﬁons between the metal centre and the ligands would be stronger in this

plane than in the axial positions. For a &t acid ligand, this will directly lead to the
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conclusion reached by Osborn, et.al. and Hoffmann,66-69 which we have

mentioned at the beginning of this section.

Figure 1'.1 6. The filled frontier orbitals of a MLg complex in Dz, symmetry

VWithout consideration of the rt interactions

For a five-coordinate mono-substituted singly bent aryldiazenido
compound, the molecular symmetry is at least reduced from Dgy, to Cg.
Following this reduction, the e’and e” sets of orbitals at the metal centre in Dgp,
symmetry will each be split into a’and a” orbitals in Cg symmetry, as indicated

below :

D3h Cs
e’ 1a’ + 1a"
e” 2a' +2a"

| we only consider the ¢ interaction at this stage, although the a’and the

a” components are no longer degenerate, they are still expected to be close to
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each other in energy. Namely, the energies of orbitals 7a‘and 7a” are still higher
than those of orbitals 2a'and 2a"in C4 symmetry (excluding & interactions). Now
if the m interaction of a singly bent aryldiazenido ligand with the metal is
considered for this system, it is evident that the 7a'and 1a" orbitals of the metal
fragment will preferentially be involved rather than the lower energy 2a’and 2a"
ones. The aryldiazenido ligand in a TBP structure is then predicted to be in an
equatorial site rather than axial. Furthermore, since the LUMO of the singly bent
aryldiazenido ligand is located in the bending plané and co-planar with the aryl
ring, the aryl ring plane of the ligand must be coirncident with the molecular
equatorial plane. These predicted structure features are indeed experimentally
‘observed. In those structurally characterized TB‘P complexes df non-Group VI
transition metals, the singly bent driézenido Iigands'are exclusively located in the
equatorial positions, and the bending of the ligands at Ng oceurs exclusively in
the equatorial plane and with the aryl rings of the ligands in this plane.?0-73
- Once it has been established that the singly bent aryldiazenido ligand will

prefer to occupy an equatorial position in TBP complexes, we may further ask:
which one of the two metal fragment orbitals, 7a’or 7a”, will be preferentially
invdlved in the winteraction with diazenido Iigand?i Energetically, these two
orbitals are close to each other, however, geometrically, they have different
shapes or orientations. The 7a'is a distorted metal d,2 orbital. The = interaction
of this 7a’ orbital with the equatorial ligands is shown as (l1) in Figure 1.17. This nt
interaction can be characterized as the sharing of one metal-centred orbital with
two equatonal ligands. The fa” orbital is mainly a distorted metal dgz orbital. The
x interaction of this orbital with an equatorial ligarndr is shown as (1) in Figure
1.17. This interaction is characterized by the two lobes of the 7a” orbital pointing

away from two equatorial ligands and toward a third equatorial ligand in the z
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direction. In fact, it is this characteristic feature of the 1a” orbital that creates a

- unique position in the equatorial plane cf a five-coordinate compound, and
allows a n acid ligand in this position to bear the maximum = back donation from
thé metal fragment, and a x base ligand to bear the maximum r repulsion from

‘the metal centre.

. Figure 1.17 d - interactions of metal and ligands in the equétorial planrie for a

complex in TBP rgerometry |

Geometrically, a situation in which an equatorial ligand is involved in the
specific T interaction of type (1) or type (i1} could be easily identified from the
different inter-bond angles a or o' and . For example, the strongest = acid

- ligand among the three equatorial ones would always occupy position 1 (refer to
- Figure 1.17) and would always be involved in the = interaction (1), which would
. resh;lt in inter-bond angles a or o' > 120° and § < 120°. It is also worth

_ mentioning ihat sinca the two metal fragment orbitals, {1a’and 7a"), located in
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the equatorial plane, are energetically close to each other, the magnitude of the
© interactions of these two orbitals with a specific ligand is mainly controlled by
the orbitals' overlap. This can be best demonstrated by the similar complexes
ML,(CO)y(olefin),74-78 in which the olefin ligand is exclusively located in an
equatorial site and involved in the interaction | due to the good d - n* overlap,
although the energy of the olefin's n* orbital could be slightly higher than that of
COligand.

In the TBP singly bent diazenido complexes,’0-73 the diazenido ligands
are always involved in the interaction (1), wherreas the other equatorial ligands,
even the CO ligands, are involved in interaction (). This again indicates that the
diazenido ligand is a strong & acid.

As we mentioned earlier in this section, all known five-coordinated singly
bent diazenido cdmplexes of non#group Vi transition metals have TBP geometry
with the diazenido ligand in the equatorial position. What is the reason for the
absence of a squafe pyramidal complex with the singly bent diazenido ligand in
the apical position? To answer this question, we should examine the differences
in the filled frontier x type orbitalsin these two situations. A Walsh diagram32
that comrelates a SP complex, with a singly bent aryidiaz'enido ligand occupying
an axial position, *io aTBP corhplex with an equatoriél diazenido is given in -
~ Figure 1.18. For Simplicity, we artificially assign the diazenido ligand as a point
charge in the -z direction, and analyze only the change of metal fragment
orbitals. Correspondingly, in the discussion we use C4, and C,, symmetries,
~ instead of the real symmetry of Cs.

Let us first examine what happens to the d,2and dy; orbitals of the metal
fragment when the L-M-L a"ngief ([3) varies in the directionskshown by the arrows

in Figure 1.18. Moving the ligands together in the trigonal plane will cause the
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"Figuré 1.18 Correlation of filled metal frontier orbitals in TBP and SP

symmetry io dfop from C4,10 Cp. In dbing this; the dzz orbital will be stabilized
by 'removing the o antibonding interaction with two of the ligands that were in the
plane of the torus of the d,2orbital, and d,, will be destabilized by the shift of the
figands from nonbonding positions on node of the d,, orbital to strongly ¢ |
- antibonding positions.

Clearly, if these equatorial ligands are the same, and the stabilization of
the dzzand the destabilization of the d,, are sdrﬁehow balanéed, a regular TBP
in D, symmetry could result.

If a strong = donor ligand is placed in an equatorial position, the &
antibonding interaction will occur through either interaction (1) or (ll) (refer o
Figure 1.17). In interaction (1), the & donor ligand, in the unigue equatorial
position, would destabilize d,, to a maximum extent. In interaction (If), it would
destabilize the dze‘oirbital, which had been stabilized by thergeometrical change

" from SP 1o TBP. Conseguently, in either of the interactions, the destabilizations
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by the strong = donor ligand will cause the B angle to be larger than 120°. In
other words, a strong & donor ligand in an equatorial position of a TBP complex
has a tendency to push the TBP geometry back to SP geometry. The square
pyramidal compounds, [Ni(CN)s]-3,79a [Co(CNPh)s]+ 790 and [Pti(PRg)4]* 79¢ etc,
are examplyes of this.

For strong & acceptor ligands in an equatorial position, both of the =
interactions, (I) and (ll) in Figure 1.17, will be favoredr for the TBP geometry. The
stabilized d,, orbital will be stabilized further by the  interaction (If), and the
previously destabilized d,, orbital will be largely stabilized further by the
interaction (I). It may be worth to comment that the magnitude of & stabilization
- by a m—acceptor in the interaction (il) is approximately half of that in interaction
(). Therefore, a strong m—acceptor ligand, like the singly bent diazenido group,
will strongly stabilize the TBP gecmetry by occrupying the uﬁique equatorial
position. This should leave B < 1202 and o or o' > 120°. In fact, in all four known
structures of five-coordinated singly bent diazenido complexes, the B angles are
always less than 120°, whereas a or o' larger than 120°.The observed angles in
~ the trigonal plane of [Fe(CO)»>(PPhg)s(N,Ph)]* 70 are indicated in Scheme 1.12

as an example.

131.0°c°
N=N=—Fe 197.6°
N o
1214°C -
Scheme 1.12
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| 1. 3. 3. Doubly Bent Aryldiazenido Compounds

There are far fewer doubly bent aryldiazenido complexes and their
generally low stability in either solution or solid state are reasons why the
chemistry of this type of compound is relatively less well understood, compared
with that of the singly bent diazenido compounds. There are three structurally
established examples8. 19.41 by X-ray crystallography, and others 19. 80
chétacieﬁied spectroscopically to be so in solution provide a basis for describing
the electronic structures of doubly bent aryldiazenido complexes. An attempt is
also made to use ther generalizeci electronic conﬁguration of doubly bent
diazenido compounds to illustrate, or to predict, some aspects of the structure
and reactivity of this ligand. |

For simplicity, as usual, an octahedral complex will be dealt with first to
establish the framework of our discussion. The compound IrCix(2-NoCgH4NO»)
(CO)(PPh3),, reported previously from this group1®, is a good model system for
us fo use to examine the relationship of the electronic configuration and the
structure of the doubly bent aryldiazenido complexes.

First, as an approximation, only considering the primary o-type
interactions, the molecular orbitals of an octahedral MLg complex are as shown
in Figure 1.19, where L is a o donor ligand.

Let us repiace the metal centre with Ir and replace the two ligands along
the z direction with CI” and a doubly bent aryldiazenido ligand. Since the primary
c-type interaction of CI" ligand and the doubly bent diazenido ligand have

already been considered in Figure 1.19, now-we will only consider the

FRASELE Y RS FUu e s *

“secondary” interactions between the frontier orbitals from these two ligands and
the metal centre fragment, which are mainly of z-type. Although these
secondary interactions may be much weaker than the primary c-type ones,
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Figure 1.19 . Molecular orbitals of MLg in Oy symmetry, without

considering the n-type interaction
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importantly, these interactions wili produce the frontier molecular orbitals as
shown in Figure 1.20. It is these orbitals that contain the interesting chemical

information about the molecular structure and their reactivity.
In Figure 1.20, the Ir, Cl, N, and Ng atoms are assumed to lie in the xz

plane; the & interactions in this plane are shown on the left, and the &t
interactions in the plane yz are on the right side. In the yz plane, the net n
interactions between the metal and two mutually trans ligands resultin a
destabilization of the M-Cl linkage and a slight stabilization of the M-N, linkage,
due to the low-lying p, orbital of the CI" ligand and the high-lying empty =,*
orbital on NoAr, aryldiazenido(-1) ligand. In the xz plane, the d, orbital of Ir
" interacts with the lone pair orbital, n,, of NoAr and the low-lying p, orbital of CI,
and the overall & interaction in this plane leads to destabilization of the bonds
bet@eén Ir and the NoAr- and CI- ligands. However, the most important
electronic feature of the lone pair orbital that is largely localized on the N, atom
of thé N,Ar- ligand is only fainily apparent in Figure 1.20. In fact, this lone pair
orbital is a hybnd orbiial, so it can be analyzed into ¢ and =, components, as
illustrated in Scheme 1.13. In other words, this orbital has both ¢, character and
Ry Character. The interaction involving the =, component of this orbital has been A
considered in Figure 1.20, but the remaining 6, component of this nitrogen lone
pair orbital has yet to be considered. This component has the same symmetry as
d,2, a metal-centred antibonding orbital, (one of the €4 group orbitals in Figure
1.20) and is energetically close to it. Therefore, mixing of these two orbitals will
be expected, and since this is a o-type interaction (as compared to the relatively
weak n-type interaction) this interaction wouid be expected to contribute
significantly to the interaction between the metal and ligands in this direction.
Also, importantly, the metal-centred empty antibonding orbital is actually the
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Scheme 1.13

counterpart of the ¢ bonding orbital of the metal to two ligands along z axis, i.e.
the NAr and trans CI- ligands. For clarity, this kind of secondary ¢ interaction,
together with the = interactions, is shown in Figure 1.21. Clearly, this c-type
secondary interaction between the lone pair orbital, (HOMO), of the N,Ar and
metal-centred d,2 orbital is a 2 orbital, 2 electrons one. Its mode of interaction is
such as to stabilize the bonding between metal and nitrogen and destabilize the
bonding between metal and the trans CI” ligand. It is also noticed that the
bonding orbital resulting from this o-type secondary interaction is the highest
occupied molecular orbital, and therefore it strongly influences the geometry of
the molecule.

As a summary of the total effects of these secondary interactions, the
metal-Cl bond is largely destabilized, predominantly by the o-type interaction
with some contribution from r-type interaction, and the bond of the metal to a
n'iti'roge'n atom, i.e. to NyAr ﬁgand, is stabilized marginally due to the mutual
cancellation of the stabilization resutting f(om the ¢-type interaction and the

‘destabilization due to the x-type interaction.
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Figure 121 The secondary interactions in xz plane of the molecule

FCL{(NAN(CO)(PPh),

Experimentally, in the crystal structure of the molecule

-
~ A

IrCI,{CO)(NoAr){PPh3)»19, a significant trans lengthening (0.10 A} has been
observed for the M-Clbond, that is trans to the doubly bent diazenido ligand,
whereas the Ir-Cl distance for the cis-chloro ligand is in the normally expected

range (~ 2.37 A). A similar trans influence of the Pt-C! bond by the trans doubly
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bent diazenido ligand has also been observed in the molecular structure of
PtCI(NLAr)(PEt3)-18. The M-Cl bond lengths in some structurally related

compounds are compared in Table 1.2.

Protonation at the N, position of the doubly bent diazenido ligand will

have the effect of decreasing the secondary interactions because the lone pair is

| used to form the N-H bond. Structurally, this will lead to a shortening of the M-ClI

bond distance which is trans to the diazene ligand. In fact, this has been seen in

the compound PtCI{NHNAT)(PEt3), 82 and in PtCI(H,NNAr)(PEtz), 83, where the

Pt-Cl bond lengths are significantly shorter than in the corresponding diazenido

compound (Table 1.2).

Table 1.2 Comparison of M-Cl Bond Lengths with and without the Trans
Doubly Bent Diazenido Ligand in Related Compounds

— ===

Compound Character of the M-Cl Ref.
nitrogen ligand (A)
IClo{NoAT)(CO)(PPhs), doubly bent NpAr ~ frans2.48(1) 19
N cis 2.37(1)
[FCI{NO)(CO)(PPha)}* linear NO rans2.343(3) 81
[RRCHNLAT(PPh)o} singly bent NpAr trans2.301(3) 59
PICHNA)(PEL), douoly bentNAr  trans2.413(6) 18
PLCINHNAG)(PELy), n’- NHNAr rans2.291(2) 82
PICHNH NAT(PEL), M- NHNAr trans2.303(2) 83
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The experimental data listed in Table 1.2 are clearly consistent with the
model of the electronic structure we have established for the doubly bent
diazenido compounds.

Based on the above analysis of the secondary interactions, or frontier
orbital interactions, we know that a doubly bent diazenido ligand actually has a
strong trans influence. So ideally, this electronic feature of the doubly bent
diazenido ligand is favourated by a trans ligand that should have a relatively
strong ¢ bonding capability to compensate the trans influence caused by the
diazenido ligand, and preferably, have a strong = accepting ability to accept
electrons from the metal filled d;; orbitals in order to strengthen the bonding
between it and the metal. Fullfiling these criteria, carbonyl or other strong n acid
ligands would be the most plausible candidates. Compounds with trans arranged
carbony! and doubly bent diazenido ligands have been reported by Haymore and

Ibers80. On the other hand, chloride is not a good trans ligand in doubly bent |
diazenido compounds. The trans CI-M bond lengths of the known doubly bent
diazenido compounds are comparable with the sum of ionic radii for chloride and
these metals. For example, the trans M-Cl bond lengths in
IrCIo(CO){N2Ar)(PPhg),» 19 and PICI{NLAr)(PEt3),18 are 2.481(3) A and 2.413(6)
A, separately, and the the sum of the ionic radii of chloride and Ir(lll) and Pt(ll)
are also about 2.49 A and 2.41 A 8 respectively. The long bond lengths of the
metals to the trans chloride ligands in these doubly bent diazenido complexes of
known structure strongly indicate that the trans chlorides in these compounds
are extremely weakly bonded. Chemical lability of the trans chloride ligand in
these compounds is also evident. For exampie, the trans chloride ligand in

~ ICly{CO)(NoAr)(PPhs)> can be easily extracted by Ag*, or substituted by other

nucleophilic groups, e.g. RO~ 19.23. 85,85,
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Since the bonding of the metal to the N>Ar ligand is mainly a o-type
interaction, the bending direction of this ligand is not likely to be controlled by
electronic factors, but by the steric influence of other ligands. Experimental data
seemr to be consistent with this. For example, the doubly bent diazenido ligand in
all three known structures is bent away from the rather bulky cis-phosphine

ligands18. 19,41
| | Finally, as a conclusion to this section, although the lack of much
experimental data has limited this discussion, the trans influence of a doubly
bent diazenido ligand and the lability of the trans ligand have been adequately
elucidated in the qualitative frontier orbital interaction framework. The picture of
the electronic structure drawn from this discussion is apparent and important.
New evidence of its potential will be demonstrated in the later part of this thesis

in designing facile syntheses of new doubly bent diazenido complexes.

1. 3. 4. Side-on Aryldiazenido Complex

So far, the side-on configuration is rare in mononuclear aryldiazenido
complexes. In fact, the only example is CpTiCly(n2—NoPh) 87. However, the close
structural relationship of the side-on diazenido group with other side-on
organodinitrogen species (re.g. hydrazido(1-) 87 - 20, azo or diazene 91.92 and
hydrazine9} in transition metal complexes strongly stimulates our interest in the
electronic structures of these species.

In this section, we will first analyze the electronic structures of CpTiCla(n2-
NoPh) 87 and its hydrazido(1-) analogue CpTiClo(n2-NH,NPh) 87 and then try to
apply the conclusion derived from this analysis to other related systems.
- Through the analysis of the orbital interactions between the metal fragment
 CpTiCly* and the corresponding ligands, we can hopefully understand the
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geometrical preference of coordination mode, chemical reactivity, and other
structural properties, of these organodinitrogen species in their transtion metal
complexes. Notably, in the original paper,87 a qualitative MO description of the =t
bonding involved in these two compounds had been given, and a different
assignment of the fragments had been used there.

Structurally, there is a remarkable difference between-the geometries of
these two titanium molecules. The molecular structures of CpTiCly(n2-NoPh) 87

and CpTiCly(n2-NH5NPh) 87 are shown in Figure 1.22.

Figure 1.22 Molecular structures of (a) CpTiCl,(n2-NH,NPh) and
(b) CpTiCly(n2-NxPh)
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In CpTiClo(n2-N,Ph) 87, the two nitrogen atoms lie in a plane vertical to the
ideaiized symmetry plane of the CpTiCly+ fragment, whereas in CpTiCly(n2-
NHoNPh) 87, they are in this symmetry plane. For convenience in the following
discussion, we assign the former as a perpendicular side-on mode, or simply L
side-on, and the latter as a parallel side-on, or simply // side-on, mode.

We begin with an analysis of the diazenido complex drawing upon the
electronic structures of the diazenido(-1) ligand, NoAr, and the CpTiCly*
fragment. The fragment orbital interactions are diagrammed in Figure 1.23. The
metal centre in the CpTiCl,* fragment has a typical 2-1-2 orbital splitting
pattern28. 29 that results mainly from the n-d interactions between the filled ©
orbitals of the Cp group and the empty titanium d orbitals. The contributions of
the CI- ligands to each of the d orbitals are approximately the same;
cohsequently, they will not change the 2-1-2 pattern very much, but will push it
slightly to higher energy levels. The two low-lying orbitals are metal-centred
dy2.,2(1a’) and dy, (12") nonbonding orbitals. They are located energetically
very close to the pure titanium d orbitals, at about -10.81 eV. The metal d,2
orbital is not destabilized much by the lowest & orbital of the Cp ligand, because
this Cp = orbital lies approximately in the d,2 nodal plane. However, d,, and dyz
are destabilized significantly by the Cp n-type of HOMOs and are consequently
higher in energy. Back donation from the a? metal centre to ligands is absent.
Therefore, only the filled frontier orbitals of the ligand and the lowest empty
metal orbitals are of interest.

For the NoAr ligand, the HOMO (x,”) is = antibonding between the two
nitrogen atoms, so it is of high energy and is located close to the empty d orbitals
of titanium. The filled subjacent orbital of the ligand is a o-type orbital, or lone

~ pair (n) (refer to Figure 1.2).
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Clearly, coordination of NoAr~ to a dV metal centre CpTiClo* could be,
Vsymmetricai!y and electronically, allowed in either end-on or L side-on fashions.
In end-on coordination, the , * and n orbitals of the N>Ar ligand could interact
with d,2.,2and d,, of CpTiCly*, respectively, to form one o and one n bond as in
a singiy bent diazenido geometry. This situation might be accounted as either a
4~eteétron donation of this ligand or a 2-electron donation to a reduced metal
centre. In the L side-on coordination case, only the two-centred x,* orbital of the
NoAr can interact with d,, of the metal fragment. This 1 side-on coordination
fashion is the one actually observed in CpTiClo(N5Ar) 87, which is shown in
- Figure 1.22 (b}. The preference of this L side-on coordination could be reasoned
as due to its = bonding interaction than for the end-on, and the insigniticant ¢
interaction in the end-on fashion due to the large energy gap between the n
orbitairoszAr and the titanium d,2,,2 orbital.

The calculated EHMO frontier fragment orbitals of NH,NPh- are shown in
the centre of Figure 1.24, together with the frontier orbitals of CpTiCl,* on the
right and left. Retaining the molecular symmetry (Cg), the frontier orbital
interactions involve two different n-type interactions. These are the interactions
between the HOMO (my") of tk~ ligand and two metal fragment d orbitals dy2,2
and d,2, shown as a in Figure 1.24, and the interaction between ligand's nitrene
type p orbital, 2", and meta dy, orbital, shown as b in Figure 1.24. The two metal
fragment orbitals involved in the interaction a could also be schemed in a slightly
different fashion. A linear combination of metal dy2,2 and d,2 will give a hybrid
orbital shown in Scheme 1.14, which will interact with the HOMO of the ligand

with a" symmetry.
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Scheme 1.14

In CpTiClo{NH,NPH) 87, a key feature for the NHoNPh- ligand is such that
the filled nitrene type p orbital (r,” , the HOMO) is largely centred on the nitrogen
atom adjacent to the pheny! ring but this feature is absent in the N»Ph- ligand.
The efficient involvement of this orbital in bonding with the metal d,, orbital
actually decides the difierent orientations adopted by NH,NPh- and N,Ph™ with
respect to the metal fragment CpTiCl,*. On the other hand, for the metal
fragment CpTiCl,*, the only difference in the bonding to NHoNPh-and NyPh-is
the involvement of the metal d,2 orbital in the bond formation. Clearly, any pre-
occupancy of this orbital through either an electronic ‘reduction’ of the metal
centre from d® to d (n>0) or ligating another ligand in the direction transto the
Cp group would make such coordination fashion of NH,NPh- impossible, which,
however, could lead to either an n2 - coordination of the hydrazido(1-) ligand in
the position that N-N bond is parallel tc Cp ligand plane, cr ann? - (end-on)
coordination. The ligating effect on the coordination fashion of the hydrazido(1-)

has been seen in the structures of the related compounds [Cp*WMez(NH,NH)}*
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and Cp"WMe,(NH,MNH) %2, shown in Figure 1.25 as aand b. The effect of non-
zero d electrons of the metal centre on the coordination fashion can be
demonstrated by the coordination fashion of hydrazido(1-) ligand in compound

{CpRe (CO),{NHNMe(p-CgHsOMe)}}* 3t shown in Figure 1.25 as c.

Hi, l b(H
H— N/:- \CH 3 o W \CH3 «:"/’ N
\ H oV N— Ar
. Cc
HeN CH, 0 l
H CHy
a b c

Figure 1.25 View of the molecular structures of Cp " WMe3(NHNH,) (a),
Cp"WMe,(NHNH,) (b) and {CpRe(CO)INHN(Me)AI} (0. (for clarity,

some methyl groups are omitted)

An important structural feature has been revealed in the above discussion
of such side-on coordinated hydrazido (1-) and diazenido ligands that nitrogen-
nitrogen bonding is paraliel to the Cp or Cp* plane. In both of the ligands, there
exists a filled nonbonding n-type molecular orbital which is largely located on the
two N atoms in the direction perpendicular to the plane containing metal and the
nitrogen group (Scheme 1.15). For the L side-on coordinated diazenido ligand,
this orbital is located in the lower energy (refer to Figure 1.2) and therefore, it is
not chemically active. For hydrazido (1-) ligand, interestingly, this orbital is the

subjacent one which indicates it could have a strong influence on the chemical
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Scheme 1.15

reactivity of this complex. Furthermore, the electron density, or charge
distribution of this orbital between the two nitrogen atoms is significantly
different. The presence of a large charge on the nitrogen of the NR group of this
type side-on hydrazido(1-) compound has been proved by experimental facts,
e.g., Cp*WMe4(NHoNH) 94 undergoes facile protonation at NH position {orming
a similar L side-on coordinated hydrazine compound, and the fast (on NMR time
scale) exchange of the hydrogens between two nitrogen positions in
CpWMe,4(NHoNH) has also been cbserved 0. Furthermore, the structural
features revealed by the X-ray crystallographic analyses of such coordinated
hydrazido(1-) and diazenido(1-) compounds also indicates that this filled x orbital
in either hydrazido(1-) or diazenido(1-) ligands has not been used in bond
formation with the metal. The structural dimensions of these compounds are
listed in Figure 1.26 as (b) and (¢), together with their counterpart compounds,
as (a) and (d), in which the corresponding hydrazido(1-) and diazenido(1-)
ligands are in the // side-on coordination fashion 87.90_ |n each of 1 side-on

coordination compound, the bond lengths of the metal to the two different
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nitrogen atoms are very clese and are within the single bend range, regarcless

of the large unevenness of the electron density in the perpendicular n orbital at

these nitrogen atoms.
Finally, such L coordinated diazene, or azo ligand has also been

observed in complex CpRe{CO),(n2-NPhNPh).91

T Ti
40.4(4)

2.144{11) 2.004(4)
59.5(5)

34.8(2)

2.053(5)
70.4(3)

1.394(14)

| 1.4116)

118.8(9} H 1.439(7) [ | 1.215(8)

126.7(5)

w W
37.9(9) 30.7(4)
2.17(3) 2.12(2)

N

1.39(1)

69.2{15)

(c) (d)

Figure 1.26 Important bond lengths (A) and angles (°) in () CpTiClo(NHoNPh),
(b) CPTICI,(NNPh), () [CPWMes(NHoNH)J* and (d) CpWMe (NHoNH)
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1. 4. Structural Characterization of Transition Metal Diazenido Complexes
1. 4. 1. Introduction ;

in mononuclear aryldiazenide compounds, three different coordination
modes of the diazenido figand io the metal have been observed. There are many
examples of complexes with singly bent diazenido geometry, but far fewer with
doubly bent and onlv one with a side-cn coordination mode. These are shown as

{1}, (2) and (3} in Figure 1.27.

Al
M—N—N M— !
“Ar N\\N- Ar "
\Ar
(H (2) 3)
Ar
N/ Ar
\ N—N/
N /N
7~
M \M M M
(4) )]
Ar Ar
N NN
i —
MNP
M M M M

(6) (7

Figure 1.27 Different structures of transition metal aryldiazenido

complexes
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In dinuclear complexes, aryidiazenido can act as a bridging ligand
between two metal centres. Four different bridging modes have been observed
so far and they are illustrated in Figure 1.27 as (4), (5), (6) and (7). Different
bonding modes directly reflect the different electronic configurations and the
different charge density distributions in the metal-diazenido linkages, which is of
considerable importance in understanding the chemistry of the aryldiazenido
complexes.

A variety of spectroscopic and structural techniques normally used for
characterization of transition metal complexes are, in principle, also suitable for
diazenido compounds. Among these methods, X-ray crystaliography, infrared
spectroscopy and >N NMR spectroscopy are particularly useful. In the following
sectioh, some common problems associated with the application of the first two
methods in structural characterizations of the diazenido complexes will be briefly
discussed, and then emphasis will be given to illustrate the potential applications

of 15N NMR spectroscopy.

1. 4. 2. X-ray Crystallography of Diazenido Compounds

So far, single crystail X-ray crystallography has been the most reliable
method for the characterization of diazenido compounds in the solid state. It
often gives precise molecular structures and an unambiguous assignment of the
coordination mode of the diazenido ligand. Typical parameters for the singly bent
diazenido compounds are /M-N-N= 1700 ~1809; «/N-N-C=118%° ~1259 and
N-N=1.20 A (NN double bond length is 1.23 A). The M-N bond length is
generally in a typical double bond range. For the doubly bent ligand, the
parameters are ZM-N-N=1150 ~1250; /N-N-C=1150 ~1209; N-N=1.17~1.19 A
{(which is between the double (1.23 A) and triple (1.09 A) bond length); the M-N
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distance is in the singie bond iength range. For bridging diazenido complexes,
very limited structural data are known and they will be given in Chapter Ill, where
they will be compared with new compounds synthesized in this work.

For X-ray crystallography, a suitable single crystal of the compound is
necessary. This is sometimes difficult to obtain for unstable or short-lived
compounds, as are most of the doubly bent diazenido complexes. Most of these
are only stable in the solid state when stored ai low temperature in the dark. in
solution, decomposition of these compounds is apparently promoted by light
exposure, ambient temperature or even solvents. In fact, only three crystal
structures of doubly bent aryldiazenido complexes have been determined so far
by X-ray diffraction.18. 13. 41

In suitable cases, X-ray crystallography can provide information about
connectivity, symmetry and geometry, but it does so only for the crystal studied
in a very specific situation. That is, it gives us only a frozen picture of a molecule
or ion in the form it adopts under the anisotropic pressure of forces exerted by its
neighbors. In solids, many molecuies take up different conformations o1 even
have structures which are completely different from those existing in solution.
The compound [IrCI(NoPh)(PMeoPh)s]PFg 71 has been characterized in the
solid state as having a structure shown in Figure 1.28, which contains a "half
doubly bent" aryldiazenido ligand with £ZM-N-N=155.2(7)°. This compound has
been used as an example of the idea that the aryldiazenido ligand can adopt an
intermediate geometry between the ideal singly bent and doubly bent
geometries. However, a careful examination of the crystal structure revealed that
this intermediate structure could also be the resuit of the non-bonding interaction

hetween a hydrogen atom on the aryl ring of the diazenido ligand and a fiuorine
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atom in the counter ion PFg, which is shown as the dashed fine in Figure 1.28.
In solution, the IR spectrum cf this compound gave two stretching frequences at
1569 and 1644 cm!, which shifted to 1581 and 1624 cm™1, respectively, upon
15N isotope substitution at the N, position.41. 71 This indicates that the
diazenido ligand likely adopts a singly bent geometry in soiutior:, and this has

been further confirmed by 15N NMR spectroscopy.9>

Fan
~—

L ‘”’\\
Ci11y O C(14)
Ni2j~_—3
o q\\?@/d{ c(i3)
P(1)~ ‘545/ Nty cr12y SH 270 A
T P2 |
P~ I \
[ OF()
: i
o

Important Structural Parameters:

' Van der Waals Distance : H-F=2.67 A, { Ry=1.20, Re=1.47 A)

Plane defined byatoms: I, N(1), N{2) C(11) C(14)
Devwiation: -0.002, 0.003,-0.003, 0.002, -0.001 (A)

 Distances from the plane: C(12), C{13), H, F(1) .
0.063, 0.062, 0.110,-1.170 (A)

Figure 1.28. A perspective view of the distortion of diazenido ligand

in [rfCIN,Ph}(PMePho)q] PFg
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Crystallographic disorder can aiso lead to some charactenzation
problems. When molecular morphology shows approximately a higher symmetry
than it really is, a compound may crystallize out in a higher symmetric lattice
which may cause some local or internal disorder in the X-ray crystal structure.
The molecular symmetry of the doubly bent diazenido compound PiCl{p-
‘NoCgH4F) (PEl3), shouid not have a two-fold rotation axis, but
crystallographically it has been observed in the single crystal structure of this
compound which has been characierized in space group C,,c.18 Aninternal
crystallographic disorder of the nitrogen positions produces this higher symmetry

as is shown in Figure 1.29.

A

-PEts N >%< N
PEts N—Ar :
Pt

C2 axis

Figure 1.28 Disordered structure of the doubly bent diazenido ligands in

P'{ECE{;'}NZ{GGH4F}{PE{3)2

The diazenido compound, [Cp*Ir(NoAr}l],, made in this work, has been

characterized in solution fo have two different bridging diazenido ligands.
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However, this non-centrosymmetric molecule was crystallized in a centro-
symmetric space group P7. The molecular structure shows an internat disorder
of the nitrogen groups for both diazenido ligands which is related by a

crystallographic centre, as is shown in Figure 1.30.

Ar
Ar
N/7
i N—/N Cp* N
\k/\ \!g/ P / N N
A B i

Figure 1.30 Disordered structure of the doubly bridged diazenido ligand in
[CpIr(NoANI],

Although this kind of disorder can be often sufficiently solved by suitable
modeling of the molecular structure, without doubt, the strongly correlated mean-
square vibrational amplitudes of those disordered atoms in the molecule will
certainly leave ambiguity in the accuracy of the bond lengths and angles

involving those atoms.

1. 4. 3. Infrared Spectroscopy

The free aryldiazonium ion {NoAr+) shows one inirared absorption
frequency near 2260 to 2300 cm-1 owing to triple-bond NN stretching. Upon
coordination of this ligand to a metal centre, this NN stretch shifts to a lower
| frequency in a range of 1400 to 1900 cm1. The typical frequency ranges for the
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different coordination mades of the aryidiazenido groups are diagrammed in
Figure 1.31.

Generally, two preblems hinder infrared spectroscopy from being a
reliable structural methed for diagnosing the coordination modes of
aryldiazenido ligands. First, regions of considerable overlap, as shown in Figure
1.31, preclude any definitive assignment of the coordination mode based on the
NN frequencies in the IR range of ca.1506~1680 cm-1. Secondly, the vibrational
coupling of N=N stretch with other vibrational modes of the ligand could cause
difficulty in assigning the N=N stretch. For example, coupling of N=N stretch with
the C-C skeleton stretch of the aryl ring is often observed in aryldiazenido

complexes. In the free diazonium salt , NoArBF 4, one of the carbon-carbon

?

1N !- andn ?- Bridging

Doubly Bent

Singly Bent

] 1 i -
1900 1800 1700 1600 1500 1400 (em})

Figure 1.31 The range of aryldiazenido N=N stretching frequencies in metal

complexes



stretches of the aryi ring occurs at 1580 ~1600 cm-!, which obviously falls into
the NN vibration range of the singiy bent and the doubly bent aryldiazenido
ligand. Furthermore, when a 15N-substituted aryldiazenido ligand is used, a
synchronic isotopic shift of this skeleton vibration band together with the band
primarily due to the N=N stretch has often been observed. An empirical formula
for the assignment of the N-N band has been postulated by Haymore, > on the
basis of a careful analysis of the shifts of the individual IR bands uponr isotopic
substitution.

Despite its imitations. IR spectroscopy in most cases can still provide
useful structural information about aryidiazenido complexes, and due to its

convenience, it is always among the first methods of characterization.

1. 4. 4. SN NMR Spectroscopy
1. 4. 4. 1. Introduction

15N NMR spectroscopy has been a particularly useful technique for
studying transition metal complexes with dinitrogen and organcdinitrogen
ligands.96 The rapid growth in the numbers of new aryldiazenido compounds,
together with the availability of their SN NMR data, especially those from this
laboratory, make this an opportunity for a brief review of 1SN NMR of
aryldiazenido complexes in different structures with a wide range of transition
metals. Previously, the discussion of the 15N NMR spectra of diazenido
compounds has been mainly limited to distinguishing the coordination modes
and geometries of the complexed diazenido ligand.97 Here, an attempt is also
made, with help of molecular orbital theory, to relate the 1SN NMR parameters
such as nuclear shielding and spin-spin coupling constant io properiies of the

metal-ligand bond, especially the n back bonding strength, in structurally similar
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compounds. SN NMR is still a rather new technique for studying aryldiazenido

] EY W
and related complexes, so that the

ey

5N chemical shift has been the most
reported NMR parameter, and only a few nitrogen-nitrogen spin-spin coupling
constants are known. Obvicusly, this situation will restrict cur discussion to a
centain extent. In this section some introductory information about the 15N
nucleus and the potentiai of the technique, as well as some problems associated
with it will be discussed.

Interestingly, nitrogen was the first NMR nucleus to be reported. In 1950,
two well separated YN NMR signals were observed for the two nitrogen
environments in an ammonium nitrate sclution, %8 thus indicating that the signal
position depends upon the chemical environment of the nucleus. However, some
intrinsic problems prevented nitrogen NMR from becoming a useful structural
method in earlier days. A comparison of the NMR properties of nitrogen nuclei
with other common NMR nuclei is listed in Table 1.3. The low natural abundance
(0.37%) of 15N and its negative low gyromagnetic ratio {-2.711 rad.T"1.s"1) make

the 15N nucleus very low in NMR sensitivity, as can be seen from equation 1.2.
NMR receptivity = natural abundance - 73 I{1+1)By2  (Egn.1.2)

The sensitivity is only 2% of that of the '3C nucleus. The negative gyromagnetic
ratio of the SN nucleus alsc possibly gives rise 11 a negative nuciear
Overhauser effect (nOe}, as indicated in the following equation: {(Egn. 1.3)

Ty Tiops
nOe = 1 +—2

'l e .z
In Tod {Eqn. 1.3)




Table 1,3. NMR Properties of Some Common Nuclei
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where Tq,p is the overall observed 15N spin-lattice relaxation time, and T ad is
that from (15N and 1H} dipolar interaction only. Without other mechanisms, the
15N nOe reaches its maximum value, -3.93, on proton decoupling. However,
when other mechanisms have rather large contributions to the total T (as in the
cases of transition metal complexes) the signal 'enhancement’ could become
negative, so that the signal could even be completly lost, due to Tq,p5 << T144-
The long relaxation time of the 15N nucleus has been the most significant
probiem for those compounds in which the relaxation process is controlled by the
inter- or intra-molecular dipole-dipole interaction mechanism. For example, NH3
has a T about 186 seconds ¢ and for PhNO, it is about 420 seconds 100.

With the advent of high-field NMR spectrometers and 1°N isotopically
enriched samples, the NMR signal of the 15N nucleus has been greatly
enhanced. For example, a 95% enriched 15N sample in a 9.4 Tesla (400 MHz
spectrometer) magnetic field will have an NMR signal 5.6 times that of 13C
nucleus at its natura! abundance. In principle, the long reiaxation time of the 1SN
can be overcome by using relaxation reagents, such as Cr(acac),.101. 102
However, for transition metal complexes, especially for those compounds with
ligands containing a multiply bonded NN group, much faster relaxation of 15N
nucleus is often observed in practice anyway.105. 106 The detailed discussion of

this aspect will be given in the next section.

1. 4. 4. 2. 15N Nuclear Spin Relaxation in Transition Metal Complexes
In practice, the more rapid relaxation of the 15N nucleus in transition metal
complexes indicates that dipole-dipole relaxation may not be the only

mechanism operating. In simple cases where other mechanisms contribute to



the spin relaxation, the rates due tc these different mechanisms are additive:

(Egn.1.4)

1
Ts

;
= 2
m Tim (Egn 1.4)

Although possiblé relaxation mechanisms for 15N in some metal-N, complexes
have been discussed,?6. 107 the relative contributions of different relaxation
pathways in complexes have not been systematically explored. We believe that,
in addition to the common dipole-dipole relaxation mechanism, a scalar coupling
mechanisrh and a nuclear shielding anisotropy mechanism could also be the
most likely pathways ior complexes. Since a discussion of the vaﬁous relaxation
mechanisms can be found in most NMR textbooks, here we will only pay

attention to the applications of these three relaxation mechanisms to the nitrogen

15N nucleus.

A). Relaxation by the Dipole-Dipole Interaction

Nuclear magnetic dipole relaxation of a 15N nucleus may occur through
either intra- or inter-molecular interactions with other nuclei. Normally, the intra-
molecular interactions are of interest for small molecules, in which the 15N nuclei
are connected with protons either directly, such as NH5 and its complexes, or
indirectly, such as 15N,R and its complexes in a protonated solvent.

If a nucleus | is relaxed by a nucleus of spin S at distance r, the intra-

motecuiér,dipole-dipole relaxation time for 1, Ty4y (intra), is given by equation103
(Egn. 1.5)
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where |, is the permeability of free space. For 15N, (nyy=1.1 A), when 1, = 50
ps, T1dd-1 = 5.1 X 107 1, so T4y = 400 seconds. However, experimentally,
15N, at -196 °C shows a T, value of 12 seconds.1%4 The significant difference
between these data indicates that the dipole-dipole interaction mechanism may
not be the dominant one in the relaxation of 15N,. Similar phenomena have also
been found in transition metal complexes with either dinitrogen or some
organodinitrogen ligands for which the typical relaxation time is about 10

seconds at room temperature in a 9.4 Tesla field.106

B). Mechanism of Relaxation by Scalar Coupling of "the Second Kind"”
The mechanism of "relaxation by scalar coupling of the second kind"
relates the fast relaxation of the 15N nucleus to quadrupolar nuclei to which the
15N is bonded. This is distinct from that of the "first kind", involving time
dependent chémical eXchange or rotation processes. This is perhaps especially
important for transition metal compounds with a structural unit such as
M39-15N-14N, where 15N is adjacent to two quadrupolar nuclei, 14N and a
transition metal. For molecules undergoing isotropic tumbling, characterized by

t5; , the scalar coupling relaxation time, T4 4, is given by equation 1.6

-—

1 8 ., Ty
T ®J S(S+1) 4 N iy AL L. 522
1isc 3 L 1 +(C-®s) ;)

i

(Egn.1.6)



where @ is the corresponding Larmor frequency. Obviously the rate of this kind
relaxation is field dependent because of the denominator 1+(w; - tg)2(t5; )2. So
a small frequency difference, A, of the coupled nuclei will be important for this
mechanism to be operative.

For a linkage of M3-15N-14N, the contributions to this mechanism from
the quadrupolar metal centre, M9, and the 14N nucleus can be separated as in

2quation 1.7

1 1 1 1

=) =)+

T1sc i Ti1sc’i T1sc ‘M9

T1sc” N (Eqn.1.7)

Since for most transition metali NMR nuclei, the value of J, the coupling
constant to >N, and S, the metal nuclear spin, are rather large and both of them
are field independent, therefore, the unfavorable (Aw)2 term in Eqn. 1.6 will make
this mechanism more efficient at lower field. For example, the 'most magnetic' of
the transition metal nuclei is rhenium, since 185Re is 37% abundant and 187Re
63% abundant, and both have spin 5/2 and relatively large gyromagnetic ratios.
In trans-ReCl{19N,)(PMe,Ph),, the relaxation time for the metal bonded 15N,
relative to 15NB, is shorter at the lower field (T;(15N)/T, (1SNg)=0.5at 2.1 T)
than at higher field (T1(15N,)/T(15Ng)= 1 at 9.4 T).105

For the 14N term in Eqn.1.7, the difference of the Larmor frengencies
between 15N and 14N, Aw, is much smaller at lower field than at higher field, e.g.
Aw~2MHzat 2.1 T, but ~ 10 MHz at 9.4 T, which aiso makes this mechanism

more favored at low field.

91



C). Relaxation by Nuclear Shielding Anisotropy

The relaxation by nuc?ear anisotropy is important for complexes with a
multiply bonded nitrogen group, or the presence of lone pair electrons on the 15N
atom, such as the dinitrogen, singly bent and doubly bent diazenido compounds.
In these compounds, the shielding anisotropy Ac at the 15N nucleus could be as
large as ca. 1000 ppm 107 (more discussion on nitrogen nuclear shieldings will
be given in the next section). The contribution of this mechanism to T4 is given

by T4ga, (Eqn.1.8), or simply by Eqn.1.8a.

1 ;J'O‘Yiz Bg AG 2’[;:

Tisa 30xn (Eqn.1.8)
1 2

—— ¢ (Bo'AG )

T 1sa (Egn.1.8a)

- The dependence of T;¢,; upon Bo means that this relaxation mechanism may be
distinguished from others if measurements are made as a function of the applied
field. In fact this has been well demonstrated for dinitrogen complexes,105 as
listed in Table 1.4. The most striking feature of the data in Table 1.4 is the
dramatic decrease of the relaxation times for the measurements at higher field.
This shows the importance of the anisotropic shielding mechanism for nitrogen-
ligated complexes.

Finally, itis WOﬁh mentioning that although relaxation by beth scalar
coupling and by shielding anisotropy are field dependent, their dependences on

the applied field are different. This indicates that, in principle, the relative
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contributions from each relaxation mechanism could be evaluated by

appropriately designed experimental measurements at different field strengths.

Table 1.4. Nitrogen-15 Spin-Relaxation Time (T4), in Seconds, for Terminal

Dinitrogen Complexes in THF Solution at 297 K @

Bo=21T Bo=9.4T

Complex Ty (™Ng) Ty (1SNg) Ty (15Ny) T4 (5Ng)
trans-Mo(15N,)»(depe), 26 31 8.3 9.0
trans-W(15N,)(depe)o <54b <625 8.9 8.5
cis-W(15N,),(PMe,Ph), 33 37 5.4 7.2
trans-ReCI(15N,)(PMesPh) 4 9 20 3.8 4.1
trans-OsCly(15N,)(PMeoPh), 23 31 5.7 4.0

a: Data from reference 105
b: Value overestimated because of a deterioration in resolution during the course of the
experiment.

1. 4. 4. 3. Nitrogen-Nitrogen Spin-Spin Coupling Constant

- The spin-spin coupling constant is a very valuable NMR parameter in
modern NMR spectroscopy, because of its sensitivity to the structure and
chemical environment of the coupled nuclei. This also should be so for the
nitrogen-nitrogen spin-spin coupling constant, but systematic studies on this,
either experimentally or theoretically, have been sparse, although many
nitrogen-nitrogen coupling constants have been measured.108, 109 Thjs sjtuation
might be caused by two reasons. First, the small gyromagnetic ratio of the

nitrogen nucleus will intrinsically cause the magnitude of J(N, N) to be small,
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due to the relationship J(N,N') < ¥\ 7. So experimentally, nitrogen-nitrogen
spin-spin coupling constants for different compounds are spread in a rather
narrow range (%J(N, N) Es 0 ~ 35 Hz). Secondly, the raticnalization of J(N, N)
- values has been difficult, as in Ramsey's model they are the resuitant of three
coupling components which can differ in magnitude and sign.96 These three
coupling components in Ramsey's model 110 are the Fermi contact, orbital and

dipolar terms. This can be expressed as equation 1.9
J(A, B) = Je(A, B) + Jo(A, B) + Jy(A, B) (Egn.1.9)

However, examination of the present experimental data for J(N, N), and
J(N, C) due to their mechanistic similarity, revealed that some correlations can
be drawn between structural factors and the spin-spin coupling constants in
different organodinitrogen species, and even in their transition metal complexes.
Even more astonishingly, these regular variations of the relative magnitudes and
signs of J(N, N) in respect to the structures for different compounds can be
explained or even predicted at a qualitative level by considering only the Fermi
contact term in a framework of molecular orbital interactions. in other words, a
consideration of the molecular orbital interactions provides a good insight into
the Fermi contact interaction, the dominant term in the coupling mechanism. For
reasons of space, and for the practical purpose of using J(N, N) as a structure
probe, the detailed qualitative molecular orbital analysis of the Fermi contact

term is omitted here. Instead, some important conclusions are given below:



reference to classify other groups of compounds.

(2). Group |, This group comprises species with a linear N-N-X linkage
(X =transition metal).

When X is a substituent with a higher VSIP, or smaller
electronegativity than nitrogen, the magnitude of 1J(15N, 15N)
will be smaller than that of 15N,, and when X is a substituent with a
lower VSIP, or larger electronegativity than nitrogen, the magnitude
of 1J(’15N, 15N) will be larger than that of 15N,. Dinitrogen itself also
belongs to this group (X is null). The sign of 1J(15N, 15N) for species
in this group is negative.

Terminal coordination of species in this group to transition
metals in a linear pattern, i.e. M-N-N-X, results in a slight increase
of the magnitudes of 1J(15N, 15N) for these species. The smaller the
difference of VSIPs between the metal and nitrogen, the less will be
the increase in the magnitudes of the 1J(15N, 15N). The sign still

remains negative.

(3). Group I, comprises species where both of the nitrogens bear n-type
of lone pairs with s character in either cis or trans arrangement, for

example, diazenes and hydrazines shown below
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N—N
4N

The magnitudes of 1J(1°N, 15N) for species in this group are
greatly enhanced compared with N, and group |. Where the
substituents have smaller VSIPs than nitrogen, increasing the
number of substituents decreases the relative enhancement. Where
the substituents have larger VSIPs than nitrogen, increasing the
number of substituents increases the relative enhancement. With a
transition metal substituent, a larger enhancement will be expected
than without such a substituent. Coordination of the group |l species
to a transition metal centre always leads to a slight decrease of
I1J(15N, 15N)i )

The signs of the J values will be negative for cis and trans
diazene {ype of compounds, but for hydrazine type of compounds,
will be negative for cis and positive for trans. The magnitudes of J
for intermediate conformations, e.g. gauche conformations, are
always smaller than either the cis or trans conformation, and the

sign of J is unpredictable.

(4). Group lil species are those in which only one of the coupled
nitrogens bears a r-type of lone pair with s character, e.g. the

planar species shown below



X-—N——N" ( X = N, transition metal, etc)

Their [1J(15N, 15N)| will be larger than that of completely
linear species (G'roup 1), but smaller than those where both
nitrogens bear lone pairs (Group Il). The substitution effect for this

group is similar to that of Group ll. The sign is negative.

The above classfication, based on the electronic structures of different
species, shows good agreement with the NMR experimental results, as will now
be illustrated.

The ranges of experimental |[1J(19N, 15N)| values for Group |, Il and IlI
species are listed in Figure 1.32 for a comparison.

The J value of molecular 15N, can not be obtained directly by
experimental measurement, but it can be deduced from the experimental value
of 1J(15N, 14N) for the molecule 1SN14N,111 which is +1.8 Hz, and equation
1.10% neglecting the isotope effects because they are small and of the order of

experimental uncertainty.112
1J(15N, 15N) = -1.403 1J(15N, 14N) (Eqn.1.10)

This gives 1J(15N, 15Nj = -2.5 Hz.
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Figure 1.32 Ranges of [1J(T°N, 15N)} values, where the known sign is given

in parentheses ()
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The aryldiazonium ion NoAr+ (Group 1) has a less electronegative carbon
atom bonded to the N, in a linear fashion, its [1J(15N, 13N)| =0 ~ 1.6 Hz,%7 and
as expected, is lower than that of molecular 15SN,. Among the same group, but
with a more electronegative substituent O attached to the N, N>O shows J =
-9.16 Hz.113 Similarly, the jJ] value for N3~ has been observed to be 11.3 Hz114-
117 and [1J(15N,, 15Ng)| for N3R, (N NgN,R), are in the range 5 ~ 8 Hz,114-117
depending upon different R, separately. Importantly, the J values found for
terminally coordinated dinitrogen compounds are in the range of 4 ~ 7 Hz,118.
119 compared with the {1J(15N, 19N} = 2.5 Hz for 15N,,. This kind of increase due
1o coordination to a transition metal is expected to carry over to other Group |
species.

Compounds of Group Hl are generally expected to have the highest J
values for the coupled nitrogen atoms based on our classification. in fact, the
largest 15N-19N coupling constant is observed in N-nitrosoamines (JJ] =
20 ~ 23 Hz),120. 121 jn which both of the coupled nitrogens are bearing lone pairs
with s character. Experimental data for diazene or azo type compounds also
show high J values, (|} = 14 ~ 17 Hz),122-124 and generally, this value is higher
for the cis arrangement than for trans. More informatively, the sign of some of
the cis-azo compounds has been shown to be negative, %6 tallying with our
prediction.

The substituent effect on the J value in this group can be demonstrated by
the following examples.122 The more electronegative substituent NR, causes an

increase of the magnitude of the J value.



NRE Ar

N/ /
N=—| N=—/N
/

Ph Ph

For hydrazine types cf compounds, the cis and trans geometries
considered in theory and mentioned in Group 1l above are not the observed
ground state conformations. The experimental J values are only available for the
observed gauche geometries,and are in the low range of 3 ~ 7 Hz,113 in
agreement with our prediction. Theoretical calculations by an INDO25 and an
ab initio'26 method on the parent molecule 15SN,H, arrived at the same
conclusion as that of our qualitative analysis. The results cof the calculations
showed a large negative J value tor cis-1>N,H, and a large positive J for trans-
15N,Hy, separately, whereas for the gauche and other intermediate geometries,
the calculation resulted in rather small J values.

, Group Il covers a large variely of compounds. Structurally, this group lies
between Group I and Group II. Correspondingly, the J values of this group of
compounds also lie between that of group | and group . One of the typical

examples is the singly bent aryldiazenido ligand,

M=N=N,
\
Ar
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which has a lone pair on Ny with both s and pr character.its |J] value ranges
from 7 ~ 17 Hz,97. 127 depending on the different metals and aryl groups.
Correspondingly, finear diazonium NsAr#, without such lone pair (Group 1), and
the doubly bent diazenido figand, with two such lone pairs {Group 1), have J
values ranging, separately, from 010 2 Hz and 16 to 23 Hz.97 The comparison

of these species is illustrated m Table 1.5.

Table 1.5 Comparison of Structurai Factors and NMR [1J(15N, 15N); Values for

Diazenide in Different Geometries

Diazenide N= N— Ar NN —N
\ N\\
Ar N—Ar
Group I 11 I
No. of lone pairs 0 1 2
Range of J , C~3Hz 7~17 Hz 16 ~ 23 Hz

1. 4. 4. 4. Nitrogen Chemical Shift*

Compared with the relaxation data and spin-spin coupfing constant, the
- nitrogen chemical shift has been used most often in structure assignments for
nitrogen containing compounds, since the wide range of nitrogen chemical shifts
is a sensitive measure of the electron shielding situation at an individual nitrogen
nucleus in these compounds. Generally, the electron shielding effect on a

nucleus can be expressed as a sum (Eqn. 1.11)128

“: Nitrogen chemical shift data used in this thesis are all referenced to MeNO».
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6 =09+ cP (Eqn.1.11)

where o9 and oP are diamagnetic and paramagnetic contributions respectivey.
In nitrogen NMR spectroscopy, the paramagnetic term is dominant and it
has a negative contribution to the total shielding effect, whereas the diamagnetic
term has a positive contribution to it . Since the diamagnetic term arises only
from the ground state electronic function,128 as such it can be considered as the
counterpart of the Larmor formula 122 for the shielding of atomic nitrogen (Eqn

1.12)

ony=7y B{1-0} (Egn.1.12)

where oy and yy are Larmor frequency and gyromagnetic ratio of the 15N
nucleus, B is the applied magnetic field and ¢ is the shielding. In contrast to this,
the paramagnetic term depends upon both the ground and the excited electronic
states of the molecule concerned. When the molecule is present in an applied
magnetic field, the orbital anguiar momenta of the molecule are perturbed.
Under this perturbation, the ground state angular momenta of occupied orbitals
will be mixed-in with some previous excited state angular momenta, and will
produce rotations of electron charge around the nucleus. For example, in the
case of p atomic orbitals, and assuming the applied magnetic field is in the z
direction, we have Ly{p,>=-1p,>; L;|p,>=]|py> and L;|p,>=0, with the
similar relationship for the operators Ly and L. The interactions of such
electron density currents with the magnetic dipole of the nucleus will cause

changes in the effective field experienced by the nucleus, which are measured
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as changes in the shielding. Since the paramagnetic term requires the presence
of electrons with non-zero orbital angular momentum, it will not be operative for s
valence electrons. Thus the chemical shift of the hydrogen nucleus is dominated
by the diamagnetic shielding.

For a qualitative description of the paramagnetic shielding interaction in a

wide range of nitrogen compounds, equation (1.13), after Pople 112,

2Q

O'p_—..- 'A <r‘3 -
N 2Py AE (Eqn.1.13)

is the most commonly used one, where A is a constant (u,e2hZ/8rnm2), AE is the
averaged exciting energy and XQ is the bond order, or charge density term
which can also be understood as the imbalance of the valence electrons in the
nitrogen Zp orbitals at the average distance < r3 >p,, from the nucleus. In
nitrogen NMR the term < 3 >p,, is generally not expected to vary much from
compound to compound, but the terms AE and 2Q are impontant in
understanding the trend in chemical shifts, due to their direct relationship to the
electron environment experienced by the nitrogen nucleus. Furthermore, for a
given series of molecules, the AE and XQ terms are often correlated to each
other. A larger AE is often accompanied by a smaller £Q. So, either AE or ZQ
have been used in interpretation of the chemical shift changes. This hasledto a
correlation between the chemical shifts ( & ) and the photoelectron absorption
bands ( AE ) for certain types of compounds, such as, RNO,130 R,CN5131 and
RN3.177 Ther energy differences, AE, obtained from a theoretical calculation for
NoH, (gauche), No énszHz are 25, 23 and 12 eV, respectively.132

Correspondingly, the chemical shifts are ca. -300 and -70 ppm for NoH,



(gauche)133 and N, 97 , respectively, and ca. +120 ~ +170 ppm for azo
compounds, RNNR' (where the R and R’ are aryl groups).97

Higher chemical shifts, i.e. lower paramagnetic deshieldings, have been
observed for saturated compounds with a teirahedral electron distribution at
nitrogen ( NH4* , NH3 and NoHy4 (gauche) ete.). This can be understced as a
result of the smallest Q for the highly symmetric electron environment around
nitrogen nuclei, and relatively large AE due to the low-lying 6(N¢-H,) bonding
orbitals and the high-lying " (Np-Hs) antibonding orbitals. 7

In linear molecules, such as Ny, N3-and CN- elc, the multiple bonding
often indicates low-lying n* orbitals and high-lying = orbitals. For these
compounds, although the energy gap, AE, between HOMOs (r orbitals) and
LUMOs (n* orbitals) is small, the paramagnetic deshielding from the transitions
between them (nr < =*) are magnetically quenched. The entire paramagnetic
contribution therefore comes from the transitions of ¢ type orbitals to low-lying n*
orbitals. Consequently, chemical shifts of these compounds are more downfield
than those of saturated compounds due to their relatively smaller AE term.

In compounds NoAr+, NoCR5 and 1,1-NoR, elc, the low symmetry
substituents bonded to the nitrogen group will cause the © <> =* transitions at
nitrogens to be magnetically allowed. So, generally, lower chemical shifts are
expected for these compounds. Furthermore, for these compounds, the charge
imbalance, 2Q, on different nitrogen atom has also been largely changed by
bonding to the substituents. This will result in a significant chemical shift
difference between two nitrogen atoms. This can be exempilified by the free
phenyldiazonium ion NoPh+. lts frontier orbitals have been shown in Figure 1.1.
and the magnetically allowed fransitions between these orbitals are given

schematically in Figure 1.33
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Figure 1.33 Charge rotations caused by the transitions, &, < ny'and

™, <> T, atthe NN group

The energy difference between the two transitions, rt, < ny' and r, <
T, , is not significant. Interestingly, the electron density distributions on the N,
and Nﬁ atoms in the filled frontier orbitals are largely different (refer to Figure
1.1). The near zero n, and &, electron densities at Ng in these orbitals indicate a
small ZQ term for this atom, which will lead to a small paramagnetic deshielding
and, hence, a higher field chemical shift for the NB nucleus. In fact,
aryldiazonium ions N>Ar+ have been found with chemical shift range -65 ~ - 15
| ppm for N, and -160 ~ -120 ppm for NB'97 Similarly, the compounds that belong
to this group have always been found with higher field chemical shifts for the
central nitrogens than for the terminal nitrogens.

The highest shielding has been observed for diazene and nitroso types of
compounds. The common structural character for these compounds is that the
nitrogen has a lone pair and also doubly bonds to an adjacent atom. The high-

lying lone pair (HOMO) and low-lying =" orbital make the n < =" transition much
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more facile than others. Moreover, higher charge density usually associated with

such a rt type of lone pair will also increase > Q and lead to increased

paramagnetic deshielding.

1. 4. 4. 5. Application of 1°N NMR Spectroscopy to Aryldiazenido
Complexes

The sensitivity of the nitrogen chemical shift and coupling constant have
made nitrogen NMR spectroscopy a very important tool in determining the
structures of diazenido and related diazene and hydrazido complexes. In
mononuclear complexes, diazenido ligands, that can be either singly bent or
doubly bent, show a large range of chemical shifts or shieldings. Especially, the
chemical shift of N, has been used commonly to diagnose the ligand geometry
in complexes. A notable work has been published recently with a particular
emphasis on this aspect.97 Generally, the resonance of N, spans from -90 to
160 ppm for the singly bent geometry, and over 200 ppm downfield for the

doubly bent structure.

M=N=N, M—N,
\ N\
Ar Nﬁ ~Ar
singly bent doubly bent

The large spread of the nitrogen chemical shifts of diazenido ligands,
even for the same type of compounds, strongly suggests that more structural
and electronic information could be obtained from this NMR parameter. In other

words, the nitrogen chemical shift may not only provide a criterion for
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distinguishing the singly bent from the doubly bent diazenido ligand, but more
importantly, it may also be used to probe the electron density distribution in the
bonding structure. Surprisingly, this possibility has not been exploited yet.
Therefore, attempts to do this will be the main interest of our discussion in this
section. Chemical shifts and some measured 1J (N, N)s of the singly bent ,
doubly bent and bridging aryldiazenido complexes are listed in Tables 1.6, 1.7,

and 1.8.

Singly Bent Aryldiazenido Complexes:
As shown in Table 1.6, for the singly bent diazenido complexes the four-
coordinate compounds have the highest shieldings, at ca. -90 ppm for N,. The
lowest shieldings have been found for those compounds in a five-coordinate
environment which range ca. 15 ~ 150 ppm for N,. The N, nitrogen shifts in the
six-coordinate complexes fall in the middle and the seven-coordinate complex,
W(15N,Ph)(S,CNMe»)3, also belongs to this group. Since in these compounds,
the aryldiazenido ligands are all in the same geometry, i.e., the singly bent
- geometry, an explanation for the cause of such widely spread chemical shifts for
them in different compounds will focus on the coordination effect and the

- substituent effect. The effect of coordination on the chemical shift of a ligand is
generally measured by the coordination shift, defined as the difference in
shielding from the free to the coordinated ligand. The coordination shift appears
to reflect the electronic properties of the metal centre, which is strongly related to
the geometry of the molecule and to the coordination environment around the

metal. The substituent effect may be attributed to the n-electron-donor or n-

~ electron-acceptor substituents on the aryl ring.
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Table 1.6. Nitrogen-15 Chemical Shifts and 1J (N, N) values

of Singly Bent Aryldiazenido Complexes

Complex 3(Ng) 3(Ng) [TJ(N, N ref.
ppm ppm Hz
ven-coordination

W(15N,Ph)(S,CNMe,)3 -38.2 1380 16 a
Six-coordingtion

RuCls(p-15NNCgH;NO,)(PPha), -47.7 a
RuCla(13NNPh)(PPha), | -46.8 a
RuCla(N'5NPh)(PPha), -185 a
RuCls(p-1SNNCgHsMe)(PPhs), -46.4 a
[Cp*Re(p-1SNNCgH,OMe)(PMes)oj -19.2 b
[CpRe(p-15NNCgH,OMe)(CO)o)* -8.2 b
[CpRe(p-N15NCgH,OMe)(CO)o)* -125.1 b
[Cp*Re(p-1SNNCgH4OMe)(CO)oJ* 7.3 b
[Cp*Re(p-N15NCgH,4OMe)(CO)4}* -118.5 b
[Cp*Re(p-N,CgH,OMe)(CO),J* 6.7 -123° b
ReBry(15N,Ph)(1*NHNPh)(PPha), 3.7 -124.7 13 a
[Cp*Ir(p-1SNNCgH4OMe)(CoHg)}* 2.3 ¢
Five-coordination

[Fe{CO)o{15NoPh)(PPhg) ]+ 156 -104.2 15 a
[Cp*Ir(p-"SNNC¢H,OMe)(PPhy)]+ 332 c
[Ir(15N,Ph) (dppe))* 464  -382 14 a
[0S(CO)o{13NoPh){PPhg),}* 585 218 15 a
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(Continue Table 1.6}

[IrCI{15N,Ph){PPhg)s]* 59.0 229 14 a
[ITCI(15N,Ph)(PMePho)s]* 64.0 -23.6 15 a
OsH(CO)(15N,Ph)(PPha), 98.9 -35.5 17 a
[RhCI(*5N,Ph)(PMePh,)s]* 109.2 48 16 a
[Ru(CO),(15N,Ph)(PPhg)}+ 116.8 -25.2 16 a
[RhCI(15N2Ph)(PhP{(CH2)3PPh2}2)]+ 137.9 40.2 14 a
Four-coordination

[trans-IrCI(15N,Ph) (PPhg), |# -92.1 -239.0 8 a
[trans-RhCI(15N,Ph)(PPha), J* -89.8 -225.7 7 a

* Nitrogen-14 NMR data.
a: Data source: reference 97.
b: D. Sutton, unpublished data.
c: This work.

Previously, the coordination shift of a ligand has been classified as
small, 134 so that this important effect upon the chemical shift of a ligand has
often been simply neglected, or touched on lightly in rationalizing the NMR
behavior of the ligand in complexes. Unfortunately, this has also been assumed
in previous discussions of nitrogen ligated complexes, such as the dinitrogen
and diazenido complexes®’- 107 This simple generalization can not, obviously,
expiain the experimentally large range of chemical shifts of N, for singly bent
diazenido complexes (ca. 200 ppm), e.g., from 137.9 ppm for [RhCI(15SNoPh)
(PhP{(CHy)3PPhy}o)]* to -92.1 ppm for [trans-IrCI(15N,Ph)(PPhg),]+, that covers
about one third of the chemical shift range for all nitrogen ligands.

The large coordination shifts are not only true for the diazenides, but also

occur in some dinitrogen and other related organonitrogen complexes.108,109,135
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In fact, small observed coordination shifts have been found only for specific
cases, in which (1) the ligands have a degenerate n system, and (2) the metal
fragment, correspondingly, engages in isotropic n back bonding with the ligand.
In other words, only in those cases in which the ligands concerned have a
cylinder-type n bonding system in either the free or coordinated state, such as in
trans-(MeoPhP)4Re(N,)CI1.118. 136 However, for those compounds, in which
either of these two symmetry conditions is not fullfilled, this highly generalized
conclusion34 is often seen to fail, so that a rathef larger coordination shift is
normally observed.

In the discussion which follows, we will try to use the concepts of isotropy
and anisotropy of the &t electron distributibn in the ligand and at the metal centre
to analyze some typit:a& examples in which the changes in nitrogen chemical
shifts upon coordination, have not been understood before. Hopefully, through
this kind of analysis, we can establish a qualitative relationship between the
nitrogen coordination shifts of a ligand and the nature of its & bonding with the
metal centre.

Molecular nitrogen, No, in free state, (D.op), has two degenerate sets of n
and =" orbitals. When it is in an external magnetic field, the most probable
transitions that will induce paramagnetic charge circulations, are ce&n* and
neo” (which includes nen*, since the lone pair orbitals on nitrogens are part of
the o framework). Aithough the energy difference between the n (SOMQO) and ©*
(LUMO) orbitals of dinitrogen is small, the transitions between them, i.e., nen”,
are magnetically disallowed. When N> coordinates terminally to a metal centre
and is involved in isotropic © back bonding, a small coordination shift would be
expeéted for the dinitrogen ligand. This is simply because upon coordination of

N,, the local symmetry around the nitrogen atoms remains the same, so that the
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symmetry of the transitions in the free ligand is still strictly held in its complexes.
In addition, the effective average exciting energy, AE, is relatively insensitive to
the coordination. This can be exemplified by trans-(Meo,PhP)4Re(N,)Cl1,136 with
O(Ng): -89.3 and S(NB): -67.6 ppm, respectively and trans-
[FeH(N5)(PhoPCHoCHoPPhy)oJ*+ 118, with a 8(N,): -65.4 and a 8(Ng): -41.3 ppm,
respectively, which are not greatly different from the value of -71.3 ppm for free
dinitrogen.97 Obviously, it is this group of complexes that fits the conclusion
generalized previously.

However, when dinitrogen is terminally coordinated to a metal centre with
anisotropic = back bonding orbitals, a large coordination shift will be expected.
-This is because in addition to those ce>n* and n>c™ types of transitions, a
virtual circulation results from the magnetically allowed nen* transitions and
leads to marked changes in the paramagnetic shielding around the nitrogen
nuclei. This kind of nesn™ transition is magnetically quenched by a cylindrical «
electron distribution in free N5 or in a highly symmetric molecule as just
discussed above. The effect of coordination to a metal centre with anisotropic
(or singly-faced) © back bonding ability on the nitrogen chemical shift is obvious.
This effect can be demonstrated in CpRe{CO)o(N5),135 with §(Ny): -121 and &
(Ng): -26 ppm, separately and [Cp™,Ti(Np)}o(1-19Ny)], 137 with §(N): +299 ppm for
the bridging nitrogen.

It is also noteworthy that coordination shifts for the two nitrogen nuclei in
the dinitrogen ligand are often in opposite directions. Generally, the nitrogen
ligated to metal centre is shifted upfield and the terminal one shifts downfield by
comparison with free No. This can be reasonably well understood in terms of the
nodal plane character of the M-N-N bonding. The filled frontier orbitals always

have their nodal pianes near N, in both ¢ and & directions, which will largely
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decrease the electron density at N, and increase electron density at Ng.
Consequently, the chemical shift of Ng is always located downfield relative to
that of N,. Interestingly, therefore, the difference of chemical shifts of N, and Ng.
Ad, in the terminaliy coordinated dinitrogen ligand, may also be used, in principle,
to measure the relative position, in energy, of the corresponding metal d orbitals.

Through the above analyses of the coordination shifts of the dinitrogen
ligand attached to different metal centres we have seen that the charge
circulation in the direction perpendicular to the inter-nuclear axis, i.e., c>n" and
ne>o™ transitions, is relatively small in contributing to the chemical shift change,
by comparison with that in the direction parallel to this axis, i.e., nen”
transitions, if they are allowed by the molecular symmetry. For the free
aryldiazenido ligand, a substantial electron density difference in the two n
bonding directions, as we have seen earlier, makes the charge circulation of the
ne>n” transitions a significant component in the paramagnetic shielding tensors.
Therefore, changes in the chemical shift of N, and Nﬁ of this ligand upon
coordination will be expected to be largely related to the changes of this
component in the T bonding interactions with the metal centres. Therefore, in
order to understand the magnitude of the coordination shifts bf the singly bent
aryldiazenido ligand, the changes of the charge density in the ligand = orbitals
upon the coordination must be taken into account.

The different geometries adopted by N,Ar in its free and cocrdinated
states make a direct comparison of the shieldings of this figand meaningless,
but, the large number of the widely spread chemical shifts of this ligand in
complexes still allows us to analyze the trend of the coordination shifts.

As we know from the discussions in the earlier sections, the n bonding

character for a singly bent diazenido ligand is such as to accept n back bonding
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strongly from the metal centre in a single-faced fashion, that is, in the molecular
plane, due to its low-lying LUMO in this direction {refer to Figure 1.2). So,
coordination to a transition metal centre will cause an increase of the ligand's
electron density in this direction, and consequently, an increase of the >Q term
in the Pople equation 1.13, which, in turn, will cause a deshielding for both
nitrogen nuclei of the ligand, but especially for N, .

~ In a four-coordinate compound, such as [trans-IrCI(15NoPh)(PPhs), I+ or
[trans-RhCI(¥5N,Ph){PPhs), J* listed in Table 1.6, the n type of LUMO of the
singly bent aryldiazenido ligand is located in the plane perpendicular to the P-M-
P axis. In other words, the = back bonding into the LUMO of the diazenido ligand
. is only enhanced by the trans chloro ligand. However, in a six-coordinate
octahedral complex, the LUMO of the singly bent diazenido ligand always tends
to be in the plane which contains the metal and more & basic ligands (including
the trans = basic ligand), due to the inherent orientation selectivity of this ligand,
which has been discussed in section 1.3.2.1). Therefore, in this case, the & back
bonding between the metal and the LUMO of the diazenido ligand is such that it
is enhanced not only by the trans & base ligand, but also by either or both of two
cis & base ligands. In other words, more charge denrsity is expected to have
been pushed from the metal centre to the diazenido ligand in six coordinate
compounds than in the comparable four coordinate ones. Consequently, in a six-
coordinate complex, the paramagnetic deshildings at both nitrogen nuclei will be
expected to increase and result in a downfield shift of the chemical shifts for both
nitrogens of the singly bent diazenido ligand. This can be seen clearly from the
experimental data listed in Table 1.6. It is also worthy to note that in both the six-
and four-coordinate complexes, ligand field splittings, respective to the singly

bent diazenido ligand, are approximately same, so that the contribution to the
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paramagnetic deshieidings from the perpendicular circulations of o«sn" and ne
o~ of the diazenids ligand would, in principle, be same for both cases.

From the discussion ir section 1.3.2, we know that for the singly bent
diazenido compounds, there is a substantial difference of x-back bonding
strengths between cctahedrai geometry (including the related square planar
geometry} and trigonai bipyramidal geometry. A trigonal bipyramidal complex
with the singly bent diazenido ligand in the unique equatorial position has been
found to have the strongest = back bonding strength. Correspondingly, these
giv)e the lowest field chemical shifts for the nitrbgen nuclei among the singly bent
aryldiazenido compounds, and the deshieldings observed for the nitrogen nuclei,
especially N, in such trigonal bipyramidal complexes span a wide range, of ca.
120 ppm (see Table 1.6). Notably, the diazenido ligand in
[RRCI{15N,Ph)(PhP{{CH,)3PPhs},i}*.97 which has the highest deshielding
among such compounds, in fact, has been characterized in the solid state to
have a doubly bent geometry.138. 139 This could be understood in that the n
back acceptance by the diazenido ligand in this compound is very strong, and a
fairly weak interaction exists in its solid structure;139 together these two effects
have promoted a charge transier from the metal centre to this ligand resulting a
f-ormai 16e metal centre.

For the three-legged pianc stool type of compounds, although they have
been often considered as having a six-coordinate environment, (so they are
listed in the group of six-coordinate compounds in Table 1.6}, the frontier orbital
interaction pattern makes their chemical behavior more similar 1o that of the five-
coordinate compounds. This is also refiected in their NMR behavior in that the
deshieldings of tﬁe nitrogen nuciei in these compounds are higher than those of

normal octahedral compounds, but lower than those of trigonal bipyramidal
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compounds. The reason for the lower deshieldings than in trigonal bipyramidal
compounds can be fairly well understood in terms of the insufficient overlap of
the filled metal orbital and the LUMO of the ligand in such compounds by
comparison with that in trigonal bipyramidal compounds.

The importance of such correlations between the nitrogen chemical shifts
of the singly diazenido bent ligand and the & back bonding strength in the M-N-
NAr linkage is %hafrz?tmgen NMR measurements may provide us with a useful
- criterion of the degree of =« back bonding strength in the studied systems. In fact,
such correlations show exceilent agreement with v(NN) IR stretching
frequencies, the usual cnterion for determining the n back bonding in diazenido
compounds. The IR frequency of v(NN) tor a singly bent diazenido ligand in
ribrmal octahedral or square plahar .rhdlecules is.in the range of 1800 ~ 1900
cm1, but it shifts down to a range of 1700 ~ 1800 cm-1 with a Cp or Cp* ligand
present in the system. The lowest IR stretching frequencies for this ligand have
been found in the trigonal bipyramidal molecules, and range from 1500 cem1to
1700 cm1.
| Finally, the effect of substituents attached to the phenyl ring appears to be
small by comparison with the coordination effect. For example, in Table 1.6, the

compounds, RuCl3(NoR)(PPh3), (R=p-CgHyX; X=Me, H or NO,), show only a
negligible difference in their N, chemical shifts.

Doubly Bent Aryldiazenido Complexes:

As shown in Table 1.7, the doubly bent’diazenido ligands show dramatic
deshielding for both N, and Ng. The large paramagnetic deshielding found for
this type of compoﬂnd arises from the smaller AE term between the HOMO (lone
paﬁr orb%ral) and the LUMO (=" orbital), {refer to Figure 1.2), of this ligand.
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Table 1.7 Nitrogen Chemical Shifts and 1J (N, N) Values of Doubly Bent

Aryldiazenido Complexes

Complex S(Ng) 3(Ng) FTI(N, N ref.
ppm ppm Hz
[frans-IrBr{15N,Ph)(dppe)-}* 220.5 158.3 18 a
Cp'Ir(p-15NNCgH,OMe)(CO}){OEY) 2235 b
[frans-RNCI(15N,Phj{dppe),]* 2246 135.3 18 a
IrClo{15N,Ph)(CO)(PPhs), 2414 150.2 18 a
RhClo(15N,Ph)(PEtPhs), 241.0 — 16 a
Cp'ir(p-1SNNCgH,OMe)(PPhg)(H) 2719 b
PCI{*5N,Ph)(PEts)s 285.0 162.0 19 a
RhClo{15NNPh)(PPha), 298.4 a
RhCl(p-15NNCgH,NO)(PPhy) 327.1 a

a: Data soure: reference 97.
b: This work.

In fact, the 6-value for N, is even greater than that of simple trans-RN=NR (R =
Aryl) compounds, which generally resonate in the range 120 ~170 ppm.%7 This
indicates that some coordination effect must also contribute to the observed

chemical shifts. In fact, from the fragment orbital interactions built up in section
1.3.3, we know that, upon coordination to a non-Group VI metal centre in a low

oxidation state, the energy gap between the HOMO and the LUMO of the doubly
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bent diazenido ligand always tends to decrease, and this, in turn, will lead to a

large deshielaing for the nitrogens of this ligand.

Bridging Aryldiazenido Complexes:

15N NMR spectroscopy should be particularly suited to the study of
complexes having two coordinated nitrogens such as in those in which the
diazenido ligand bridges two metal centres. This is because the chemical shift is
very sensitive to the inter-bond angle, especially when a nitrogen ione pair is
involved. The versatility of the bridging types of the ligand is expected to cause a
considerable range of chemical shifts. However, only a few such compounds
~ have been made. The available chemical shifts are listed in Table 1.8, including
compounds made in this research. Obviously, a systematization of these few
chemical shift data in regard to structural character could be immature at this
stage. However, a comparison on the chemical shifts of some bridging diazenido
complexes will be discussed in Chapter Il when we start to deal with those

bridging diazenido compounds made in this work.

Table 1.8 Nitrogen Chemical Shifts of Bridging Aryldiazenido Complexes

Complex O(Ng) Ref.
ppm
/Ph
5N —N 313 140
/ \
Os Os
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continue Table 1.8

Ar

r

15N
Co*(Bnir™"  SIKBr)Cp*
p \ / (Br)Cp

N=N
Ar

68

n! 64.1
n2 300.0

n! 69.8
n2 303.4

-165.0

140

141

a: This work
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CHAPTER i

Syntheses, Dynamic NMR and X-ray Structures of [Cp*Ir(C>H4)NO]BF 4 and
[Cp*Ir(CoHy)(p-N2CgH,0Me)]BF , —— A comparison of the = acidity of
ligands NO+ and NoAr+ |

2.1 Introduction

| In transition metal nitrosyl and diazenido complexes, the analogous
duality of the bonding modes of these two ligands characterized by linear and
bent M-N-O and M-N-N structure skeletons has been recognized for many
years.14. 34 This analogy, as we mentioned in Chapter |, facilitated the early
" development of transition metal diazenido and nitrosyl chemistry. However, it is
also evident that there exist some differences between NO and NoAr in their
complexes with regard to their syntheses and chemical reactivities.34 For
example, neutral [Mn{CO)4NO] with a linear NO ligand can be réadily formed by
the reaction of basic [Mn(CO)s}” or [Mn(CO)gH] precursors with nitrosonium ion,
NO+.142 In contrast to this, no complex with a secured aryldiazenido ligand can
be obtained even at -70°C by the similar reaction with NoAr+.143 Protonation of
the doubly bent aryldiazenido ligand at the N, pbsition is commonly observed,13,
34 and occurs also for the singly bent diazenido ligand in some five-coordinate
complexes.80 However, protonation of the linear nitrosyl ligand has not been
seen.

In order to understand this diversity between NO and N-Ar ligands, a

knowledge of the electronic structure of the bonding between the metal and
these two ligands is required. There have been several previous studies

concerning this aspect, particularly emphasizing the relative importance of n-

119



bonding in analogous NO and N,Ar compounds.16-17. 71, 144-148 However, the
chemical and spectroscopic results advanced from these studies have shown an
uncertainty in this aspect. Some of them suggest N>Ar+ to be the stronger =n-
acceptor of the two,”1. 144,145 byt others support the reverse.16. 17, 145-149 Thjg
ambiguity may well have generated a certain confusion in understanding the
differential chemical behavior of these two species. This puzzling problem,
together with' others mentioned in section 1.1 of this Thesis, stimulated our
interest in reassessing the bonding characteristics of a transition metal to NO+
and N>Ar+ by using a suitable modeling system. The model based on the frontier
fragment orbital interaction has been established and discussed in Chapter 1.
Within the framework of this model, the relative strength of the n bonding in
analogous NO+ and N5Ar+ compounds may be itlustrated by using the concepts
of "single-faced” and "cylinder-type" n-bonding ability for NoAr+ and NO*,
respectively. For a highly symmetric molecule, such as octahedral, the metal
centre has equal ability to donate its &t electrons in all possible coordination
directions due to its isotropically distributed dr electrons. So, it would be
expected that the NO* ligand might accept n back-donation from the metal
centre more effectively by using its doubly degenerate or the "cylinder-type” n*
orbitals than the N,Ar* ligand which only has its intrinsic "single-faced" n-
accepting ability. This would possibly account for the observations that NO+ was
the better n-acceptor of these two ligands. However, for a complex with low
symmetry, the = back-bonding potential of the metal centre could well be
anisotropic. Sc a n-acid ligand in this complex can get the efficient & back-
donation from the metal centre only in one direction no matter whether the ligand

has a "cylinder-type" or "single-faced” =™ orbitals. Since the NoAr* ligand has
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lower LUMO than NO¥, (refer to Section 1.2.2.1 and 1.2.2.1), it will be expected
that NoAr* ligand in this latter case becomes the better n-acceptor.

Oane of the chalienges generally associated with modeling the electronic
structure of a molecule is to design a new molecule strictly according to the
model and to see whether the chemical behavior of this designed molecule is
consistent with what the model anticipates. in order to test the relative
importance of the © back-bonding for NO+ and NoAr+ ligands, a convincing
target molecule, we believe, should have low symmetry, because the results
obtained from the low symmetry molecule wili be more straightforward in relating
to its electronic structure.

The title compounds provide an excellent opportunity to compare the
bonding of a linear nitrosyl and a singly bent aryldiazenido ligand in identical low
symmetry chemical environments. Since both of the title compounds are new,
the syntheses, together with their IR, NMR studies and X-ray structure

determinations will be reported here.

2.2. Experimental Section
General

All solvents were dried and purified by the standard methods and freshly
distilled under nitrogen immediately before use. All reactions and manipulations
were carried out in standard Schlenk ware, connected to a switchable double
manifold providing vacuum and nitrogen.

Infrared spectra were measured for solutions in CaF, cells by using a
Bomem Michelson 120 FTIR instrument. Some of the routine TH NMR spectra
were recorded at 100 MHz by using a Varian SY-100 Fourier Transform

Spectrometer. Dynamic proton NMR and 13C, 14N, and 15N NMR spectra were
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obtained by Mrs. M. Tracey of the NMR service of Simon Fraser University on a
Bruker AMX-400 Fourier Transform instrument at operating frequencies of
400.1, 100.6, 28.9 and 40.5 MHz for TH, 13C, 14N and 15N respectively.
Chemical shifts (8) are reported in ppm, downfield positive, relative to
tetramethylsilane (TMS) for TH and 13C spectra, and relative to MeNO, and
Me15NO, for 14N and 15N spectra respectively.

Temperatures of the samples used in the dynamic NMR studies were
obtained from the temperature controiler of the AMX-400 spectrometer. The
thermocouple of the temperature controller had been previously calibrated with
an accuracy * 0.2 °C in the temperature range concerned. Free energies of

activation were calculated from the Eyring equation (Eqn.2.1)150

TAv h

AG* =-R Tc InJ_—-——
2 kTc (Eqn. 2.1)

Tc
=aTlc[9.872+log (— )]
Av

where Av is the chemical shift difference of the coalescing resonances in the
absence of exchange, Tc is the coalescence temperature, and R, h and k have
their normal thermodynamic significance. The reduced parameter a=1.914 x 10-2
kJ.mol1 K-1.

Mass spectra were obtained by Mr G. Owen on a Hewlett-Packard Model
5985 GC-MS spectrometer equipped with a fast atom bombardment (FAB)
probe (xenon source, Phrasor Scentific, Inc., accessory), and utilized samples
dispersed or dissolved in sulfolane. The pattern of the envelope of the fragment
ions was matched with that simulated by computer for the species in question.

The masses are quoted for the 193Ir isotope. Microanalyses for elements C, H
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and N were performed by Mr M-K. Yang of the Microanalytical Laboratory of

Simon Fraser University.

Starting Materials
Bisethylene pentamethyicyclopentadienyl iridium was synthesized
according to the method provided in reference [151]. Para-methoxyphenyl-
diazonium tetrafluoroborate was prepared by the standard procedures from
para—methoxyahiiine (Aldrich) and sodium nitrite, and purified periodically by
recrystallization from acetone and diethyl ether. The diazonium salt substituted
with 15N at the terminal nitrogen (N,) was prepared by using Na>NO, (95%

15N, MSD Isotopes).

Preparation of [Cp*Ir(C,H,)(p-NoCgH4OMe)]BF 4 (1)

- Cp*Ir(CoHy)5 (100 mg, 0.26 mmol.) was dissolved into 5 mL acetone in a
100 mL Schienk tube equipped with a magnetic stirring bar. The solution was
cooled for 15 minutes at -78 °C, (dry ice / ethanol bath), by immersing at least
2/3 length of the Schienk tube into the bath, then [(p-N>CgH4OMe)]BF,4 (18 mg,
0.26 mmol) pre-dissolved in 5 mL acetone was added dropwise by pipette in
such a way that the drops of the diazonium salt solution first touched the upper
part of the Schienk tube and then slowly flowed down the glass wall into the
reaction mixture. Directly adding the diazonium salt solution into the reaction
mixture without allowing it to cool in this way generally promoted other side
reactions and resulted in an oily product. The reaction mixture was continuously
stirred during and after addition of the diazonium salt solution for about one hour
at -78 °C. The colour of the reaction solution changed from colourless to yellow
then to orange-red. When the reaction had finished (IR monitoring the

disappearance of the band at 2253 cm-1 due to the NN vibration of the free
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diazonium ion), hexane was added slowly until no more solid was precipitated.
The supernatant solution was removed carefully by pipette and the remaining
brown solid washed twice with ca. 20 mL of hexane affording the analytically
pure product (1) almost quantitatively. Recrystallization of the product (1) from
acetone / hexane at -10 °C (in the refrigerator) gave dark red crystals of
compound (1) in greater than 90% yield. More product could be recovéred as
fine crystals by evaporation of the supernatant solution. M. P. 150 ~ 155 °C. IR
v(NN') 1710 cm™ (KBr), 1724 cm™1 (EtOH); 1H NMR (400 MHz, CDCl3): § 2.25s
(15H, CsMes), 3.25s5,b (4H, CoHy), 3.91s (3H, OMe), 7.23g (4H, CgHy); 13C{1H}
NMR (CDCl3): 6 9.61 (CsMes), 49.32 (CoHy), 56.01 (OMe), 100.89 (CsMes),
111.77,117.08, 125.21 and 164.09 (CgHa); 14N NMR (MeNO,-d3): § -107s,b
(Np), -2.86s,b (Ny), FABMS (m/2): 491 (M¥), 4763 (M*+-CoHy), 433 (M+-CoHy-
OMe), 405 (M+-C5H4-N,-OMe), 354 (M+-N,CgH,4OMe-2H); Anal. (Calcd.):C,
39.52; H, 4,54; N, 4.85. (Found): C, 39.11; H, 4.53; N, 4.84.

Preparation of [Cp*Ir(CoH,)(p-19NNCgH,OMe)]BF 4 (1a)*
The 15N, isotope substituted complex (1a) was synthesized analogous
to compound (1), by using (p-1"NNCgH4OMe)]BF4. IR v(15SNN): 1675 cm-T
(KBr); 15N NMR (acetone-dg): -2.265 (N,). |

Preparation of [Cp*Ir(C,H,4)(NO)]BF4 (2)
To a solution of Cp*Ir(CoH,)» (100 mg, 0.26 mmol.) in 10 mL acetone at a

temperature < -10 ©C was slowly added an equimolar amount of [NOJ][BF 4]

s

*: The number foliowed by a letier a denotes a >N, enriched sample. This convention

will be used throughout this Thesis.
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(freshly washed with CH,Cl,) and the reaction mixture was stirred for one hour
at this temperature. The colour changed from colourless to grey-green in the first
5 minutes after the addition and remained the same until the reaction finished
(moenitored by IR). The solution was evaporated in vacuo to ca. 5 mL, and then
diethyl ether was added slowly to precipitate the grey-green-coloured product
(2). The supernatant solvent was removed carefully by pipette and the remaining
solid product was washed twice with excess diethyl ether. Recrystallization of
compound (2) from acetone/diethy! ether afforded the dark-brown crystalline
product in ca. 90% yield. IR v(NO): 1822 cm™! (acetone), 1820 cm- (EtOH); 'H
NMR (100 MHz, CDClg): § 2.34s (15H, CsMes), 3.47q (4H,CoH,); 13C{1H} NMR
(100MHz, CDCls): § 9.82 (CsMes), 47.06 (CoHy4) and 105.16 (QSMes); FABMS
(m/z): 386 (M*), 358 (M*-C,Hy), 356 (M*-NO); Anal. (Caled.): C, 30.52; H, 4.05;
N, 2.97. (Found): C, 30.79; H, 4.03; N, 2.91.

X-ray crystal structure determination of [Cp*Ir(C,oH4){(p-NoCgH4OMe)]BF4 (1)
Crystals suitable for X-ray structure analysis were obtained by
recrystallization of compound (1) from acetone and diethyl ether at -10 ©C. After
examination by microscopy with polarized light, a large brown single crystal was
slole ground into a sphere and mounted into a capillary tube, the diameter of
Which was just a good-fit with that of the crystal to keep the crystal motionless.
The crystal was then well centered in the X-ray beam of an Enraf Nonius CAD-
4F diffractometer equipped with graphite monochromatized MoKa: radiation.
Intensity data were collected at -40 +1 °C. A final unit cell was determined
by least squares procedures from the setting angles of 25 well-centered
reflections (with 9° < @ < 220 ) chosen from a random variety of points in

reciprocal space. A monoclinic unit cell was first assumed and then proven by
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investigation of symmetry-related reflections from the intensity data file. Selected
crystallographic and experimental parameters are given in Table 2.1.

A total of 3716 independent reflections were measured, of which 2611
reflections were classed as observed (I, = 2.56(1,)) and used in the structure
calculation and refinement. Three intensity standards were measured every one
and half hour of aquisition time, and showed no significant change in intensity
during the data collection. |

Lorentz, poiarizaﬁon and spherical absorption corrections152. 153 were
applied to convert the 2611 intensity data into the relative structure factor
amplitudes and their esds.

The structure was solved by Patterson and conventional Fourier methods
and refined by using full matrix least-squares procedures. The assumption that
the space group was centrosymmetric P24/n * was confirmed by the successful
solution and refinement of the structure. Anisotropic thermal parameters for Ir, F
and O atoms and the C atoms in the methyl groups and ethylene ligand, and
isotropic thermal parameters for other atoms were included in the final
refinement. The refinement was considered complete when the maximum
shift/esd was < 0.01 . The positions of hydrogen atoms were generated with d(C-
H)= 0.95 A by the computer program.154 A total of 54 atoms and 183 variables
against 2611 observations were involved in the final refinement. The quantity
minimized by the least-squares program was ¥ w( [Fol - |Fc] )2, where wis the
unit weight. The analytical forms of the scattering factors for neutral atoms were

used.155

*: The standard space group symbol of P24/n is P21/c, which could be obtained
by a rotation of a, c axes into the diagonal positions.
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inspection of the residuals ordered in the ranges of sin6/A , Fo and the
values of individual indexes showed no unusual features or trends in the unit
weight scheme. The largest peak in the final difference Fourier map had an
electron density 1.2 e/A3 and was located at 0.94 A from the Ir atom. Positional
parameters and thermal parameters of non-hydrogen atoms are listed in Table
2.2 and selected bond distances and angles are given in Table 2.3. The
computing program’srused for data reduction, structure solution and refinement
were from NRC.VAX Crystal Structure System.154 All computations were carried
out on an in-house Micro VAX-Il computer. A perspective view of the molecular

cation of (1) is given in Figure 2.1.

X-ray Crystal Structure Determination of [Cp*Ir(C,H,4)(NO)]BF, (2)
Dark brown crystals of (2) were obtained from acetone and diethyl ether.

Most of the crystals were found to be perfectly twinned by examination under the
polarizing microscope. A tetragonal-shaped crystal was carefully cut from a
twinned crystal and mounted on a glass fibre. Intensity data were collected at 23
+1 °C with an Enraf-Nonius CAD-4F diffractometer using graphite
monochromatized Mo Ka radiation. Lattice parameters were determined as
above from 25 reflections (14°< 8 < 20°). A total of 2922 reflections were
measured; 1923 of the 2706 unique reflections were classed as observed with
Io <20(l,). The scan range was 0.85 + 0.35tan6 and scan speed 0.72-2.75
deg./min. The intensities of two standards (0, 0, -2; 1, -4, 0) were measured
every hour of acquisition time, showed no long term change and had a RMS
deviation of 1.4%. The data reduction included Lorentz and polarization

corrections and an analytical absorption correction152. 153 based on the psi-

scan data of two reflections (with K > 829); transmission was 0.355 - 0.648. The
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structure was solved by Patterson synthesis and refined by full matrix least-
squares and Fourier methods. The assumption that the space group is centric
P24/n was confirmed by the following successful refinement. Caiculated
hydrogen positions (d{C-H}= 0.95 A} were used in the final model. Disc shaped
thermal vibration ellipsoids of F atoms in the anion BF 4~ indicated a spherically
disordered BF 4, which was successfully modelled by three BF 4~s with a total
occupancy equal to one. The F atoms, given the same anisotropic thermal
parameter, were aliowed to ride on the corresponding B atom in each BF 4. Final
refinement included anisotropic thermal parameters for Ir, O, C and N and
isotropic thermal parameters for other non-hydrogen atoms. Hydrogen atoms
were included in fixed positions in structure factor calculations. Refinement was
consideréd complete when the shift/error ratic was less than 0.002; 161
parameters against 30 atoms were vaned. Counter weights w were used
(w=1/(kFo? + 62Fo) and k= 0.0003). The largest positive peak in the final electron
density map was 1.1(2j eA-3 and was located 0.88 A from the Ir atom, and the
largest negative peak was -0.87 eA-3. The analytical form of scattering factors
for the neutral atoms was used,155 and all non-hydrogen scattering factors were
corrected for real and imaginary components of anomalous dispersion.
Inspection of wAZ as a function of sin6/z, Fo and values of h, k, | showed no
unusual features or trends. Selected crystallographic and experimental
parameters are given in Table 2.1. Positional thermal parameters are listed in
Table 2.4., and bond distances and angles are listed in Table 2.5. Programs
used for data reduction were from the NRC VAX Crystal Structure System 154
and for structure solution were from Crystals 156 and run on a micro VAX-|I
computer. The diagram was generated with the program ORTEP. A perspective
view of the cation [Cp*ir(CoH,4}(NO}I* is given in Figure 2.2
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Table 2.1. Crystailographic Data for the Structure Determinations of (1) and (2)

Formula [Cp*Ir(CoHa}{p-NoCgH,OMe]BF 4 (1) [CpTIr(CoH4)(NO)IBF4 (2)
Crystal System Monoclinic Monoclinic
Space Group P24n {No.14 34 P 24/n (No.14)4d
a(Aj 8.5780(10) 7.4542(10)
b(A) 20.5310(23) 24.381(3)
c{A) 12.0310(15) 8.5360(10)
B(°) 93.500(10}) 93.850(10)
Z 4 4

- FW 57722 472.31
p { gicm3) 1.814 2.027
i ( MoKa )( cmt 63.4 86.3
Crystal Size (mm) .30 () 0.30 x 0.20 x 0.20
A (A) 0.71069 0.71069
Transmission 0.238 - 6.253 0.355 - 0.648
Min - Max 26 (° ) 0- 50 2-50
Scan Type w-20 - 26
Min h, k, | -10,0.0 -8,0,0
Max h, k, | 10,24, 14 8,28,10
Ry 0.0281 0.0336
R, ¢ 0.0308 0.0412
GOF 1.10 1.50

a: See the footnote of page 126
b: Ry= X(|Fol - [Fe|yS |Fo| for observed data
c: R, =[S wiFo! - [Fcl}2/ X wlFo!2J12 for observed data
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C12

Figure 2.1 A perspective view of the cation [Cp*Ir(CoH,)(p-NoCgH4OMe)]* of

(1). (The thermal! ellipsoids represent 50 % probability contours).
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C(1)

Figure 2.2 A perspective view of the cation {Cp*lr(C2H4)(NO)]+ of (2).

(The thermal ellipsoids represent 50 % probability contours).
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Table 2.2 Positional and Thermal Parameters for Compound (1)4

Atom
Ir
F1
F2
F3
F4
O
C
C10
C20
C21
C22
C23
C24
C25
B
N1
N2
C11
C12
C13
C14
C15
C1

X/a

0.21120(3)

0.2383(11)
0.3134(10)
0.0674(10)

11)
0.3385(12)
0.4227(11)

-0.1459(11)
0.0302(13)
0.1984(13)
0.1206(14)

-0.0923(11)
0.1948(14)
0.3172(7)
0.3875(8)

-0.0444(8)
0.0345(9)
0.1094(9)
0.0760(9)

-0.0197(9)
0.5016(8)

y/b
0.11305(2)
0.2909(3)
0.2333(5)
0.201(4)
0.1970(4)

-0.0018(3)
0.1124(4)
0.1498(4)
0.2036(4)
0.1999(4)
0.1435(4)
0.0049(4)

132

z/c

0.09575(3)

0.6869(6)
0.5402(6)
0.7052(8)
0.6485(9)
0.5538(5)

0.3333(8)

0.2220(10)

-0.0420(9)
-0.0934(8)
0.6445(10)
0.1597(5)
0.1962(5)
0.1235(6)
0.2096(6)
0.1593(7)
0.0415(6)
0.0196(6)

0.2881(6)

Biso

5.44(23)
4.01(13)
3.98(13)
3.53(13)
4.00(15)
4.05(15)
3.97(15)
3.87(15)
3.49(14)



Continue Table 2.2

C2  0.5372(9) 0.0637(4) 0.3401(7) 4.07(15)
C3  0.6476(9) 0.0667(4) 0.4274(7) 4.28(16)
C4  0.7211(9) 0.0100(4)  0.4656(7) 4.00(15)
C5  0.6868(9) -0.0490(4) 0.4124( 7) 4.14(16)
C6  0.5757(9) -0.0519(4) 0.3242(6) 3.73(14)
Atom Ui U22 Uss Uiz U3 U23

Ir 3.889(15) 4.150(15) 4.073(15) 0.075(17) -0.257(10) -0.250(17)

F1 13.3(6) 6.2(4)  12.4(5) 0.5(4) -1.8(4)  -0.7(4)
F2  19.0(9) 21.3(10) 9.4(6)  -7.9(8) 4.3(6)  -3.1(8)
F3  16.8(8) 10.1(6) 18.0(8) 47(6)  -3.2(6) 1.5(8)
F4  121(6) 11.7(6) 29.3(12) -6.8(5) 8.5(7)  -6.8(7)

o) 9(4)  7.1(4) 6.2(4) 1.0(3) 1.5(3) 0.3(3)
c 8.1(7)  7.0(6) 56(5)  -0.6(5) 0.7(5) 0.7(5)
C10 A7) 7.6(7) 6.5(6) 0.7(6) 2.8(5) 0.0(5)
C20 2(5) 8.8(8) 9.9(8)  -0.9(5) 1.7(5) 0.7(6)
c21 1(6)  6.6(6) 8.9(7) 1.0(5) 0.6(5) 0.6(5)
C22 2(7)  10.3(9) 5.2(5) 0.9(6) 1.2(5) 0.3(5)
C23  84(7) 7.1(7) 104(8)  -0.6(6) 0.2(6)  -2.3(8)
C24 11.509) 6.3(6) 8.5(7) 0.0(6) 1.1(6) 2.6(6)
C25 6.9(6) 8.5(7) 6.4(6) 0.5(5) 1.9(5) 0.7(5)

a: Thermal parameters (x100).
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Table 2.3. Selected Bond Lengths (A) and Inter-Bond Angles (deg.) of (1)

(a) Bond Lengths
Ir-C(10) 2.190(8) I-C(20)  2.172(9)
N(1)-N(2)  1.205(9) I-N(1)  1.811(7)
N(2)-C(1)  1.438(10) I-C(11)  2.238(7)
C(11)-C(12) 1.427(11) I-C(12)  2.236(8)
C(11)-C(15) 1.430(11) -C(13)  2.211(8)
C(12)-C(13) 1.431(11) I-C(14)  2.204(8)
C(13)-C(14) 1.431(11) I-C(15)  2.220(8)
C(14)-C(15) 1.434(11) 0-C 1.436(11)
O-C(4) 1.362(10) C(1)-C(2)  1.384(11)
C(1)-C(6)  1.385(11) C(2)-C(3) 1.372(11)
C(3)-C(4)  1.389(12) C(4)-C(5)  1.394(12)
C(5)-C(6)  1.384(11) C(10)-C(20) 1.387(16)
C(21)-C(11) 1.494(12) C(22)-C(12) 1.514(12)
C(23)-C(13) 1.518(13) C(24)-C(14) 1.501(13)
C(25)-C(15) 1.517(11)

(b) Inter-Bond Angles

C(10)-Ir-C(20) 37.1(4)  C(10)-I-N(1) 91.3(3)
C(20)-Ir-N(1) 89.3(3) I-N(1)-N(2) 176.2(6)
N(1)-N(2)-C(1) 120.4(6) Ir-C(11)-C(21) 127.3(6)

Ir-C(12)-C(22) 126.8(6) Ir-C(13)-C(23) 126.0(6)

Ir-C(14)-C(24) 126.8(6) Ir-C(15)-C(25) 127.0(6)

C(21)-C(11)-C(12) 126.9(7) C(21)-C(11)-C(15) 125.2(7)
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Continue Table 2.3
C(12)-C(11)-C(15)
C(22)-C(12)-C(13)
C(23)-C(13)-C(14)
C(24)-C(14)-C(15)
C(25)-C(15)-C(14)
N(2)-C(1)-C(2)
Ir-C(10)-C(20)
0-C(4)-C(3)

107.8(7)
126.3(8)
126.6(8)
126.5(8)
125.5(7)
123.5(7)
70.8(5)
125.1(7)

C(22)-C(12)-C(11)
C(23)-C(13)-C(12)
C(24)-C(14)-C(13)
C(25)-C(15)-C(11)
C-O-C(4)
N(2)-C(1)-C(6)
Ir-C(20)-C(10)
0-C(4)-C(5)

125.3(8)
125.2(8)
125.6(8)
126.1(7)
116.8(7)
116.0(7)
72.2(5)
115.0(7)

Table 2.4 Positional and Thermal Parameters for (2) & £

Atom x/a

Ir 0.24892(5)
O 0.4601(14)
N 0.3768(13)
C(1) 0.3762(19)
C(2) 0.2374(20)
C(10) 0.0767(14)
C(11)  -0.0313(13)
C(12)  0.0464(15)
C(13)  0.1979(15)
C(14)  0.2204(14)
C(15) 0.0408(19)
C(16) -0.1992(15)

y/b z/c
0.39146(1) 0.43954(4)
0.4664(4)  0.6423(10)
0.4383(4)  0.5580(10)
0.3183(5) 0.5467(14)
0.3339(6)  0.6333(14)
0.4353(4)  0.2544(11)
0.3956(4)  0.3230(11)
0.3442(4)  0.2935(12)
0.3522(4)  0.2033(12)
0.4081(4) 0.1773(12)

10.4960(4)  0.2470(15)
0.4066(6) 0.4015(17)
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Continue Table 2.4

C(17)  -0.0376(20) 0.2896(5) 0.3355(16)
C(18)  0.3033(21) 0.3066(6) 0.1294(16)
C(19)  0.3484(18) 0.4351(6) 0.0790(13)
B(1) 0.7971(16) 0.3561(5) 0.8830(14)  0.0715(42)
F(1) 0.8225(23) 0.3149(6) 0.7680(19)  0.1162(27)
F(2) 0.9564(21) 0.3856(7) 0.9103(23) 0.1162(27)
F(3) 0.7419(26) 0.3315(7)  1.0189(17) 0.1162(27)
F(4) 0.6596(22) 0.3914(7) 0.8185(22) 0.1162(27)
B(2) 0.8070(27) 0.3482(8)  0.8819(23)  0.0715(42)
F(11)  0.6575(35) 0.3273(13) 0.9560(36) 0.1162(27)
F(12)  0.7656(43) 0.3526(13) 0.7197(24)  0.1162(27)
F(13)  0.8556(46) 0.3996(9) 0.9460(38) 0.1162(27)
F(14)  0.9519(34) 0.3108(12) 0.9088(37) 0.1162(27)
B(3) 0.7983(23) 0.3599(6) 0.8951(20)  0.0715(42)
F21)  0.9668(28) 0.3722(11) 0.8368(31)  0.1162(27)
F(22)  0.8073(38) 0.3090(7) 0.9726(29)  0.1162(27)
F(23)  0.7598(35) 0.4017(9) 1.0049(29)  0.1162(27)
F(24)  0.6630(33) 0.3595(11) 0.7738{27) 0.1162(27)
Atom Uyy Uyo Uss Ugo Uss Uy
Ir 389(2)  441(2)  359(2) 6(2) -18(1) 17(2)
194(80)  911(66) 855(65) -299(50) -427(58) -100(56)
N 640(60)  632(58) 575(55) -69(40) -219(44)  -6(43)
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Continue Table 2.4

C(1)  1010(93)  507(61) 737(79) 201(60) -350(59) 8(60)
C(2)  1049(98) 1000(106) 551(72) 332(61) -172(59) -320(84)
C(10)  538(55)  574(50) 364(50) 51(40) -122(38)  54(40)
C(11)  446(47)  615(49) 397(48) -0(43)  -89(36)  12(40)
C(12)  602(60)  505(46) 456(53) -59(43)  -74(41)  -76(41)
C(13)  716(66)  539(46) 372(51) -37(42) 4(42)  125(46)
C(14)  496(55)  637(51) 356(47) 17(42) -50(37)  -45(42)
C(15)  961(98)  575(55)  795(87) 88(65) -94(76)  87(
C(16)  381(57) 1309(123) 878(91) -137(84) 24(53) 1(67)
C(17) 1075(113) 566(67) 914(97) -5(64) -68(84) -253(69
C(18)  1266(130) 963(105) 766(91) -267(76) 9(85) 515(90
C(19)  786(86) 1089(108) 474(65) 102(62)  138(56) -112(73

a: Disordered BF 4~ was modeled by three BF ,~'s with the occupancies
0.4404, 0.2477 and 0.3119 respectively
b: Anisotropic temperature factors (U,-j) x1000

Table 2.5 Selected Bond Lengths (A) and Inter-Bond Angles (°) for (2)

Bond length
ir-N 1.762(9)  Ir-C(1) 2.19(1) Ir-C(2) 2.17(1)
Ir-Cp* centroid 1.89 Ir-C(10) 2.239(9)  Ir-C(11) 2.255(9)
Ir-C(12) 2.22(1)  Ir-C(13) 2.24(1) Ir-C(14) 2.27(3)
O-N 1.15(1)  C(1)-C(2) 1.37(2) C(10)-C(11) 1.41(1)
1.41(1)  C(12)-C(13) 1.42(1)  C(13)-C(14) 1.39(1)

C(11)-C(12)

137



Continue Table 2.5

C(14)-C(10) 1.45(1) C(10)-C(15)
C(12)-C(17)  1.52(1) C(13)-C(18)
B(1)-F(1) 1.4263(2) B(1)-F(2)
B(1)-F(4) 1.4204(3) B(2)-F(11)
B(2)-F(13) 1.4059(5) B(2)-F(14)
B(3)-F(22) 1.4055(3) B(3)-F(23)
Inter-Bond Angles

N-Ir-C(1)
N-Ir-C(2)

N-Ir-Cp* centroid

C(1)-Ir-C(2)

C(1)-Ir-Cp* centroid
C(2)-ir-Cp* centroid

Ir-N-O
Ir-C(1)-C(2)
Ir-C(2)-C(1)
Ir-C(10)-C(15)
Ir-C(11)-C(16)
Ir-C(12)-C(17)
Ir-C(13)-C(18)

Ir-C(14)-C(19)

94.9(4) C

(10)-C
91.6(5) C(11)-C

1.51(1)
1.52(1)
1.3946(2)
1.4119(5)
©1.4203(3)
1.4270(3)

141.8 C(12)-C
36.4(5)  C(13)-C(14)-
121.3 C(14)-C
124.2 F(1)-B(1)-F(2)
175.8(9)  F(1)-B(1)-F(3)
1.1(7)  F(1)-B(1)-F(4)
72.5(7)  F(2)-B(1)-F(3)
126.2(8)  F(2)-B(1)-F(4)
126.4(8)  F(3)-B(1)-F(4)
126.6(8)  F(11)-B(2)-F(12)
128.6(8)  F(11)-B(2)-F(13)
128.5(8)  F(11)-B(2)-F(14)

C(15)-C(10)-C(11) 125.9(10)
C(15)-C(10)-C(14) 124.3(10)
 C(16)-C(11)-C(10) 125.9(11)

F(12)-B(2)-F(13)
F(12)-B(2)-F
F(13)-B(2)-

(14)
F(14)
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C(11)-C(16) 1
C(14)-C(19) 1
B(1)-F(3)
B(2)-F(12)
B(3)-F(21)
B(3)-F(24)
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ontinue Table 2.5

F(23)-B(3)-F(2

C(16)-C(11)-C(12) 127.6(10)  F(21)-B(3)-F(22) 109.70(4)

C(17)-C(12)-C(11) 123.6(11)  F(21)-B(3)-F(23) 107.59(3)

C(17)-C(12)-C(13) 126.9(10)  F(21)-B(3)-F(24) 110.81(3)

C(18)-C(13)-C(12) 125.0(10)  F(22)-B(3)-F(23) 109.09(2)

C(18)-C(13)-C(14) 125.3(11)  F(22)-B(3)-F(24) 110.65(3)

C(19)-C(14)-C(10) 125.5(10) 4) 108.92(3)
)- )

C(19)-C(14)-C(13) 128.3(11

2.3. Syntheses and Characterization

Synthesis and Characterization of [Cp*Ir(CoH)(p-NoCgH4OMe)]BF 4 (1)
The careful, slow addition of a solution of para-methoxyphenyldiazonium
tetrafluoroborate in acetone to a colourless solution of Cp*Ir(CoHy)» in acetone
at -78 °C produced the corresponding mono-ethylene diazenido complex (1) in

good isolated yield (typically > 90% after recrystallization)(Eqn.2.2)
Cp‘lr(C2H4)2 + [p-NzC6H4OMe]BF4 = (1) + C2H4 (Egn.2.2)

As the reaction proceeds, the reactieri mixture changes from a colourless to a

transient yellow first, and then to an orange-red. The final dark-red crystals of

“compiex (1) can be isolated by recrystallization from acetone/hexanes at -10 °C.
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Fast addition of the diazonium solution into the Cp*Ir(CoHy4), solution, or a
rise in the reaction temperature has been found often to lead to a dark-red colour
for the reaction mixture. Upon addition of hexanes to this dark-red solution, a red
oily species can be precipitated out. Recrystallization of the red oil with
acetone/hexanes at -10 °C could only give (1) in low yield as crystals covered by
the oily species. Repeating recrystallizations to attempt to obtain complex (1)
free of the contamination always resulted in more red oily spedes. This indicated
that the red oil could be an ionic decomposition product of compound (1). The IR
spectrum of a thin film of this mixture on a KBr disc showed only the absorption
at 1710 cm-1 due to complex (1) in the range of 1600 ~ 2300 cm-!. However, its
1H7NMR (in acetone-dg) showed that beside resonances for compound (1), there
were several other broad and featureless signals at d ca. 1.2 ~ 1.8 ppm.

Compound (1) is a relatively high melting solid. it is very soluble in most
common polar solvents, such as acetone, CHCl3, CHoCl,, MeNO, and MeCN,
but insoluble in non-polar solvents such as hexanes and diethy! ether. it is stable
to air in the solid state. After exposure of the crystals of this compound in air at
ambient temperatures for days, no obvious change in the IR spectrum was
obsérved. However, in soluticn this compound exhibits ohly limited stability.
There is no observable change in cclour of the orange-yellow solution of
compound (1) in non-halogenated solvents over a period of hours at room
terhperature, but it slowly changes to orange-red in days. In halogenated
solvents, compound (1) decomposes rapidly; for instance in CHClj solution, it
reacts with the solvent 1o produce the corresponding dichloro dimer complex,
(Cp*IrCly),.

Compound (1) has been fully characterized by analysis and spectroscopy.
Signals due to the parent ion, [Cp*lr(CZH4)(N206H4OMe)]+, the fragments
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formed by loss of the CoHy ligand, [Cp*Ir(NoCgH4OMe)]+, and the aryldiazenido
ligand, [Cp~Ir(CoHy)]*, as well as others are observable in the FABMS spectrum
of (1). Compound (1) displays a single v(NN) absorption in its IR spectrum at
1724 cm-1 (EtOH) that falls within the range generally associated with the
presence of a terminally coordinated aryldiazenido ligand. The assignment was
confirmed by an isotopic shift of 35 cm-1 to lower wavenumber in a 15N,
enriched sample. The TH NMR spectrum of (1) shows clearly the presence of the
aryl group, which occurs as a typical AA'BB' pattern in the aromatic region and a
singlet at 3.91 ppm for the OMe protons of the p-methoxyphenyldiazenido group.
A strong singlet was assigned to the methyl groups of the Cp* ligand at 2.25 ppm
(intergral 15H), and a broad singlet at 3.25 ppm, (intergral 4H) could be assigned
to four equivalent protons in the CoHy ligand. The feature of this peak merits
some discussion in light of the dynamic molecular behavior of (1), which will be
given in the next section. The 13C NMR spectrum of (1) is consistent with its 1H
NMR spectrum. It is worth mentioning that only a single CoH, resonance was
observed in the 13C NMR spectrum. Two broad peaks at -2.86 and -107 ppm in
the 14N NMR spectrum of (1) clearly indicate the presence of a singly bent
diazenido ligand in the complex, (refer to Table 1.6). the downfield one is
assigned as the ligating nitrogen (N,) which has been confirmed by 15N NMR of
the compound (1a). The molecular structure of (1) has been unequivocally
established by a single crystal X-ray crystallographic analysis, which reveals that

it possesses a two-legged piano-stool molecular structure in the solid state.

Synthesis and Characterization of [Cp*Ir(C,H4)(NO)]BF, (2)
When the addition of solid [NOJBF4 (freshly washed with CH,Cl,) to a

solution of Cp*Ir(CoHy)o In acetone was carried out at -10 °C, a grey-greenish
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product was obtained, which analysis indicated to be [Cp*Ir{CoH4)(NO)]BF 4 (2).
(Egn. 2.3)

Cp*Ir(CoHg)o + [NOIJBF4 = (2) + CoH, (Eqn. 2.3)

Compound (2) could also be obtained at an even lower temperature. But, at a
higher temperature, such as room température; an orange-red oil was produced,
from which no tractabie organometaiiic complexes were isolable. Solid (2) can
be recrystallized from acetone/diethy! ether. Its solubility properties are similar to
rcompound (1), but (2) may be more stable than (1) in non-halogenated solvents
for no decomposition of it in solutions at room temperature during a period of
rdays was observed.

In its IR spectrum, compound (2) shows a very strong v(NO) absorption
near 1820 cm1 in solution indicating a linear terminal NO ligand. The FABMS
clearly exhibits peaks due to the molecular ion, [Cp*Ir{C,H }(NO)]+, and
fragments resulting from the loss of NO and C,H, ligands. In its TH NMR
spectrum, a strong singlet at 2.34 ppm is attributed to Cp* protons, and a typical
AAXX' pattern at ca. 3.47 ppm is attributed toa rotation-free ethylene ligand that
rmust be orientated with the C-C axis nommal or parallel to the Cp” plane. A
singlet observed at 47.06 ppm for the ethylene ligand in a proton-decoupled 13C
NMR spectrum indicates two equivalent carbon atoms for this ligand in (2), and
therefore, unequivocally establishes that the coordinated ethylene ligand is
parallel to the Cp” plane. Consistent with this spectroscopic evidence, a single-
crystal X-ray diffraction study of compound (2) has unambiguously demonstrated

the molecular structure of this monomeric complex in solid state.
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2.4. Discussion

Syntheses of [Cp*ir(C,Hz){p-NoCgH4OMe)]BF4 (1) and [Cp*Ir(CoHz)(NO)]
BF4 (2)

The mono-ethylene aryldiazenido compound (1) and nitrosyl compound
(2) can be readily obtained by the substitution of an ethylene ligand in
Cp~ir(CoH,), at low temperature either by aryldiazonium, NoAr+ (Egn. 2.2), or
nitrosonium, NO+ (Eqn. 2.3). The susceptibility of Cp*ir(CoH4)» to undergo these
two ligand substitution reactions is apparently unusual. Cp*Ir{(CoHy)o has been
recognized as the most inert to substitution among a series of compounds with
__similar structure,"f"? 7 re., Cp‘MLg, (Cp'=CporCp*, M=Co,Rhorlr, L= CO or
CoHy). So far, no direct substitution of an ethylene ligand in Cp™lr(CoHy4), to form
Cp~IrL(CoH,) has been reported in the literature, although Cp*Ir(PMe3)(CoHy)
has been synthesized in an alternative way by Bergman.158 Attempts to obtain
Cp‘lrL(CzH,,) (L= CO and PPhg} in this research work by stirnng a hexane
solution of Cp*Ir{(CoH4)» saturated with CO gas, as well as by refluxing
Cp*ir(CoHy)2 with PPhy in ethanol for days have failed to result in any
cbnyersion of the Cp*Ir{C,H,)». Obviously, the inertness of Cp*Ir(CsHy), toward
mdeophilic ligand substitution reactions reflects the highly electron-rich metal
centre of Cp°ir(CoH,)o.

Clearly, the observed facile substitution of ethylene ligand by N>Ar+ and
NO* in this work indicates that a different mechanism is likely to be involved in
these reactians. In other words, diazonium NoAr+, and nitrosonium, NO*, in
these reactions may act as Lewis acids instead of Lewis bases. In fact, this
Lewis acid property of N Ar* was pointed out as early as 1975 by Sutton who

states: "Generally, an 18-electron configuration is maintained by replacement of
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a two electron donor such as CO or PR3 by NoAr+. Such a process is favoured
by atiack at an electron-rich metal site --- . 13 Accordingly, a suggested
mechanism involving an initial electrophilic attack by the N>Ar+ group at

Cp*Ir(CoHy)o is summarized in Scheme 2.1.

7\\ i \7\[‘

Cp~Ir" *N=N—Ar — Cp—Ir—-—
>// >// N— Ar

o

Scheme 2.1

A similar mechanism is also expected in the reaction of Cp”Ir(CoHg), with NO+.
To be invoived in such electrophilic substitution, the incoming ligand
should have a iow-lying empty orbital largely located at the ligating atom, and the
metal fragment should have a high-lying filled orbtal pointing to the coordination
direction. The low-lying LUMO of the aryldiazenido(+1) ligand has been well |
dﬁ@ssed in Chapter | (refer to Figure 1.2) and is shown on the right hand side

of Figure 2.3. The metal fragment Cp~*ir{C,H4)», has a ground state geometry
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with the four carbon atoms of the two ethylene ligands located in a plane below
the iridium atom and parallel to the Cp* plane.199 The frontier orbitals of
Cp*Ir(CoHy)o are shown on the left side of Figure 2.3. Obviously, the most likely
approach of an incoming ligand is in the plane bisecting the two CoHy ligands,
i.e., in the direction along the y axis of the coordinate system illustrated.
Accordingly, the frontier orbital interactions between thé fragments Cp*Ir(CoHy)o
| and N,Ar+ are shown qualitatively in the centre of Figure 2.3. With the approach
of the NoAr+ fragment toward to the metal centre, the HOMO of NoAr+ will push
the 1a’' and 2a' higher in energy, (shown in Figure 2.3 as dotted lines), which will
~enhance the antibonding character between iridium and the two ethylene
ligands. Furthermore, the interaction between the LUMO of N>Ar+ and the
HOMO of Cp*Ir(CoHy)», (shown as the dashed line in Figure 2.3) will remove
electron density from the HOMO of Cp*Ir(CoHy)», which will weaken the back-
bonding of the metal to ethylene ligands. The total effect of these orbital
interactions between the NoAr+ and the Cp*Ir(CoHy), will significantly weaken
the bond between the ethylene and the iridium and lead to a potential
dissociation of an ethylene ligand from the metal centre. However, it should be
emphasized that the interaction between the LUMO of NoAr+ and the HOMO of
Cp*ir(CoH,)» is the driving force for this process due to the relatively low-lying
LUMO of NoAr+ and high-lying HOMO of Cp*ir(CoHy)s.
Another interesting feature is the critical temperatures used in the
syntheses of high vield {1} and (2). Although the absence of any further
investigation of the oily species obtained from the both reactions at high

temperatures prevents a full understanding, the fact that the trend of
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Figure 2.3 Qualitative orbital interactions of electrophilic attack of NoAr+

at Cp*ir{CoHg)2 (in a Cg symmetry)
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these critical temperatures, (< -78 °C for (1) and < -10 °C for (2)) shows
remarkable resemblance to the temperatures at which rotation of the ethylene
ligands in these compounds is frozen out, (which will be discussed in detail in the
next section), is perhaps indicative. Let us take compound (1) as example. At the
low temperatures, the rigid ethylene ligand would be expected to lie in a position
with its C-C bond parallel to Cp* plane. This could leave the HOMO of compound
(1) ét a low energy IeVel, shown as ain Scheme 2.2. As the temperature
increases, the ethylene ligand will start to rotate around the axis joining its centre
to iridium. The stabilization energy of the HOMO of the iridium centre by the
ethylene ligand through its n back-bonding would disappear completely at a 90 °
rotation of the ethylene ligand from its ground state position. Therefore, the -
HOMO of (1) will be expected now to occur at a higher energy, shown as b in
Scheme 2.2 . On the other hand, conformer b has also created a wider open
position vulnerable a further attack by other nucleophilic species existed in the
reaction system, such as the unreacted NoAr+ , Cp*Ir(CoHy)o or even a solvent
molecule. Clearly, if such an attack occurred, even in a slight manner, a further
increase of the energy of the HOMO would be expected. Consequently, this
increase in energy of the HOMO would most probably cause a charge transfer
from metal centre to the singly bent diazenido ligand forming a very unstable
species which might, in turn, lead to decomposition. A similar argument could
also apply to the corresponding nitrosyl compound (2), but the charge transfer
would be expected to be much more difficult in this case, due to the rather high
LUMO of NO* ligand. This could ot only lay down an explanation for the critical
temperatures to achieve better synthesis yieids for (1) and (2), but it could also

explain why (2) was experimentally observed to be more stable than (1).
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Scheme 2.2

Variable-Temperature NMR Studies of the Hindered Rotation of the
Ethylene Ligand in Complex (1) 7
The ambient-temperature TH NMR spectrum of the ethylene aryldiazenido
complex (1) displays, in addition to the proton resonances due to the Cp* ligand
and the aryldiazenido ligand, a broad singlet for the four protons of the ethylene
ligand at 3.25 ppm. For a two-legged piano stool compound (1), the broad
singlet indicates that in solution the ethylene ligand is stereochemically non-rigid
and undergoes a dynamic process. At room temperature, the rate of the fluxional
process is intermediate on the NMR time scale, and so a time-averaged 1H
spectrum is obtained. Fluxional behavior of the coordinated ethylene ligand in
half-sandwich complexes of this kind has been wail documented as a hindered,
or restrictive, rotation about the axis relating the metal to the midpoint of the
double bond of the ethylene.151. 160 - 164 However, for a rapidly rotating
ethylene ligand to give a limiting singlet absorption, the molecule (1) must have
mirror symmetry in solution; that is, the molecule belongs to the point group Cs.
In order for this to occur, the singly bent diazenido ligand has to be either located

in the mirror plane or, if not, must be involved in a fast dynamic process which is
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also related by this mirror symmetry. Since the Cp* ligand can be considered to
be bisected by the mirror plane, the remaining task is to determine the reiative
orientation of the coordinated aryldiazenido ligand. Accordingly, a series of 1H
NMR spectra have been measured for compound (1) in acetone-dg solution from
-64 to 22°C (Figure 2.4). As the solution is cooled to 0°C, the single absorption
at 3.68 ppm for the ethylene protons broadens. At -20°C, the single peak
diverges into a new asymmetric pattern. Finally, at -64°C, the spectrum is
essentially that of the frozen limit, and shows rather complicated, but well
resolved fine structure. An analysis of this frozen-out spectrum gave a set of
chemical shifts and coupling constants for the ethylene protons in an ABCD spin
system, which reproduced very well all the observed spectral line positions and
their intensities. A computer simulated spectrum from these parameters,
together with an enlargement of the experimentally observed one for
comparison, is shown in Figure 2.5. Clearly, an ABCD spin system indicates that
the ethylene ligand is in an orientation in an asymmetric environment in its
ground, or frozen, state that makes all four protons inequivalent. Since it is well
known that a non-rotating ethylene ligand in Cp or Cp* half-sandwich
compounds of this type always adopts a position with its C-C axis parallel to the
Cp or Cp~ plane (simply because the nt back-bonding is maximized in this
position}, the most probable molecular structure to account for this is one similar
to the solid-state X-ray structure; i.e., with a rigid, coordinated aryldiazenido
ligand with the aryl group not in the piane defined by the centroid of the Cp*, Ir
and the centre of the ethylene ligand. Interestingly, to account for a singlet CoH,

resonance at 22 °C exchange between the two orientations of the aryldiazenido
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ligand (refer to Figure 2.6) must be fast; but the ABCD pattern observed at

-64 °C requires that this exchange has been stopped on the NMR timescale.
Surprisingly, to the best of our knowledge, observation of this fluxional behavior
of the singly bent diazenido ligand has not been reported in the literature before.
Further, this fluxional process could be accomplished by either a "flip" of the
whole planar diazenido ligand from one side to another, by rotation about the
metal-N-N axis, or by a "inversion” of the lone pair on NB’ which would involve a
bent-linear-bent geometric change of the diazenido ligand. These two
hypothetical mechanisms are shown in Figure 2.6 as (a) and (b), respectively,
but may be equivalent to mechanism (a) if there were a free rotation abouty the
C-N bond. Although, so far, no evidence has been found in this research to
prefer one mechanism to another, the term "flip” will be used in this thesis to
describe this fluxionality regardless of the detailed mechanism.

Furthermore, as we see from Figure 2.4, at about -20 °C, the broadening
singlet of the ethylene signal has diverged into a new asymmetric pattern. So, it
appears to us that at least one of the two fluxional processes in compound (1)
has slowed at this temperature range. Several possibilities may be considered
for this: (1) The rotation of the ethylene may become slow at this temperature
range, while the flipping of the diazenido ligand may still be fast. (2) The flipping
process of the diazenido ligand may become slow, while the rotation process of
the ethylene may still be fast. (3) Both fluxional processes may have been
slowed down below the NMR time scale at this temperature range.

These mechanisms have been carefully assessed based on the
experimental data, especially the spectrum at -20 °C, and the first two are
excluded. It appears to us both the ethylene rotation and the diazenido flipping

are slowed at the temperature ca. -20 °C in the TH NMR spectra.
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For the mechanism (1), if the ethylene rotation were slower than the NMR
time scale while the flip of the diazenido was still in its rapid equilibrium, relative
to the ethylene, the fragment Cp*Ir(N»Ar) would be in a time-averaged Cs
symmetry and therefore a broad symmetric AA'BB' pattern, or a symmetric
envelop of this pattern, should occur for the ethylene protons at the coalescence
temperature. This has not been observed in the TH NMR spectra.

If it were true that flipping of the diazenido ligand slowed first at -20 °C,
while the rotation process of the ethyiene were still fast, (mechanism (2)),
relative to the rotating ethylene the fragment Cp*ir(NoAr) would be in a C;
symmetry and consequently, the four protons of the ethylene ligand would be
split to an AA'BB' patiern. Since this AA'BB' pattern should also be a symmetric
one which nas rot been observed from the spectra, the mechanism (2) is ruled
out.

These eliminations leave us with a mechanism that at the temperature ca.
-20 °C, both fluxional prccesses have been slowed down below the NMR time
scale. In fact, this mechanism shows a good consistency with the experimentally
observed 1H NMR spectra. At room temperature, both of the fluxional processes
are fast, however, at the coalescence temperature of ca. -20 °C, both of them
have been slowed down to comparable rates which are slower than the NMR
time scale. That is, at any temperature lower than the coalescence temperature,
the fragment Cp*Ir{N,Ar) is always in C; symmetry relative to the ethylene
ligand. So the four protons of the ethylerie are neither chemically nor
magnetically identical 1o one another. Theretore, an ABCD pattern is observed.
The resolution of this pattern is improved with decrease of temperature; and the

low limit spectrum is obtained at -63 °C. This trend is clear from the spectra
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obtained in the temperature range -20 to -64 °C (see Figure 2.4).

Of a special interest in the hindered rotation of the ethylene ligand is to
evaluate the activation energy for this rotation. Obviously, the mixing of the
fluxional proccess of the singly bent diazenido ligand with this ethylene rotation in
compound (1) complicates such an evaluation. However, from the above
discussion, both fluxional processes decoalesced at ca. -20 °C and froze at
-64 °C. So, in principle, an exchange barrier could be calculated from these data.
Importantly, this calculated energy would be one of the upper-limits for the both
exchange processes. That is, the activation energy for the rotation of the
ethylene ligand or the inversion of the diazenido ligand must be smaller, or equal
to this calculated energy. However, an ABCD pattern for a four spin system
obtained for the ethylene protons in the low limit TH NMR spectrum also makes
such a calculation not trivial. Therefore, in order to simplify this, a series of
proton-decoupled variable-temperature 13C NMR spectra were measured for (1).
The observed carbon resonances for the ethylene ligand in (1), compared with
the signal for the OMe group, are shown in Figure 2.7.

At the ambient temperature, 22°C, a broad peak at ca. 50 ppm arises
from the equivalent ethylene carbons of (1). When the solution is cooled down to
0 °C, this signal is collapsed into the base line. Finally, at -64 °C, the low limit
spectrum is obtained, and further confirmed by the same half-height widths of
these peaks obtained at -84 °C.
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A free energy, AG* can be calcuiated from the Eyring equation {(Egn. 2.1)
by using the coalescence temperature T, and Av obtained from the low limit 13C
NMR spectrum. Since from the variable temperature tH NMR study, we know
that both ethylene and diazenido ligands undergc two different exchange
processes within the same temperature range (22 ~ -64 °C), the barrier
calculated from the Eyring eguation may consist of contributions from both
processes and it cannot be unambiguously assigned to the individual exchange
process. This susgicion is supported by the observation that the weight-centre of
the two peaks in the low imit 12C NMR spectrum is not coincident with the
chemical shift of the ime-averaged singlet observed in the high temperature
spectrum. So, the barrer calculated from the Eyring equation is, tnerefore, the

upper-fimit of the activation energy fcr either of the two exchange processes.

Variable-Temperature NMR Studies of the Hindered Rotation of the
Ethylene Ligand in Complex (2)

As shown in Figure 2.8, at 21 °C, the TH NMR specirum of the compound
{2} in acetonitrile sclution shows twg pairs of symmetric broad absorptions in an
essential AA'XX' pattern in the ethylene range, which corresponds to the slow
exchange of the ethyiene protons. When the solution of the complex is chilled to
0 °C, these two broad pairs are resclved into two sets of well defined multiplets
related by mirror symmetry. This indicates that the exchange of the inequivalent
ethylene protons has become slow compared with the NMR time scale.
However, when the soluticn is heated. these absorptions broaden and finally, at

80 °C, they coalesce.
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Figure 2.8 Variablie-temperature TN NMR spectra for {2)
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Energy Barrier of Ethylene Rotation as the Criterion of the n—Acidities of
NO+ and NoAr+ Ligands

The free energies of activation (AG¥) for the ethylene rotation at
coalescence for (1) and {2) were calculated by using the temperature of the
coalescence (Tc} of the ethylene resonances and the chemical shift difference of
these resonances (Av,) in the low-limit 13C and TH NMR spectra respectively.
The resulting values, fisted in Table 2.6, show that the energy barriers of the
ethylene rotation for the diazenido compound (1) is about 20 kJ/mol lower than
for the nitrosyl compcund {2). As we have mentioned in the last section, this AG#
derived from the T, and Av, of the 13C NMR spectra of compound (1) is the
maximum possible value for the energy barrier of the rotation of the ethylene
ligand. Namely, the true value of the AG* for compound (1) could be even

smaller.

Table 2.6 Activation Parameters for Compounds (1} and (2)”

st -

Complex Te. (K} Av,, (Hz) AG#F, (kJ/mol)
1) 270 1 272+ 1 51.5+01
{2} 353+1 226 £1 68.7 £0.1

o e s
— e .

" (1) 1s [Cp™I{CoHgH{NoCgH,OMeji[BF 4]; (2) is [Cp™ir(CoH4)(NOJJ[BF 4]

The difference in the rotation barriers of the ethylene figand in the
analogous compounds (1) and {2) should directly reflect the binding difference of
the ethylene ligand to the metal fragments Cp*Ir{NO)* and Cp*ir(N,Ar)*. It has
been customary o describe the binding of ethylene to a transition metal atom by
the Dewar-Chatt-Duncanson scheme,16%. 165 consisting of two parts: (shown in

150

o




Figure 2.9.), (a) a o-bond, correspending to the classical coordination bond,
formed by overlap of the filled n orbital of the olefin with a vacant metal orbital;
and (b} a n-bond obtained through overiap of the vacant =" orbital of the olefin

with a filled o= orbital of the metal.
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Figure 2.9 The Dewar-Chatt-Duncanson scheme for bonding in a simple

metal-olefin compliex

The ¢ component would ngt be parti

ulary restrictive

of the rotation of the

ethylene ligand gbout the metal-ethylene bond axis. However, the strengih of the

= component maximizes sharply for that onentation of the ethylene ligand in

which its C-C axis fies in, or close to, the plane of the metal d¢» orbital which

overlaps with the &* orbital of the ethylene. In the d®, 18-electron half-sandwich

complexes, Cp™IrL(CoH,), one fiited metal dr orbital that has been raised in

energy by repulsion with a low-lying = orbital f the Cp” is energetically more



favorable than others for overlap with the empty =™ ethylene orbital. However,
this favorable interaction can only occur when the C-C bond is parallel to the Cp*
plane as in its ground state. This favorable interaction will decrease dramatically
with a rotation of the ethylene ligand from this position, and it reaches its
minimum upon a 90 “C rotation angle (the transition state), which brings the ©*
orbital of the ethylene in the nodal plane of the filled metal dr orbital. (refer to
Scheme 2.2). Consequently this also indicates that the rotation barrier of the
ethylene ligand in this type of two legged piano-stool complex is attributable to
the eletronic effect.

The ethylene rotation barriers for compounds (1) and (2) have been found
as <51.1 and 68.7 kJ/mol., respectively. The greater restriction of the ethylene
rotation in (2) than in {1} clearly indicates stronger dn—n" back-bonding in the
metal-ethylene linkage of compound (2) than in (1). Similarly, in the TH NMR
spectra, the observed chemical shifts of the Cp” ligand in (2) and (1) at 2.34 and
2.25 ppm also indicate more eiectron density located on the Ir(l) metal centre for
{2) than for (1). Since the influence of the Cp~ ligand on the metal's electronic
configuration in both compounds should be similar, so, in seeking a reason
behind the differential magnitudes of the rotation barrier for the ethylene ligand in
these two compounds, it is reasonable to focus on the ancillary ligands, NO+ and
NoAr+,

These are well known 1o be x acids. In each case, a competition for the
electrons in the metal dx orbital will take place between the ethylene ligand and
the ancillary ligand. The stronger the x acidity of this "trans” ligand, the more
electron density will be pulled toward to this ligand from the metal centre and
less electron density wili be available for the back-bonding to the ethylene ligand.

Correpondingly, this should result in a fower rotation barrier for the ethylene.
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Thus, the different values of the ethylene rotation barriers in compounds (1) and
(2) provide a measurement of the relative n acidities of NO+ and NoAr+ ligands.
In other words, the lower ethylene rotation barrier found in compound (1) than in
(2) is attributed to relatively stronger z acidity of the NoAr+ ligand compared to
NO*. Further, for Cp*Ir(CoHylo itself, there is no coalescence of the C,H, proton
resonances up o 110 °C, indicating a much higher ethylene rotation barrier in
this compound.'>® This can be attributed 1o the presence of the weak x acid
ligand CoHy in the position "trans™ to the other.

These results, therefore, have provided us with experimental support of
the theoretical prediction we have made in Chapter |, that the singly bent
aryldiazenido ligand, on an absolute scale, is a better n acid than the nitrosyl
ligand. It is also notable that in order for the singly bent aryldiazenido ligand to
be a stronger n acid ligand in compound (1), it must bend its aryl tail away from
the plane defined by Ir, the centroid of Cp” and the centroid of the ethylene
ligand (refer to Scheme 2.2). This has been unambiguously observed in solution
from the low limit 13C and H NMR spectrum of (1), and in the solid state from

the X-ray structure (Figure 2.1}.

Crystal Structure of Compound (1)

The crystal structure consists of an assemblage of discrete cations,
[Cp Ir{CoH4}{NCgH4OMej}* | as equal number of A and S enantiomers, and
anions, [BF 4], related in the centrosymmetric space group P2,/n. The
asymmetric unit cell is an ion-pair [Cp*Ir(CoH4)(NoCsHsOMejl[BF 4. There are

no abnormally short intermelecular contacts in the crystal. The cation,
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[Cp*ir(CoH4){(NoCgH4OMej}*, has a five coordinated, pseudo two-legged piano-
stool geometry. A perspective view of this cation together with the numbering
scheme is given in Figure 2.2.

The Cp* ligand is bonded to the iridium in a n°- coordination mode. The
similar bond lengths from the five carbon atoms in the Cp”* ring to iridium, from
2.204(8) through 2.238(7) A, indicate a regular Cs, symmetry for the n>-Cslir
moiety. Thus, the two different ligands, CoHy and [N,CgH4OMe]*, constituting
the legs for this compound appears to have no measurable differential influence
cn the coordination geometry of the Cp” ligand.

The similar distances of the two carbon atoms of the ethylene to the
iridium of 2.190 (8} A for Ir-C{10), and 2.172(9) A for Ir-C(20}), shows that the
ethylene ligand is symmetricaily coordinated to the iridium centre. The ethylene
ligand has a carbon-carbon bond length of 1.387(16) A which indicates this bond
1o be lengthened significantly reiative o the typical uncoordinated C=C distances
of 1.335(5) A.166 As expected, the ethylene ligand is found to be coordinated in
an orientation paraliel to the Cp~ plane.

The aryldiazenido figand in this compound clearly has a singly bent
geometry, with the Ir-N-N skeleton close to iinear and the N-N-C angle about
120°. These values and other related parameters are compared in Table 2.7 with
those of the only other iridium complex having a singly bent diazenido ligand,
characterized by X-ray diffraction [IrfCKNyPh)(PPh3)o][BF 4].167 The values of Ir-
N and N-N bond lengths listed in Table 2.7 are indicative of significant multiple

bonding between the iridium and the aryldiazenido ligand in both cases.
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Table 2.7 Bond Angles {°) and Distances (A) for Aryldiazenido Ligands

A

Parameters (1) [IrCI{N,Ph)(PPhs)][BF 4]
I--N(1) 1.811(7) 1.800(10)
N(1)-N{2) 1.205(9) 1.163(11)
Ir-N{1)-N{2) 176.2(6) 175.8(8)
N(1)-N(2)-C(1) 120.4(6) 126.9(10)

" (1) is [Cp7Ir(CoH4}(N2CgHsOMe)][BF 4]

The most striking feature for the diazenido ligand is the orientation of the
aryl ring in the complex. The aryl ring of the diazenido ligand indeed bends away
from the plane containing Ir, the centroid of Cp* and the centre of the ethylene
which is, as described earlier, consistent with the ground-state molecular

structure in solution.

Crystal Structure of Compound (2)

The single-crystal X-ray crystallographic analysis of compound (2) has
established that the mclecular structure of this complex consists of the
crysialiographicaliy weli-behaved catien and the disordered anion. The cation
has two-legged piano-stool geometry. In addition to the regular n5-Cp* ligand
located on the top of the ridium centre, the cation aiso contains an essentially
linear nitrosy! ligand (Ir-N-O angle of 175.8(9)°) and a n12-C,H, ligand. The
nitrosyl and ethylene ligands conctituting the legs of the prano-stool are bent
down in the customary manner from the plane through Ir paralie! 1o the Cp’
piane, i.e., Cp™{centroid}-ir-N = 141.8°, Cp™{centroig;-Ir-C{1) = 121.3% and
Cp”(centroid}-Ir-C(2} = 124 2°. The remarkably larger value of the angle
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Cp*(centroid)-Ir-N, comparing with the angles of Cp*(centroid)-ir-C(1) and
Cp’(centroid)-Ir-G(2), may indicate that some degree of secondary n bonding
could be exerted by the nitrosyl ligand. Since the nitrosyl ligand has "cylinder-
type” n* orbitals, in addition to the =~ orbital that primarily overiaps with the
meial-centred HOMO resulting in the effective single-faced back-bonding, the
remaining orthogonal &* orbital could also overlap with the metal-centred SOMO
giving additional partial back-bonding. These two & interactions are shown in

Figure 2.10.

Figure 2.10 = back-bonding from Cp*Ir(CoH4) to NO*

Since the SOMO is targely lccated in the direction opposite to the Cp”, the larger
Cp'’ (centroid)-Ir-N angle could be the result of the nitrosy! bending away from the
Cp” to obtain a better overlap with the Ir SOMO. On the other hand, this
secondary effect would not be expected 1o involve the n2-C,Hy ligand because it
only has "single-faced™ r bonding ability. The C5H, ligand is coordinated to the
indium atom in a normal 12 fashion similar to that in compound (1). The
dimensions of the triangular cyclopropene-type skeletons of ir and n2-CH, in (1)

and (2} are similar: I-C{10) = 2.190(8) A, I--C(20) = 2.172(3) A and C(10)-C{(20)

165



= 1.387(16) A for (1) and Ir-C(1) = 2.19(1) A, Ir-C(2) = 2.17(1) A and C(1)-C(2) =
1.37(2) A for (2).

The most striking features of the metrical details of the nitrosyl ligand in
(2) are the unusually long Ir-N bond length at 1.762(9) A, and the unusually short
N-O bond length at 1.15(1) A. These two distances are significantly different
from the comparable distances in other iridium nitrosyl compounds.168, 169 A
comparison of bond distances and angles of the nitrosyl! ligand for these
complexes, together with their IR data, are listed in Table 2.8. The shorter N-O
and longer Ir-N distances observed for (2) are indicative that the characteristic
"single-faced"” = back-bonding teature dominates the primary bonding interaction
of iridium atom and the nitrosyl. By contrast, the compounds [IrH(NO){PPh3)3]*
and Ir{NO)(PPh3)3 both have a metai centre with the "cylinder-type”™ of n back-
bonding ability, and so, as the linear nitrosyl ligand coordinates to such metal
centre, it will exert the = back-bonding from the both directions. The trend of IR
absorptions v{NOj listed for these three compounds is also consistent with this

rationalization.

Table 2.8 IR and Structural Data for Linear Monoiridium Nitrosyl Complexes

Complex v{NO){cm1} Ir-N-O () ir-N{A) N-O(A) Ref.
(2) 1820 175.8(9) 1.762(9) 1.15(1)  tw.@
BH(NOJ(PPhsjsl+ 1780 175 1.68 1.23 168

Ir(NOJ(PPha)s 1600 180 1.67 1.24 169

a: t.w.: this work
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The anion BF 4~ was found to occur in a spherically disordered fashion in
which the disc-shaped ellipsoids for the four fluorine atoms were satisfactorily

modeled by three BF 4 's with the total occupancy equal to one.

2.5. Conclusion

The monoethylene pentamethyicyciopentadienyl iridium complexes,
[Cp”Ir(CoH4)(NoCgH4OMej}[BF 4] (1) and [{Cp*Ir(CoH4)(NO)][BF,4] (2), have been
synthesized in high yield (> 90%} by the reaction of Cp=ir{CoHy)»> with [NOJ[BF 4]
and [p-NoCgH4OMe][BF 4] in acetone, respectively. A mechanism involving an
initial electrophilic attack of the incoming ligand NO*, or NoAr+ at the metal
centre of the Cp*ir(CsH,)o. followed by extrusion of CoHy is postulated to
account for the mild conditions the reactions reqUired. which is in sharp contrast
with the normal figand substitution behavior of Cp*Ir(CoH,)o. The °N enriched
compound (1a) has also been made, and its IR and nitrogen (both 14N and 15N)
NMR data have unambiguously established that the aryldiazenido ligandis in a
singly bent geometry. 'H and 3C{'H} NMR spectra of both compounds show
that they are stereochemically nonrigid in solutions at ambient temperatures, the
principal fluxionalities invciving the restricted rotation of the ethylene ligand in
both compounds, but also a fast exchange of position of the aryl group in (1).
This latter fluxional process of the singly bent diazenido ligand is the first to be
observed and reported. The restricted rotation of the coordinated ethylene ligand
in both (1) and {2) has been studied by the variable-temperature NMR
technique, from which the free energies of activation for this process have been
estimated to be <51.5+ 0.1 kJ/mol for (1) and 68.7 £ 0.1 kJ/mol for {2}. The X-
ray crystal structures of {1} and {2) have been determined. Compound (1)
crystallizes in the monocinic space group P21/n, with a= 5.5780(10) A, b=
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20.5310(23) A, c=12.0310{15} A, B= $3.500(10)° and Z= 4; the structure was
soived by conventional heavy-atom methods and was refined by fuil-matrix least-
squares procedures o A= 0.028 and RAw= 0.031 for 2611 absorption-corrected
reflections with | > 2.5¢(l). Crystals of compound (2) are monoclinic, space group
P21/n, with a= 7.4540(10) A, b= 24.381(3) A, c=8.5360(10) A, B= 93.850(10)°
and Z= 4; R=0.034 and Aw= 0.041 for 1923 absorption-corrected reflections
with | > 2.00(l). The most chemically interesting feature of these two compounds
is that the different rotation barriers of their ethylene ligands provide us with a
direct comparison of the r acidity of NO* and N,Ar+ on an absolute, or single-
faced, scale. The singly bent NoAr+ ligand is found to be a stronger n acid than

NO+.
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CHAPTER Il

Pentamethylcyclopentcdienyl Mono- and Di-iridium Aryldiazenido
Complexes and Their L 2rivatives— Ancillary ligand effect on the

geometrical preference of the diazenido ligand

3.1 introduction

A wide range of coordination geometries adopted by the aryldiazenido
ligands in their complexes (Figure 1.27) has stimulated great interest in the
structural study of these complexes. Of key importance in this study is an
understanding of the different electronic interactions involved in the various
geometrically different diazenido complexes. Some effort has been devoted to
obtaining a detailed description of the electronic structure of the bonding in
transition metat aryldiazenidc compiexes.?4.26 However, little is kncwn about
the influence that the molecuiar geometry and the ancillary figands have on the
metal-diazenido bonding. We have been concerned with such questions, both in
the experimental arena and in the theoretical domain. These concerns have
been discussed rather extensively in Chapter 1 of this Thesis where an account
of the different interactions invelved in complexes with different coordinated
aryldiazenido figands has been given in terms of the fragment molecular orbital
interaction analysis.

From the previous discussions {Chapter 1) the ancillary ligands have been
found important in setting the energy of the metal-centred orbitals and in tailoring
them to specific shapes which may, or may not, be favorable for the metal centre
in binding a diazenido ligand with a specific geometry. So the nature, the number
and the gecmetrica¥ disposition of the ancillary ligands could directly influence
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the stability and the geometrical preference of a diazenido ligand in the
complexes. In this chapter, a systemaitic study of the ligand effect on the metal-
diazenido bonding wili be described in the case of the Cp*lr(L)(NoAr) system,
where L is the ancillary ligand. This study is motivated by the hope that
conversion of the singly bent diazenido ligand to other geometries can be
observed in the rather simple Cp™Ir(L)(NoAr) system by changing the relative
acidity, or basicity, of the ancillary ligand L. In fact, we have observed that when
L is a strong n-acid, such as CO, no stable aryldiazenido compounds could be
isolated; when L is a weak =-acid, CoH, or PRg, the singly bent aryldiazenido
camplexes are produced, and when L is a strong n-base(l", Br™ or the metal base
Cp*ir(CO).), complexes with the doubly bent aryldiazenido groups occurring as
different bridging ligands are obtained. rurther, the system Cp*Ir{FPhg)(L)(NoAr) -
which has a doubly bent aryidiazenide ligand can only be observed fcr particular
kinds ot anciliary ligand L.

Syntheses, charactsrizations, spectroscopic studies and selected
chemica! reactions of the new pentamethylcyclopentadieny! indium aryldiazenido
compiexes anc their derivatives are also described.

Finally, desnite numerous unsuccessiui attempts to synthesize
[Cp™ir(CC){NoAr)]BF 4 these attempts have yielded results that are also important
in urnderstanding the chemistry of organometallic aryldiazenido compiexes;
important enough for a discussion their own right. This part of the study,
involving CO as the anciliary ligand will, therefore, be presented in the next
chapter. However, & should be noted that there is a close relationship between

the maierial presented in this and the next chapters.
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3. 2. Experimental Section
General Procedures

Solvents were dried pricr {0 use and freshly distilled under nitrogen from
scdium/benzophencne {diethy! ether}, calcium hydride {dichloromethane),
sodium (hexanes}, predried anhydrous caicium sulfate (absolute ethanol). A
small amount of CCi, was dried by passing through a cciumn packed with
predried neutrai alumina. All preparations or reactions and manipulations were
carried out in standard Schlenk ware, connected to a switchable double manifold
providing vacuum and nitrogen, unless otherwise noted.‘

Infrared spectra for solutions were measured in CaF, cells, and solid
samples were measured as either KBr pellets or thin film on a KBr disc by using
a Bomem Michelson 120 FTIR instrument. Some of the routine 'H NMR spectra
were recorded at 100 MHz by using a Varian SY-100 Fourier Transform
Spectrometer. The remaining TH NMR and 15N NMR spectra were obtained in
the NMR service of Simon Fraser University by Mrs. M. Tracey on a Bruker
AMX-400 instrument at operating frequencies of 400.1 and 40.5 MHz for H, and
15N respectively. Chemical shifts (8) are recorted in ppm, downfield positive,
relative to tetramethylsilane (TMS) for TH, and relative to external Me'SNO, for
15N spectra separately. Coupling constants are reported in Hertz.

Mass spectra were obtained by Mr G. Owen on a Hewlett-Packard Model
5985 GC-MS spectrometer equipped with fast atom bombardment (FAB) probe
{xenon source, Phrasor Scientific, Inc., accessory), and utilized samples
dispersed or dissolved in thioglycerol, sulfolane or m-nitrobenzy! alcohol
(NOBA). C.I. MS were obtained by using isobutane as the chemical ionization
reagent. The pattern of the envelopes of the fragment ions were matched with

that simulated by computer for the species in question and are referred to 1931
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for mono-iridium species, or the highest intensity peak (193Ir + 19111} for the di-
iridium species. Micrcanaiyses for elements C, H, N were performed by Mr. M-K|
Yang of the Micrcanaiytical Laboratory of Simon Fraser University.

The author is gratefui to Dr. R. J. Batchelor for the X-ray crystallographic

analysis of the single crystal structure of compound (7).

Starting Materials

Bisethylene pentamethyicyclopentadienyl iridium was synthesized
according to the literature method.151 Pentamethylcyclopentadienyl iridium
dicarbony! was synthesized either by the Maitlis' method17C or by the method
developed by us, which will be discussed in Chapter IV. Para-methoxyphenyl-
diazonium tetrafluoroborate was prepared by the standard procedure from
para-methoxyaniline (Aldrichj and sodium nitrite, and purified periodically by
fecrystallization from acetone and diethyl ether. The diazonium salt substituted
with 15N at the terminal nitrogen (N,) was prepared by using Na'>NO» (95%

1SN, MSD isotopes).

Preparation of [Cp*Ir(PPh3)(p-N,CgH4OMe)]BF, (3) or (3a)

Method 1: To a 10 mL ethanol solution containing equimolar quantities of
Cp®Ir(CoHy)2 (30 mg, 0.078 mmol) and PPh3 (21 mg, 0.080 mmol) was added
[p-N>CgH4OMe] [BF 4] or [p-1°SNNCgH4OMe][BF 4] (17 mg, 0.077 mmol).
Following the addition of the diazonium salt, the colorless solution immediately
changed to orange red. After the solution was stirred for 1 hour, the solution was
taken to dryness which gave compound (3) or (3a) quantitatively as an orange-
red oil. IR v(NN): 1701 cm? (ethanol), 1710 cm™1 (CH,Cly), v(15NN) for (3a):
1676 cm! (ethanol), TH NMR (100 MHz): 8(acetone-dg) 2.12d (15H, Jp.pe = 2,
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Cp7}, 3.85s5 (3H, OMe), 7.08q {4H, AA'BB’ pattern, CgH,). 7.20 ~ 7.90m (15H,
Phy; 8(CDClg} 1.97d (15H, Jp.ye = 2. Cp*), 3.875 (3H, OMe), 6.98d (4H
Ju =1, CgHy), 7.40 ~ 7.52m {15H, Ph), 15N NMR for {3a): §(acetone-dg)
33.23d (PN, Jp.15ng = 7 }. FABMS (NOBA, Xenon) (m/z): 725 (M+), 590 (M+-
N,CgH4OMej, Anal. {calcd}: C, 51.79; H, 4.60; N, 3.45, (found): C, 52.18; H,
4.81; N, 3.62.

Method 2: To a solution of (1) or (1a) (30 mg, 0.052 mmol) in 10 mL ethanol
was slowly added solid PPha (14 mg, 0.053 mmol), and the reaclion mixture was
stirred at room temperature for about one hour. The color changed from yellow
to orange red. The solution was then evaporated 1o dryness in vacuo, affording

analytically pure preduct (3) or (3a) as an orange red oil.

Preparation of Cp*ir(PPh3)(H){p-N,CgH,OMe) (4) or (4a)

An excess of NaBH, was added 1o an acetone solution (5 mL) of
[Cp™Ir(PPhg)(p-NoCgH4OMe)]BF 4 (3) or (3a) (42 mg, 0.052 mmol), and the
mixture was stirred for 1 hour at -10 °C. The color of the reaction solution
changed from orange red to peach red. The acetone solvent was removed in
vacuo. To the solid residue was added excess hexanes (15 mL) and the mixture
was stirred vigorously for 15 minutes. The peach red solution was filtered
through a Celite filter to remove the insoluble salts (NaBF 4 and NaBH,) and
evaporated to dryness in vacuo to give a rose purple oily product (4) or (4a) in
89% yield. IR v(ir-H): 2133 br. cm1 (hexanes). 1H NMR (1'00 MHz, acetone-dg)
6:-15.94d, (1H, Jp_y = 33.5, Ir-H), 1.51dd (15H, Jp_pe = 1.8, Jyy = 0.7, Cp"),
3.57s (3H, OMe), 6.58d (4H, J= 1.7, CgHy), 7.10 ~ 7.60m (15H, Ph), 15N NMR
for (4a) (acetone-dg) 8: 271.895s (15Na), CIMS, (m/z): 590 ([Cp*ir(PPhg)]*), 464
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= L < 5 =

58.12, H, 5.43; N, 3.89.

Preparation of [Cp*Ir{PPh3)(Cl)(p-NHNCgH,OMe)]BF 4 (6) or (6a)

Method 1: Freshiy synthesized {3) or (3a) (42 mg, 0.052 mmol) in 5mL
ethanol solution was siowly purged by HCI gas fer 5 minutes at room
temperature. A cold water bath {~ 10 °C) was used to absorb the heat released
from the solvation of the HCI gas in ethanol. The color of the reaction solution
changed from orange red to dark green. After stirring for another 5 minutes, the
volatiles were removed in vacuo leaving dark yellow solid residue. This solid was
then re-dissolved in a minimum amount of acetone, and excess diethyl ether was
added slowly with vigorous stirring untii no further solid precipitated. The yellow
supernatant solution was carefully removed by pipette and the remaining yellow
solid was washed twice with 20 mL portions of diethyl ether. This gave (6) or {6a)
as the diethy! ether solvated product, {Cp”Ir(PPh3)(Cl){p-NHNCgH4OMe)]BF 4(6)-
1/2 E1,0 or (6a)-1/2 Et50, as a fine yellow powder, in 92% yield. Mot 2 product
can be recovered from the supernatant solution and the diethyl ether washing
solution. IR v(N-N}: 1483 cm™! (KBr), and 1460 cm~! (KBr) for (6a), TH NMR
(100 MHz): d(acetone-dg) 1.54d, (15H, Jp_me = 2.2, Cp~), 3.93s (3H, OMe),
7.05d and 7.40d (4H, AA'BB’ pattern, CgHy), 7.52s and 7.58s (15H, Ph) and
13.73d (1H, J1spy = 70 for (6a)); 3(CDCly) 1.524d, (15H, Jp_pe = 2.2, Cp*),
3.92s (3H, OMe), 6.92d and 7.19d (4H, AA'BB' pattern, CgH,), 7.45s and 7.50s

ooy

{(15H, Ph) and 13.01d (1H, Jispyy = 69 for (6a)); 15N NMR for (6a): 8{acetone-dy)
-64.24d (Jisp 1y = 70); FABMS (NOBA, Xenon) (m/z): 761 (M+), 625 (M+-

NHNCgH,OMe), 589 (M+- N,CgH,OMe - Cl ), 511 (M+- NHNCgH4OMe - Cl -
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Ph}, Anal. for (6a}-1/2 E;Q, (calcd): C. 50.20; H, 4.89; N. 3.16, (found): C,

50.21, H, 4.83; N. 3.05.

Method 2: Freshly synthesized {4} or {4a) (22 mg, 0.031 mmol) in 3 mL
predried CCly was stirred vigorously in the dark at -10 °C. After 20 minutes, still
in the dark and at -10 °C, the scivent was removed in vacuo, resulting in a red
solid product. Redissoiving this solid into the minimum amount of acetone gave a
red soluticn. To this solution was slowly added 2 drops of HBF 4/diethy! ether
solution, which afforded an immediate brownish precipitate. The supernatant
solution was then carefully removed by pipette and the remaining dark yellow
solid was pumped in vacuo overnight. TH NMR spectroscopy of this solid
indicated that (6} or {6a} was the major product, but was contaminated with
variable amounts of the known compound, Cp*Ir{PPh3)Cl, 151 (TH NMR, 3:1.344,

Jp.me = 2, (Cp”*) and 7.35 ~ 7.75m {aromatic)).

Attempts to synthesize Cp*Ir{(PPhg)(Ci)(p-N,CcH,0Me) (5)
1). By deprotonation of [Cp*Ir(PPh4)(Cl){p-NHNCgH,OMe)]BF 4 (6)

To a yellow solution of {(6) (44 mg, 0.052 mmol) in 5 mL acetone was
added 2 drops of NEt3. The coior of the reaction solution immediately changed
1o red. Diethyl ether (ca. 2 mL} was added carefully to precipitate pale gray
NHEt3-BF 4. After filtering, the filtrate was concentrated to 2 mL in vacuo and
excess diethyl ether was added slowly until no further solid precipitated. The
supernatant was removed by pipette and the solid remaining was washed twice
with diethyl ether to yield the product as an orange powder. IR and proton NMR

cf this solid indicated that it was a mixture of the known compound,
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Cp IrlPPh,jCly, (< 5% based on the proton NMR integration) and another major
species which had identical IR (v{NN): 1711 cm1in CH,Ci,, 1699 cm™! on KBr
disc} and proton NMR features {6: 2.12d (15H, Jp_pe = 2, Cp~), 3.85s (3H, OMe),
7.06q (4H, AA'BB’ pattern, CgHyj, 7.20 ~ 7.90m {15H, Ph) in acetone-dg} to the
compound {3}, [Cp~Ir{PPh3){p-N,CgH,OMe)]BF 4. Consequently, this major
species was assigned as [Cp Ir{PPh3)(p-N,CgH,4OMe)]Ci {5°).

2). By exchange of hydride ligand in (4) with chlorine

Freshly synthesized {4} (22 mg, 0.031 mmol) in 3mL predried CCl4 was
stirred in the dark at -10 °C for 20 minutes; longer reaction time resulted in the
formation of Cp*Ir{PPh4)Cl, as a major product later. The solvent was removed
in vacuo to give a red powder. The IR spectrum of this red solid in the range of
2300 ~ 1600 cm-! showed only a band at 1711 cm™1 in CHoClp, and 1717 cm™
in CCly. The TH NMR spectra of this solid in either CDClIj or acetone-dg clearly
showed the expected resonances due 1o the protons of the Cp* group, OMe
group and the aromatic groups. However, no reproducible, or recognizable
patterns could be assigned tc each group of these resonances. The 1SN NMR
spectrum (by using (4a)) in acetone-dg showed, in addition to a rather large peak
at -73 ppm for free 15NN, a medium intensity resonance at -89.20 ppm. No free
ISNNAr+, which generally occurs in the range of -65 ~ -70 ppm, was observed in
the 15N NMR spectrum. Microanalysis gave 2.77% nitrogen content in the red
solid, which was lower than the calculated 3.68% of nitrogen for

Cp*r(PPhg}(Cl}{p-N,CgH4OMe). Attempts to further purify this material failed

.

du ive Cp*Ir(PPh3)Cls as the main isolated
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preduct. However, a further protonation of this mixture in solution by



HBF 4/diethyi ether always yielded the compound [Cp Ir{PPhg}{Cl){p-
NHNCgH,OMe}]BF, {6) and Cp~Ir{PPh3}Cl,. The relative ratio ot the products
produced by the protonation was strengly dependent upen how long the hydrido-
chloro exchange reaction precceeded and the time taken in manipulations to

purify them.

Preparation of [Cp*Ir{I)]o(n2-n2-p-N,CgH4OMe)(12-n1-p-N,CgH,,OMe) (7) or
(7a)

To a solution of [Cp"Ir{C,oH43{p-NoCgH4OMe)]BF 4 (1) or (1a) (50 mg,
0.061 mmol} in 10 mbL ethano! was added an equivalent of ground predried Ki.
The reaction mixture was vigorously stirred for ca. 2 h at room temperature. The
colour of the solution changed frcm yellow to brown and a large amount of fine
dark brown precipitate was produced. After removing the solvent in vacuo at
room temperature, the solid residue was re-dissolved in ca. 10 mL CH,Cl, giving
a brownish green sotuticn and some fine white precipitate (NaBF4). Following
filtration, the filtrate was evaporated to dryness affording analytically pure
compound (7) or (7a} quantitatively. Recrystallization of (7) or (7a) from
CH,oCly/hexanes at -10 °C gave cuboid-shaped dark brown crystals in higher
than 90% yield. M.P. 224 °C {decomposition), TH NMR {100 MHz): 8{CDCls)
1.29s (15H, CsMeg), 1.37s {15H, CsMes), 3.84s (6H, 20Me}), 6.85d (2H, J = 9,
aromatic), 6.96d (2H, J = 9, arcmatic} and 7.74d (4H, J = 9, aromatic), (see
Figure 3.1}, 19N NMR for (7a}: 5(CDCl3) 64.12 (Na) and 300.03 (Na}, EIMS
{m/z): 590 (M*+} , Anal. {calcd): C, 34.64; H, 3.76; N, 4.75, (foundj: C, 34.54;

H,3.77N, 473

I ¥%, 7T



GMe

bt
hH

A
A

L]

~f

[Ye)

I

ppm

178



A similar procedure tc that used for (7) or (7a), but using prednied KBr and
a rather longer time {ca. 4 h}, gave (8} and (8a) guantitatively as dark brown
microcrystals. 1H NMR {100 MHz): 8(CDCli3) 1.22s (15H, CsMes), 1.28s
(15H,CsMes), 3.86s (6H, 20Me), 6.85d (2H, J = 9, aromatic), 6.95d (2H,
J = 9, aromatic} and 7.79d {4H, J = 9, aromatic), >N NMR for (8a): 6(CDCl3)
69.84 (Nu) and 303.44 (No'}, MS (El}(m/z): 542 (M++), 463 (M++-Br), 407 (M++-
NoCgH4OMe), Anal. {calcd.): C, 57.64; H, 4.09; N, 5.16, {(found): C, 38.08; H,
4.11; N, 5.09

Observation of {[Cp*Ir(l)]x{12-n2-p-5NaHNCgH,OMe)(112-n1-p-15NNCgH -
OMe)} [BF 4] (9a) by protonation of (7a)

To a solution of {7aj} (30 mg, 0.025 mmol) in imL CDCI3 ina ¢ 2.5 mm
NMR tube was added 0.1 mL (2 drops) HBF 4/Et,O at room temperature. The
solution became slightly cloudy. A >N NMR measurement following by a 1H
NMR measurement were immediately carried out. 'H NMR (100 MHz): 8(CDCl3)
1.625 (15H, CgMes), 2.005 {(15H,CsMes), 3.84s (6H, 20Me), 7.06m (6H,
aromatic}, 8.20d (1H, J = 8, aromatic), 8.33d (1H, J = 9, aromatic) and 15.20d
(1H, Jispyy =79, SNa-H), 15N NMR: 3(CDCl3) 65.1s (15Na) and -110.75, b
(*SNa-H).

Observation of {[Cp*Ir(Br)]x(n2n2%p-15NaHNCzH,OMe)(u2n1-p-
NoCgH;OMe)} [BF,4] (10a) by protonation of (8a)
To a solution of (8a) {30 mg, 0.028 mmol) in ca. 2 mL CDCl3 was added

0.1 mL (2 drops) HBF 4/Et50 at room temperature. Some precipitate v.as formed
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and filtered off. The filtrate was collected in a ¢ 2.5 mm NMR tube for NMR
measurements. 'H NMR (100 MHz): 3(CDCl3) 1.515(15H, CgMes), 1.90s
(15H,CsMes), 3.84s (6H, 20Me), 6.89~7.41m (6H, aromatic), 8.20d (1H, J = 9,
aromatic), 8.43d (1H, J = 9, aromatic} and 15.32d (1H, Jispy =79, 15Na-H).

Preparation of [{Cp*Ir{CO)}5(n2-12-p-N,CgH,OMe)]BF 4 (11)

A yellow ethanol solution (10 mL) of [Cp*Ir(CoH4){p-N>CgH4OMe)]BF 4 (1)
(20 mg, 0.035 mmot} and Cp~ir(CO), {13 mg,0.035 mmol) in a 50 mL pear-
shaped flask equipped with a condenser was refluxed under a nitrogen
atmosphere. IR monitoring the reaction indicated that (1) was completely
consumed in about 12 hours. The dark réd solution was cooled to room
temperature, transferred to a Schlenk tube and concentrated in vacuo to about 3
mL, then excess diethyl ether was added to precipitate the brownish product.
Recrystallization of this product from acetone/diethyl ether gave ruby red crystals
of compound (11) in less than 10% yield. IR v(CO): 1922, 1970 cm-? (KBr); H
NMR (100 MHz): 3(CDCl3) 2.13s (15H, Cp*), 2.01s (15H, Cp*), 3.89s (3H,
OMe), 7.05q (4H, AA'BB' pattern, CgHy); FABMS (Thioglycerol, Xenon) (m/z):
847 (M*), 817 (M+- CO or - N»o), 789 (M+- ZCO or- CO - Np), 761 (M*+- 2CO -
Np), 463 ([Cp*IrN,CgH4OMe]*), Anal. (caled): C, 37.34; H, 4.00; N, 3.00, (found):
C,37.46,H, 4.06; N, 3.24.

Single Crystai X-ray Crystallographic Analysis of [{Cp*Ir(CO)}, (u%n2%-
p-N-CgH4OMe)IBF, (11)

Data were collected at -40 °C on an Enraf-Nonius CAD4-F diffractometer
with graphite monochromatized Mo-Ka radiation. The final unit cell was

determined by least squares from the setting angles of 25 carefully centred
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refiections {with 26° < 286 < 41°) chosen from a variety of weli spaced points in
reciprocal space. An orthorhombic unit cell was first assumed and then
confirmed by investigation of the symmetry related reflections. Selected
crystallographic and experimental parameters are given in Table 3.1.

A total of 3438 unique reflections were measured, of which 1661
reflections were classed as observed {lo > 2.56(lo)) and used in structure
calculations and refinements. Two intensity standards were measured every one
and half hour of acquisition time, and showed no significant change in intensity
during the data cciiection process. An analytical absorption correction based
upon the crystal shape was used and it was checked against the measured
absorption of psi-scan data based on four high angle reflections with ¥ > 84 °.
Lorentz and polarization corrections52 were applied to convert the 1817 data
into the relative structure factors.

The Patterson method was used to solve the structure initially in the
space group Pcmb. Refinement converged to ca. Rg= 0.10. Significantly, the
thermal motion parameters and some inter-atomic distances were physically
unreasonable in this mode!l. The structure was then refined in the noncentric
space group Pc24b. A simple isotropic model gave Ry= 0.08, but had 4 intense
electron density peaks in an electron density difference map. Each of these
peaks occurred near one of the Ir atoms. Careful examination of the near-origin
region of the Patterson map showed short vectors consistent with these four
peaks. The position of each peak was approximately related to one of the Ir
atoms in the main structure by a pseudo-mirror normal to the a direction.
Therefore, they are assigned to 4 disordered Ir atoms.

Refinement of this model commenced with one occupancy variable for the

Ir atoms and resutted in 15% occupancy for the smaller Ir sites and 85% for the
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{arger and gave an improved agreement {Re= 0.048). The light atoms in the
larger component were, thereiore, assigned to 85% cccupancy; the light {non-
hydrogen} atoms in the 15% disordered structure could not be seen in the
electron density difference map due t¢ their small contribution (comparable with
normal hydrogen atomns} and, therefore, were created as an image of the
corresponding main structure by the pseudo-mirror normal to the a direction.

The refinement of the disordered structure in space group Pc2;b was
initially carried out in steps using the "Crystals Crystallographic Package™154
with large biock-matrix least squares. The first step involved only the refinement
of the 85% compcnent {with some restraints on the molecular geometry} and the
four Ir atoms of the 15% component tocgether with the light atoms of this
component in fixed positions. This gave an agreement Rg= 0.0451. The second
step involved fixing the refined 85% component and the four Ir atoms of the 15%
component in the structure factor calcuiations and refining only the fight atoms of
the 15% component, which gave an agreement Ry= 0.0440.

The final refinement included both the 85% and 15% components. The
light atoms of the 15% component were treated as rigid groups and appropriate
angles and planes were used to maintain the reasonableness of this model
throughout. The hydrogen atoms were included in the calculated positions
(C-H= 0.96 A} in the structure factor calculations but were not refined. Only
isotropic thermal motion was aliowed, and chemically similar atoms were
constrained to have similar motions.” The refinement was considered complete
when shift/esd < 0.01. In the final refinement, 305 atoms and 259 variables were
included against 1661 observed independent reflections and gave final values of
Ri= 0.0438, Rw= 0.0492. The largest peak in the final electron density difference

map was 1.2 eA3 at 0.96 A from Ir{1). The BF,~ ion was also disordered, and
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iz1in which three of the F atoms were assigned two

was treated by 2 ¢

vv!

sites with 0.5 occcupancy. Unh weighis were employed.
f ¥

*: The isotropic thermal moticn of the iollowing similar atoms were treated
equivalently: O atoms of carbonyis, C atoms of the carbonyis, N atoms in the
diazenides, C atoms of the ring members in each Cp” group. C atoms of methyl
groups in each Cp~, C atoms of the ring in each phenyi group, H atoms of the
methyi groups in Cp” groups, H atoms in the pheny! groups, F atoms in BF 4, B
atoms in BF 4~ and Ir atoms in 85% occupancy with their pseudo-image partners

in 15% occupancy.
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Table 3.1. Crystallographic Data for the Structure Determination of
[{Cp"IMCOj}2 (12n2-p-NaCgH,OMe)]BF 4 (11)

Formuia
Crystal System
Space Group
alA}

b{A}

c(A)

z

T (K}

FW

p (giem3 )

u{ MoKa i cm? }

Crysta! Size {mm}

IroF 403N>CogBHo-
Orthorhombic
Pc24b
8.821(1)

20.237(2)
34.808(5)

8
233
932.3

1.995

85.85
0.34 x0.26 x 0.11

L (A 0.71069
Transmission 0.2191 - 0.3759

Min-Max 26 (2} 0-50

Scar Type w- 26

Min bk, | 0.0,0

Max. b k, | 8,19,34

Ry @ 0.0438

Ry 2 0.0492

GOF¢ 1.083

i
al by b
b:szg‘E_‘,w(EFo%? %Fcuz YwLFoﬁZP’Zforobserveddata
c: GOF = [Iw{ {Fo| - [Fc|}2/ degrees of freedom]12
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3. 3 Results
3. 3. 1 Syntheses and Characterizations
3. 3. 1.1 The Singly and Doubly Bent Aryldiazenido and Diazene
Complexes Containing the Cp*ir(PPh3) Core

As mentioned in the previous chapter, in the complex [Cp*Ir(CoH4)(p-
N,CgH4OMej]BF 4 {1), the singly bent aryldiazenido ligand, as a strong = acid,
weakens the bonding between the ethylene ligand and the iridium centre. This
should a!so influence the reactivity of the compound; it will be expected that the
singly bent aryldiazenidc ligand may induce lability of the ethylene ligand in
regard to ligand exchange reactions. In agreement with this, treatment of (1)
with an equimoclar amount of PPhg in ethanol solution at room temperature
affords quantitatively the corresponding triphenylphosphine aryldiazenido

complex, [Cp*Ir{PPh3)(p-N>CgH4OMe)]BF 4 (3), (Equation 3.1)

[Cp"ir(CZH4)(p—N2C5H4OMe)]+ + PPha ——)[Cp"lr(PPha)(p-NZCGH4OMe)]+ + 02H4
(1) (3) (Egn. 3.1)

Alternatively, a direct reaction of the bisethylene compound Cp*Ir(CoHy)»,
in situ, with equimolar amounts of PPhg and [p-N,CgH40OMe)]BF 4 also gives

quantitatively the target compound (3). (Equation 3.2}

1. PPhy
C§*§F(C2H4}2 7 fcp’ifipphgj(p‘N206H4OM9H* + 02H4 (Eqn. 3.2)
2. NoCgH4OMe*
3
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Compound (3) is stable under a nitrogen atmosphere either as the pure
oil or as solutions in non-halogenated solvents. It decomposes slowly in
halogenated solvents, for example CDCls.

The analytical and spectroscopic data for compound (3) have been given
in the experimental section, and suggest the monomeric nature of this
compound. The chemically interesting feature of the IR spectrum of
[Cp*Ir(PPh3)(p-N,CgH,4OMe)]BF 4 (3) is that v(NN) at 1710 ecm1 in EtOH, occurs
at a lower wavenumber than that exhibited by its analogue, [Cp*Ir(CoHy,)-
(p-NoCgH4OMe)IBF 4 (1), which has v(NN) at 1724 cm1in EtOH. This indicates
that the = interaction is the dominant component in causing the different NN

‘bonding strengths in the two analogous compounds. Considering only o type of
interactions, PPhg is generally expected to be a better ¢ donor than CoH,4 due to
its higher-lying HOMO, so the trans influence of PPh3 on the weakening of the Ir-
N o bond would be expected to be larger than that of ethylene. This, in turn,
would cause a weakening of the Ir-Na bonding and a strengthening of the NN
bonding of the aryldiazenido ligand in the phosphine compound, [Cp*ir(PPhs)-
(p-NoCgH4OMe)IBF 4 {3), by comparison with the corresponding ethylene
compound (1). Obviously, this is contrary to what we have observed
experimentally. However, considering now the = interaction, CoHy ligand is
generally considered as a better = acid than PPhg ligand, so there should be
more electron density at the metal centre available for n-back-bonding to the
antibonding = orbitals of the aryldiazenido ligand in [Cp*ir(PPhg)(p-NoCgH4OMe)]
BF4, (3}, than in [Cp™Ir(CoH ) (p-NoCgH4OMe)]BF4 (1) and this accounts for the
fower v(NN) value for (3). The lower field 15N NMR chemical shift for Not in (3)

than in (1) also indicates greater anisotropy of the n electron density at the Na
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position in (3) than in (1), which is also consistent with the view that greater x
electron density is back-bonded to the aryldiazenido ligand from the metal centre
in (3).

It is also interesting to note that the TH NMR spectrum of compound (3) in
CDCl3 shows a doublet rescnance (J= 1 Hz) for the aromatic protons in the
para-methoxyphenyli group, but in acetone-dg, it shows the familar AA'BB'
pattern. This difference suggests to us that the acetone solvent may be weakly
involved in the coordination sphere of the coordinatively unsaturated metal
centre, which may induce a slight distortion of the the molecular geometry, and
hence a change of the electron distribution in the molecule.

The reaction of compound (3) with BH4’ in acetone solution at -10 °C
gives the corresponding hydrido complex, Cp*Ir(PPh3)(H)(p-No.CgH4OMe) (4), in
good yield (Scheme 3.1). This type of complex, in which a hydrido ligand
coexists with a doubly bent aryldiazenido ligand, is not common .13.34 The only
other examples were reported by Haymore and Ibers.80 These are the
complexes M(H)(CO), (PPhg)>(NoPh) (M= Os, Ru), which were prepared by the
deprotonation of the corresponding diazene complexes [M(H)(CO),(PPh3)»-
(NHNPh)]*. Haymore and Ibers also attempted, without success, to obtain these
compounds through a reaction of the corresponding five-coordinated singly bent
diazenido compounds [M(CO),(PPh3)o(NoPh)]* with H-, apparently because the
reducing conditions destroyed the aryldiazenido ligand. Therefore, it is significant
that we have been able to achieve a similar reaction in high yield in our system.
Conveniently, this hydrido (doubly bent diazenido) complex is relatively stable
either in the solvent-free state or in halogen-free solvents, so it has been fully
characterized. Compound (4) gives peach red coloured solutions in acetone or

hexane and is a beautiful rose-purple colour in the solvent-free state.
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No IR band due v(NNj} of the doubly bent aryldiazenido ligand could be
assigned, even with the aid of a 1>N-enriched sample. A broad medium intensity
band at 2133 cm! was observed in both the 14N sample and the 15N-enriched
sample, and is assigned as v(Ir-H). The proton NMR spectrum in acetone-dg
shows, in addition to the resonances for the aromatic and the methoxy protons,
a sharp doublet, integrating for one hydrogen, in the hydride range (8: -15.9 ppm
with 2Jp_y = 33.5 Hz) and a well resolved doublet of doublets, integrating for 15
hydrogens, in the Cp” methy! region (8: 1.51 ppm with Jp_pe = 1.8 Hz and Jy_pme
= 0.7 Hz) (Figure 3.2). Therefore, presence of the hydride ligand in (4) has been
confirmed by both IR and proton NMR spectroscopy.

The evidence for a doubly bent arydiazenido ligand in (4) has been
unambiguously provided by the TSN NMR spectrum of (4a). The only resonance
is a singlet at 8: 271.9 ppm, assigned to 19Ne, and this falls within the typical
chemical shift range for a doubly bent aryldiazenido ligand, &: 200 ~ 350
ppm.34, 97,171 Compared with the 1SN NMR chemical shift values for the
corresponding singly bent arydiazenido ligand in complexes (1a) and (3a),
{0: -2.26 ppm for (ia), and 33.2 ppm for (3a)), this shift indicates that there is a
consistent, but dramatic increase of the deshielding for the Nu nucleus in
complex (4). This obviously results from the presence of a lone pair of electrons
on the Na atom in (4). Another interesting feature exhibited by compound (4a) is
that no 19N coupling to the hydridic proton or to the 31P of the phosphine could
be observed in the 1H or 1N NMR spectrum of (4a). Since 3'P-15N coupling was
easily recognized in the 15N NMR spectrum of compound (3a), where the
phosphine ligand and the diazenido ligand are trans to each other in a two-

legged piano-stool structure, it seems that the molecular geometry and the
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relative positions of related ligands are responsible for this difference here, but it
is not immediately apparent how this is so. Note that the absence of 15Na-H
coupling was also reported by Haymore and Ibers for their complexes.80

An attempt to synthesize Cp*Ir(PPh3)(Cl)(p-NoCgH,OMe) (5), the chloro
analogue of compound (4), by a direct hydrido-chioro exchange reaction of (4)
with excess CCl, in the dark at -10 °C was not successful. However, a related
compound, the salt [Cp*Ir{(PPh3)(p-N>CgH4OMe)]CI (5'), together with a variable
amount of the known complex Cp*Ir(PPh3)Cl,,170 is believed to be produced.
However in situ protonation of the products of this exchange with HBF 4/OEt,
resuits in the diazene complex [Cp*Ir(PPhg)(Cl)(p-NHNCgH,4OMe)]BF4 (6) and
Cp*Ir(PPh3)Cly, 170 This diazene complex [Cp*Ir(PPh3)(Cl)(p-NHNCgH,,OMe)]
BF 4 (6), can be synthesized by an alternative way discussed in the next
paragraph, and deprotonation of it gives only [Cp*Ir(PPhg)(p-N>CgH4OMe)]ClI
(5"), instead of Cp*Ir(PPh3)(Cl)(p-NoCgH4OMe) (5), plus a trace of
Cp*Ir(PPh3)Cl, (see Scheme 3.1). Further, the v(NN) value, (1711 cm1in
CH,Cl, and 1717 cmt in CCly), undoubtedly indicates a singly bent, and not a
doubly bent aryldiazenido ligand as required for (5') and not (5).

The aryldiazene complex [Cp*Ir(PPhg)(Cl)(p-NHNCgH,4OMe)]BF 4 (6), or
(6a) can be conveniently prepared in high yield (92%) in one synthetic step from
the reaction of [Cp*Ir(PPhg)(p-NoCgH,OMe)]BF, (3), or (3a) directly with HCI gas
in ethanol! solution. The lower v(NN) in the IR spectrum at 1483 cm-1, v(15NN) at
1460 cm-! for (6a), is consistent with the presence of a diazene ligand. This has
been further substantiated by the *H and 1°N NMR spectra for (6a). A
charactenistic doublet (3: 13.73 ppm with Jy_1s5y= 70 Hz in acetone-dg) observed

in the *H NMR spectrum (Figure 3.3), together with a high field doublet (8: -64.24




ppm with J1spy 4= 70 ppm in acetone-dg) observed in the 1SN NMR spectrum
(Figure 3.4) of (6a) unambiguously establish the presence of a 11- coordinated
diazene, -NHNCgH4OMe, ligand in complex (6), or (6a). Both the chemical shift
and coupling constant are consistent with analogous data previously established
for the aryldiazene ligand in mono-nuclear complexes.172. 173,174 Another
spectral feature exhibited by (6a) in its TH NMR spectrum is that the chemical
shift of the NH observed in acetone-dgis ca. 0.7 ppm downfield compared with
that in CDCl3. This suggests that weak hydrogen bonds could be formed
between the oxygen atom of the soivent (acetone) and hydrogen of the diazene;
this would decease the shielding at the proton of the diazene and caﬁse its
chemical shift to move downfield. This could also explain why compouhd (6) is
isolated as the diethy! ether solvated form [Cp*Ir(PPh3)(Cl)(p-
NHNCgH4OMe)]BF4-1/2(Et)-0. Each solvent molecule may be hydrogen-bonded
to two molecules of (6) through the lone pairs on its oxygen.

As mentioned above, deprotonation of (6) by triethylamine gives an
orange yellow compound that is (5'), instead of the desired compound
Cp*ir(PPh3)(Cl)(p-NoCgH4OMe) (5). This compound shows identical IR and 1H
NMR spectra to compound (3). Therefore, it is believed that (5°) contains the
same cation as that in (3), namely, [Cp*Ir(PPh3)(p-NoCgH4OMe)]*, but a
different anion. So, it is assigned as [Cp”Ir{PPh3)(p-N>CgH4OMe)]CI (5').
However, the reprotonation of this compound with HBF 4/Et,0 results in the
corresponding diazene complex [Cp*Ir(PPh3){Cl){p-NHNCgH,OMe)]BF 4 (6)
where now the Ci group is coordinated. A mechanism involving a direct
protonation of (5'), and then immediately followed by the coordination of the CI-

counter ion is less plausible, because the protonation of the positively
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charged N« of the singly bent aryldiazenido ligand to result in a di-cation is
expected io be difficult. Therefore, we postulate an equilibrium between {5') and
corresponding neutral species, Cp*Ir(PPh3)(Cl)(p-N>CgH4OMe) (5) (Equation
3.3)

B ‘@ 1 ‘;6:2 (Eqn. 3.3)
Ny

=N= - Ir—
/lr N 7 N\ IC] P f\
PPh3 Ar PPh3 cl N—Ar

(59 (5)

It is possible that the by-product Cp”ir{PPh3)Cl, formed during the purification of
(5), or (5°) is further evidence for this. This can result if the doubly bent
aryldiazenido ligand in Cp~Ir(PPh3)(CH(p-NoCgH4OMe) (5) is readily replaced by

a CI" ion, the counter ion of {5").

3. 3. 1. 2 Complexes Containing Bridging Aryldiazenido and Aryldiazene
Ligands

1). Halides (I" or Br-) as the Ancillary Ligands

Substitution of ethylene by I” in the reaction of (1) with an equimolar
amount of Kl in ethanol quantitatively gives the di-iridium complex [Cp~Ir())]o(nZ-
N2-p-NoCgH4OMe)(n2-n1-p-N,CgH,OMe) (7), [or (7a) when (1a) is used]. The
corresponding bromo compiex (8), [or (8a)] has also been synthesized in a

reaction time {four hours). The use of

-y

similar way, but required a slightly longe
KX (X= 1 or Br), instead of other more soluble sources of X-, in these reactions is

to avoid creating a high initial concentration of the X ion in the reaction solution
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because this may cause a further substitution of the aryldiazenido ligand to form
(Cp*IrXaln.

Formation of {7}, or {8} irom the corresponding singly bent aryldiazenido
complex (1)} is less straightforward than what we have sesen in the synthesis of
[CpIr(PPhg)(p-NoCgH4OMe)iBF 4 (3} from the same stariing material, where the
singly bent geometry of the diazenido ligand is retained in both the reactant (1)
and the product (3}. Substitution of the ethylene of (1) by the sirong x bases I or
Br should first give a singly bent aryldiazenido species such as the intermediate

I, (Scheme 3.2). This is because the ethylene ligand of {1) is quite labile and we

X[ _=x T

Ir=N=N IFr=N=N T~ fr—
s \ AN
\\ Ar / \Ar X N—Ar
1 | i
() {16 €)
Ar

() (X=1} (8) (x=Bn

Scheme 3.2
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have seen that it can be readily replaced by PR3. Dimerization of this singly bent
aryldiazenido intermediate t¢ give products (7) or (8) is uniikely in view of the
absence of a lone pair on Nu and the presence of a low energy lone pair of
electrons on Ng. Or the other hand, however, there is expected to be a strong
destabilization of the = interaction between the mutually trans X~ and NoAr+
ligands in this intermediate {a further discussion of this upon the molecular
rorrbi;t'af inferacﬁons will be given later in section 3.4.2). Thus it would be expected
that a rearrangement of this intermediate through a MLCT (Metal to Ligand
Charge Transfer) could occur readily to form a neutral 16-electron intermediate I
with a doubly bent arydiazenido ligand. 1 is this intermediate, (in which the
~ doubly bent diazenido igand has a high-lying HOMO distributed almost equaily
between its Na and Ng positions, and the iridium centre is in a d® electronic
configuration} that most fikely leads to the dimerization reaction to form (7) or (8).
For both compounds {7) and {8} crystals suitable for X-ray diffraction
study were obtained by crystaliization from CH,Cl,/hexanes. Cumpounds (7)
and (8) are very soluble in CH,Cl,, CHCIl5 and acetone, and are slightly soluble
in EtOH, Et,0 and even hexanes. They are stable as either solid or as solutions
even in the halogenated solvents.
~ Both of these compounds have been fully characterized by analysis and

speciroscopy. Infrared spectra of (7) and (8) show no bands assignable to

v(NN) either in the 1600 ~ 2500 cm™? range, indicating the absence of a singly
bent aryﬁdiazeniﬁo ligand, or in the finger-print region, even by comparing with
the 15%-6&;%&%‘;&6 samples, {7a} and {8a). Therefore no assignment of v(NN) can
be made.

The proton NMR spectrum of (7} in CDCl; shows two sharp singlets in the

methyl group region (5: 1.29 and 1.37 ppm}, and two significantly different
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AA'BB’ patterns in the aromatic proton range, (see Figure 3.1), indicative of two
inequivalent Cp* groups, and two ineguivalent -CgH4OMe groups. Significantly,
the 1SN NMR spectra of (7a) and (8a) unequivocally show the presence of two
coordinatively distinct aryldiazenido ligands, one of which gives a resonance at
6:64.12 ppm for {7a), (&: 69.84 ppm for (8a)), and thé other at &: 300.03 ppm for
(7a) ,(d: 303.44 ppm for (8a}}. The downfield signal at § ~ 300 ppm indicates an
anomalous deshielding at this nitrogen nucleus, which can only be caused by
presence of a high-lying, in energy, lone pair. Consequently, this nitrogen has
been assigned as the Nu of an n)2- coordinated aryldiazenido ligand. The signal
occurring at the relative high field with & ~ 60 ppm c!eariy falls into the chemical
shift range for an n!- coordinated aryldiazenido ligand. Since an n1- terminal
singly bent aryidiazenido ligand is chemically impossible in our system, an n1-
bridging aryldiazenido is therefore concluded.

Very few 15N chemical shift data are known for bridging aryldiazenido
complexes (see Table 1.8 in section 1.4.4.5). Samkoff and Shapley have
reported 1SNo chemical shifts for (u-H)Os3(CO)1g(12-n2-p-NoCgHaMe)
and (1-H)Os3(CO)p(u2n1-p-NoCgH4Me) 140 (see Figure 3.5). They found that
the 1SNa chemical shifts were 68 ppm and 313 ppm for the p2-n- and the

©2-n2- bridging aryldiazenido ligands, respectively. The two different 1>Na.

chemical shifts observed in both (7a) and (8a) are closely parallel these data,
clearly indicating their structura!l similarity.

So far, based on only the analysis and the spectroscopic data, the
molecular structures of the compounds (7) and (8) have been reasoned to be
dimeric with two different Cp’ir(X) cores. This requires that they are linked by

two different bridged (i.e., 1'- and n2- ) aryldiazenido ligands. This molecular
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Figure 3.5 Molecular stuctures of (a) (u-H)Os3(CO)4g(n2-n2-p-NoCgHsMe)
and (b) (1-H)Os3(CO)1o(12-n"-p-NoCgHsMe).



structure was confirmed later by an X-ray crystal structure of (7) (see section
3.3.2.1). Funther, since (8) has similar spectroscopic properties to (7), we believe
that compounds (7) and (8) have similar structures.

Protonation of (7a) in CDCl3 with a slight excess of HBF4/Et,O changes
the colour of the solution immediately to dark brown, accompanied by the
formation of a precipitate. The 15N NMR spectrum of this protonated species
observed in situ shows a sharp singlet at 8: 65.1 ppm, which is in a position
almost identical to that for (7a) (at 8: 64.1 ppm), plus a broad resonance occurs
at 6:-110.7 ppm. No resonance near &: 300 ppm as was seen for the precursor
(7a) was observed in this spectrum. The TH NMR spectrum of the same sample
showed, in addition to the resonances for the Cp* and -CgH4OMe groups, a
sharp doublet at 3: 15.2 ppm with Jyy_1sy= 79 Hz, which is undoubtedly assigned
to H-15Na. This NMR evidence clearly demonstrates that protonation of (7a)
occurred only at the o nitrogen of the n2- coordinated aryldiazenido ligand, as
shown in Eqn. 3.3. A similar TH NMR spectrum was observed for the formation
of (10a) by protonating (8a), with resonances occurring at 8: 15.3 ppm and Jy.
1spy= 79 Hz. The pronounced upfield shift of the 1SNa resonance upon
protonation of the u2-n2- coordinated aryldiazenido ligand clearly shows the
sensitivity of the 15N chemical shift to the presence of lone pair of electrons on
the nucleus in question. The same feature was also observed for the
corresponding osmium compounds, where, upon a protonation of Na in
(1-H)Os3(CO)1p(12-12-p-NoCgHMe), the 1SNa chemical shift moved upfield to
-61 ppm, with Jisp, = 81 Hz.140
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(Egn. 3.3)

./r H\t/Ar +

N—N X y HBF4/E1LO N=N\ /X |
™ r/ N S
/ /N
’ X X I
Ar/
(7a) with X=1 (9a) with X= |
(8a) with X=Br (10a) with X=Br

(N*: 15N labelled)

3. 3. 1. 3 Metal Base,16 Cp*Ir(CO),, as the Ancillary Ligand

Various electron-rich transition metal complexes have been often used in
the preparation of dinuclear complexes. Since Cp*ir(CO), is a ccnvenient metal
base, its reaction with compound (1) was carried out in expectation of forming a
dinuclear aryldiazenido complex. Treatment of equimolar amounts of Cp*ir(CO),
and compound (1) in EtOH under reflux afforded the desired complex (11).

(Equation 3.4).

EtOH
Cp’lr(CO)2 + [Cp'lT(C2H4)(p>N2CSH4OMe)]BF4 —_—
reflux
(1)
[{CpIn(COM2 (n2n2-p-NoCeHsOMe)IBF 4 + CoHy  (Eqn. 3.4)
(11)
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In this reaction, we believe that the metal base Cp*ir(CO)s, first
coordinates to the iridium centre in (1) by replacing ethylene to give an
unobserved intermediate (11-1), (Scheme 3.3), This intermediate is proposed to

contain an Ir(lll) metal centre and a terminally coordinated doubly bent

i Al'\
- i =N 7
S SR g LT
LN + /ir:N:N\ /Ir———-—-'lK /
£ % X W [
L J

(1) (11-1)

(Ar= p-CgH4OMe) Ar
N+
N=N CO
N/

(am

Scheme 3.3
aryldiazenido ligand. This intermediate then rearranges rapidly by a pathway
involving a terminal-bridging-terminal transfer of a CO group assisted by bridging

of the NLAI" ligand to give the product (11). Support for this suggestion can be
found in the related compound [Cp*(CO),lr—Ir{CO)(Cl)Cp*1BF 4,176 which is
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synthesized by Ag* mediated displacement of one Cl ligand from Cp*Ir(CO)Cl»
by the base Cp*Ir(CO),. The iridium of the Cp*Ir(CO)CI fragment in [Cp*(CO).lr
—Ir(CO)(CI)Cp*]BF,4 is also in an Ir(lll) oxidation state. Furthermore, the CO
groups in [Cp*(CO)»lr—Ir(CO)(CI)Cp*|BF 4 undergo exchange at room
temperature, presumably by a terminal-bridging interchange mechanism. This
closely parallels the mechanism that we have suggested for the formation of
(11). Notably, this reaction is very similar to-what we have seen in the syntheses
of (7) and (8). This parallelism clearly demonstrates the influence of these &t
base ligands on the trans aryldiazenido ligand in our system.

Compound (11) can be crystallized from acetone/hexanes. Unlike the
other bridging aryldiazenido complexes (7) and {8), compound (11) is air-
sensitive both in solution and in the solid state.

The infrared spectrum of {(11) exhibits the expected two v(CO) bands at
1922 and 1970 cm1, respectively, for the two terminal CO ligands. However, the
v(NN) band could not be unambigously assigned due to its lower wavenumber in
the finger-print region. The ambient temperature TH NMR spectrum of (11) in
CDCl3 shows the expected resonances for one -CgH4OMe group in the normal
region and with the normal pattern, and two different Cp* resonances at 8: 2,13
and 2.01 ppm respectively. This indicates that in solution the aryldiazenido
ligand is either coordinated to only one iridium, or is asymmetrically coordinated
to two iridium centres in the molecule. The single crystal X-ray crystallographic
analysis of (11) has unequivocally established the latter case for the solid state

(Figure 3.6).



3. 3. 2 X-ray Crystallographic Analyses
3. 3.2.1 Complex [{Cp*Ir(CO)}, (uZn2Z-p-NoCgHyOMe)]BF,4 (11)

General Features

The single crystal X-ray crystallographic analysis of [{Cp*Ir(CO)}, (ue-n2-
p-NoCgH4OMe)]BF4 (11), the essential details of which are summarized in Table
3.1, has established the dimeric nature of this complex. The crystal structure
consists of eight discrete molecules per unit cell. The molecular structure and
numbering scheme are shown in Figure 3.6. The positional coordinates and the
thermai parameters of the non-hydrogen atoms are listed in Table 3. 2. The
pertinent intramolecular dimensions for a molecule of (11) are contained in
Table 3.3.

The molecule of [{Cp*Ir(CO)}» (u2-n2-p-NoCgH,OMe)]BF 4 (11) contains
two iridium atoms and each of these is also linked to a terminal carbonyl and a
no-pentamethylicyclopentadienyl ligand. So each of the iridium atoms is
approximately in a distorted three-legged piano‘ stool coordination environment,
with the legs separated at angles: Ir(2)-Ir(1)-N(1)= 68.0{10)°; Ir(2)-ir(1)-C(1)=
84.8(19)° and C(1)-Ir(1)-N(1)= 94.0(16)° for the Ir(1) atom, and Ir(1)-Ir(2)-N(2)=
70.7(10)°; Ir(1)-Ir(2)-C(2)= 91.4(24)° and C(2);lr(2)-N(2)= 94.2(22)° for the Ir(2)
atom. The significantly smaller Ir-Ir-N angles, by comparison with other angles at
the both iridium atoms, may reflect the highly strained four-member ring formed
by the two iridium atoms and the two nitrogen atoms. These values are similar to
those found in the related (u-H)Os3(CO)4p( u2-n2-NoPh), in which the
corresponding angles are 64.4(7)° and 68.6(7)°.140

The Ir(1)-Ir(2) distance of 2.723 (4) A is significantly shorter than the
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Ir --- Ir distance of 3.5829(7) A found in the related bridging aryldiazenido
complex (7) , in which the two iridium atoms are considered as non-bonding
(molecular structure of compound (7) will be discussed in the following section).
This indicates that two iridium atoms in (11) are directly bonded to each other by
a single bond. Interestingly, this Ir-Ir bond distance is also significantly shorter
(by ca. 0.11 A) than those found in other di-iridium complexes without any
supporting bridging ligand, e.g., Ir-Ir single bond distance= 2.8266(6) A for
[Cp*(CO),ir-Ir(CO)(CI)Cp*] BF 4,176 and 2.8394(12) A for [Cp*(CO)olr-
Ir(CO),Cp*] [BF4}»,177 which clearly shows the shortening effect of the bridging
aryldiazenido ligand on the Ir-Ir bond length. However, notably, this seems
contrary to what is observed in (-H)Os3(CO)1o( n2-n2-N,Ph),140 where the
distance (2.895(2) A) between the two osmium atoms bearing the u2-n2-N,Ph
ligand is lengthened relative to the other two non-bridged Os-Os distances
(2.868(2) and 2.862(3) A), and to the value of 2.877(3) A found in Qs3(CQ)4,.178
The carbon frameworks of the pentametylcyclopentadieny! ligands in (11)
contain no pecularities in the bond lengths and bond angles. Likewise, there are
no significant differences in the ring carbon to iridium bond lengths, indicating the
pentamethylcyclopentadieny! ligands are symmetrically coordinated to the

irndium atoms.
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Figure 3.6 Perspective view of the cation of compound (11). (The thermal

ellipsoids represent 50 % probability contours).
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Table 3.2 The Positional Parameters of Non-hydrogen Atoms for

[Cp2lra(CO)2(n-p2-p-NoCeHaOMe]BF 4 (11)

Atom x/a y/b z/c U(iso) *
Ir(1) 0.0506(3) 0.2048(2) 0.22854(7)  0.0356(7)
N(1) -0.170(2)  0.183(1) 0.2376(8) 0.051(6)
O(1) -0.000(4)  0.320(2) 0.176(1) 0.060(6)
c(1) 0.009(6)  0.279(2) | 0.202(1) 0.049(6)
C(10) 0.181(3)  0.115(1) 0.249(1) 0.049(3)
C(11) 0.155(2) 0.107(1) 0.210(1) 0.049(3)
C(12) 0.232(3) 0.158(2) 0.1921(9) 0.049(3)
C(13) 0.303(2) 0.198(1) 0.219(1) 0.049(3)
C(14) 0.272(2)  0.171(2) 0.255(1) 0.049(3)
C(15) 0.127(4)  0.067(2) 0.280(2) 0.069(4)
C(16) 0.065(3)  0.051(2) 0.192(2) 0.069(4)
C(17) 0.237(5)  0.166(3) 0.149(1) 0.069(4)
c(18) 0.407(3) 0.254(2) 0.208(2) 0.069(4)
C(19) 0.345(4)  0.195(2) 0.292(1) 0.069(4)
Ir(2) -0.0661(3)  0.2724(2)  0.28937(8)  0.0388(7)
N(2) -0.233(3) 0.214(1) 0.2657(8) 0.051(6)
0(2) 0.018(5) 0.166(2) 0.345(1) 0.060(6)
C(2) -0.002(6) 0.210(3) 0.322(2) 0.043(6)
C(20) 0.040(4) 0.3567(6)  0.323(1) 0.049(3)
C(21) 0.039(4) 0.3745(6)  0.284(1) 0.049(3)
C(22) -0.111(4) 0.3786(6)  0.273(1) 0.049(3)
C(23) -0.206(4) 0.3639(7)  0.303(1) 0.049(3)
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(Continue Table 3.2)

Atom

x/a y/b
-0.111(4) 0.3506(7)
0.186(5) 0.354(1)
0.179(5) 0.3965(9)
-0.202(7) 0.4002(9)
-0.379(4) 0.364(1)
-0.172(7) 0.3324(7)
-0.267(4) 0.139(1)
-0.266(5) 0.133(2)
-0.355(4) 0.091(2)
-0.453(4) 0.053(2)
-0.456(5) 0.058(2)
-0.364(3) 0.099(2)
-0.555(4) 0.009(2)
-0.515(6) -0.007(3)

0.5739(3)  0.2822(2)
0.353(2) 0.307(1)
0.488(5) 0.179(2)
0.517(6) 0.220(2)
0.676(2) 0.380(1)
0.710(3) 0.370(1)
0.801(2) 0.314(2)
0.824(2) 0.289(1)
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0.3340(9)
0.346(2)
0.262(2)
0.238(1)
0.301(2)
0.374(1)
0.2175(8)
0.178(1)
0.156(2)
0.177(1)
0.217(1)
0.239(1)
0.160(1)
0.122(2)

0.02320(7)
0.0139(8)

0.081(1)
0.058(1)
0.041(1)
0.002(1)
-0.000(1)
0.037(1)

0.049(3)

0.069(4)
0.069(4)
0.069(4)
0.069(4)
0.069(4)
0.053(8)
0.053(8)
0.053(8)
0.053(8)
0.053(8)
0.053(8)
0.055(7)
0.04(1)

0.0289(6)
0.051(6)
0.060(6)
0.049(6)
0.049(3)
0.049(3)
0.049(3)
0.049(3)



(Continue Table 3.2;

210

Atom x/a y/b zic Ufiso) *
C(34) 0.746(3) 0.330(2) 0.0622(9) 0.049(3}
C(35j 0.590(3;} 0.441(2) 0.056(2) 0.069(4)
C(36]) 0.663(4) 0.417(2) -0.031(2) 0.069(4)
C(37) 0.870{4) 0.285(2) -0.037(1) 0.069(4)
C(38) 0.924(3) 0.229(2) 0.044(2) 0.069(4)
C(39} 0.750(5;} 0.324(3) 0.1086(1) 0.069{4)
ir(4) 0.4546(4;  0.2108(2) -0.03564(8) 0.0351(7)
N{4) 0.289{3) 0.273(1) -0.0139(7) 0.051(8)
O(4) 0.553(5) 0.309(2) -0.0952(9) 0.060(6)
C{4) 0.508(€} 0.274(3) -0.070(2) 0.049(6)
C(40) 0.371{4) 0.1108(6) -0.016(1) 0.049(3)
C(41) 0.525(4;} 0.1062(5) -0.024(1) 0.049(3)
C(42) 0.551¢(4) 0.1189(6) -0.063(1) 0.049(3)
C(43) 0.411({5) 0.1311(6) -0.0798(9) 0.049(3)
C(a4) 0.301{4; 0.1260(6) -0.051(1) 0.049(3)
C(45) 0.299(7} 0.0985(9) 0.024(1) 0-069(4)
C({46) G.630(6} 0.0819(6) 0.009(1) 0.069(4)
C{47) 0.702(5} 0.1096(9) -0.084(2) 0.069(4)
C(48) 0.386(7} 0.1435(7) -0.123{1} 0.069({4)}
C(49) 0.133(4) 0.1389(7) -0.061(2) 0.069(4}
C{201) 0.260(3} 0.352(1) 0.0324(7) 0.038(6)
C(202) 0.159(3} 0.383(1) 0.013(1) 0.038(6)
C(203) 0.063{4} 0.438(2j 0.030(1) 0.038(6)



-y

{Continue Table 3.2;

Atcm x/a y/b zic U{iso) *
C(204; 0.079(4} 0.438(2) 0.070(1} 0.038(6)
C{205}) 0.175(4) 0.400(2) 0.092(1} 0.038(6)
C(206} 0.267(4) 0.357(2) 0.0718(9)  0.038(6)
0O(244) -0.015({4;} $.482{2) 0.089(1) 0.055(7)
C(244) -5.036(6} £.483(3) 0.132(2} 0.04{1)
Ir(501) -5.075(2; 0.2145(6) 0.2263(3)  0.0356(7)
N(501) 0.135{2} G.172(1) 0.2335(8)  0.051(6)
O(501} -0.070({5} 0.343(1) 0.1859(7} 0.060(6)
C(501) -0.058{4} 0.284{1} G.19593(4;} 0.049(6)
C(510} -0.187{4} 3.121(1) 0.2461(8}  0.049(3)
C{511} -0.175(3} g.118(1) 0.2065(8} 0.049(3)
C(512} -0.260(3) G.171(1) 6.1924(7) 0.049(3)
C{513] -0.330(2} 0.206(2) 0.2219(9} 0.049(3)
C(514) -0.290{2) 0.174(2) 0.2560(8;} 0.049(3)
C(515} -0.134(6} 0.069(1) 0.274(1; 0.069(4)
C(516} -0.080{4} 0.065(1) G.185{1} 0.069(4)
C({517} -0.265(4} 0.185(2) 0.1492{7} 0.069{4)
Ci{518;) -0.436(3} 6.263(2) 0.212{%; 0.069{4)
C{519) -0.358(3} 0.192(2) 0.295(1) 0.069{4)
Ir(502; 0.048(2) 0.2820(8} 0.2845(4}) 0.0388(7)
N{502} 0.175(1} 0.222(1; 0.2507{7} G.051(6;
0O(502) -0.048(€} 0.199(2) 6.3536(4) 0.060(6)
C{502; -0.031{4) 6.225(1} 0.3199(3j 0.049(6)

-



{Continue Table 3.2;

Atom x/a y/b z/c U(iso) *
C(520) -0.040(3) 0.382(1) 0.3051(9)  0.049(3)
C(521) 0.000(4) 0.3862(6) 0.2650(9)  0.049(3)
C(522) 0.160(4) 0.373(1) 0.2597(8)  0.049(3)
C(523) 0.227(3} 0.360(1) 0.2964(8)  0.049(3)
C(524) 0.103(3) 0.366(1) 0.3237(7)  0.049(3)
C(525) -0.207(4) 0.401(2) 0.320(1) 0.069(4)
C(526) -0.112(6} 0.4107(7) 0.233(1) 0.069(4)
C(527) 0.277(5) 0.373(2) 0.225(1) 0.069(4)

C(528)  0.404(3) 0.343(2) 0.301(1) 0.069(4)
C(529) 0.147(4) 0.354(2) 0.3676(7)  0.069(4)
C(601) 0.247(3} 0.123(2) 0.222(1) 0.053(8)
C(602) 0.244(3) 0.119(2) 0.182(1) 0.053(8)
C(603) 0.3404) 0.079(3) 0.159(2) 0.053(8)
C(604) 0.447(5) 0.035(3) 0.174(2) 0.053(8)
C(605) 0.470(5) 0.032(3) 0.213(2) 0.053(8)
C(606) 0.373(5} 0.070(2) ' 0.236(2) 0.053(8)
O(644) 0.528(6)  -0.001{4) 0.149(3) 0.055(7)
C(644) 0.385(5) 0.043(3) 0.185(2) 0.04(1)
Ir(503) -0.572{2) 0.2935(6) 0.0241(3)  0.0289(6)
N(503) -0.344(2) 0.309(1) 0.0168(7)  0.051(6)
O(503) -0.441(6) 0.197(2) 0.0809(4)  0.060(6)
C(503) -0.511(4) 0.228(1) 0.0568(3)  0.049(6)
C(530) -0.693(3) 0.389(1) 0.0392(7)  0.049(3)
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(Continue Table 3.2)

Atom x/a y/b
C(531) -0.728(3) 0.373(1)
C(532) -0.808(2) 0.313(2)
C(533) -0.821(2) 0.293(2)
C(534) -0.751(3) 0.339(1)
C(535) -0.608(5) 0.4517(9)
C(536) -0.678(6) 0.417(1)
C(537) -0.870(2) 0.277(2)
C(538) -0.915(3) 0.229(2)
C(539) -0.754(4) 0.335(2)
Ir(504) -0.446(2) 0.2216(7)
N(504) -0.288(1) 0.268(1)
0(504) -0.588(5) 0.347(1)
C(504) -0.540(3) 0.300(1)
C(540) -0.359(4) 0.1192(9)
C(541) -0.517{4) 0.1165(6)
C(542) -0.562(3) 0.132(1)
C(543) -0.429(3) 0.144(1)
C(544) -0.307(3) 0.136(1)
C(545) -0.265(6) 0.105(2)
C(546) -0.637(6) 0.0925(9)
C(547) -0.720(4) 0.127(2)
C(548) -0.400(4) 0.160(2)
C(549) -0.141(3) 0.146(2)
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z/c

0.0011(7)

(

0.0005(8)

0.0386(9)
(

0.0627(7)
0.053(1)

-0.0330(8)
-0.035(1)

0.044(1)
0.1070(7)
-0.0400(3)
-0.0066(7)
-0.0721(5)
-0.0522(3)
-0.0253(7)
-0.0275(8)
-0.0653(8)
-0.0865(6)
-0.0617(7)
0.0108(9)
0.002(1)
-0.084(1)
-0.1286(6)
-0.072(1)

0.0351(7)
0.051(6)
0.060(6)
0.049(6)
0.049(3)
0.049(3)
0.049(3)
0.049(3)
0.049(3)
0.069(4)
0.069(4)
0.069(4)
0.069(4)
0.069(4)



(Continue Table 3.2)

Atom x/a y/b z/c U(iso) *
C(701) -0.251(3) 0.361(2) 0.032(1) 0.038(6)
C(702) -0.156(4) 0.400(2) 0.009(1) 0.038(6)
C(703) -0.084(5) 0.450(3) 0.030(2) 0.038(6)
C(704) -0.098(5) 0.457(3) 0.070(2) 0.038(6)
C(705) -0.202(4) 0.417(3) 0.090(1) 0.038(6)
C(706) -0.265(3) 0.369(2) 0.066(1) 0.038(6)
O(744) -0.011(6) 0.506(4) 0.085(2) 0.055(7)
C(744) 0.064(6) 0.475(5) 10.140(2) 0.04(1)
F(11) 0.379(4) -0.007(2) 0.344(1) 0.161(7)
F(12) 0.504(5) -0.102(1) 0.343(1) 0.160(7)
F(13) 0.440(5) -0.052(2) 0.2892(8)  0.168(7)
F(14) 0.618(4) -0.009(2) 0.326(1) 0.183(7)
F(21) -0.181(5) -0.021(3) 0.080(2) 0.151(7)
F(22)  0.054(6) -0.012(2) 0.100(1) 0.158(7)
F(23) -0.087(7) 0.077(1) 0.090(2) 0.134(7)
F(24) -0.008(5) 0.018(2) 0.0407(9)  0.173(7)
F(41) 0.003(6) -0.041(1) 0.064(1) 0.163(7)
F(42) -0.089(7) -0.011(2) 0.112(1) 0.166(7)
F(43) 0.074(5). 0.040(2) 0.093(1) 0.160(7)
B(1) 0.485(3) -0.043(1) 0.3256(8)  0.17(3)
B(2) -0.056(4) 0.0155(7) 0.078(1) 0.17(3)
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Table3.3 Selected Bond Lengths (A) and Inter-Bond Angles (°)

of [Cp*,lra(CO),(n2-pu2-p-NyCeH4OMe]BF 4 (11)

(a) Bond Lengths
Ir(1)-1r2)  2.723(4)  Ir(1)-N(1)  2.02(2) Ir(1)- C(1)
Ir(1)-C(10) 2.26(2)  Ir(1)-C(11) 2.27(2) Ir(1)- C(12)
Ir(1)-C(13)  2.26(2) Ir(1)-C(14)  2.26(2) Ir(2) - N(2)
Ir2)-C(2) 1.79(2)  Ir(2)-C(20) 2.26(2)
Ir(2) - C(22) 2.26(2) Ir(2) - C(23) 2.28 2) - C(24)

(
(
Ir2) - C(21)
(
N(1)-N(2)  1.29(2)  N(1)-C(101) 1.41(3) C(1)- O(1)

1.81(2)
2.24(2)
2.06(2)
2.27(2)
2.25(2)
1.21(2)

C(2)-0(2) -~ 1.20(2) O(144) - C(104) 1.41(4) O(144) - C(144) 1.41(6)

In3)-Ir(d)  2.719(4) Ir(3)-N@3)  2.04(2) Ir(3)- C(3)

Ir(3)-C(30) 2.27(2) I3)-C(31) 227(2) 1Ir(3)-C(32) 2.25(2)
)

(
Ir(3)- C(33) 2.26(2)  Ir(3)-C(34) 2.26(2
N(3)- C(201) 1.39(3) C(3)-O(3) 1.20(2) Ir(4) - N(4)

N(3) - N(4)

1.80(2)

1.30(2)
2.08(2)

Ir(4)-C(4) 1.81(2)  I(4)-C(40) 2.26(2) Ir(4)-C(41) 2.25(2)
(

Ir(4)- C(42) 2.25(2) Ir(4)-C(43) 2.26(2) Ir(4)-C(44) 2.25(2)

C(4)-0(4) 1.20(2) O(244) - C(204) 1.40(4) O(244) - C(244) 1.50(7)

(b) Inter-Bond Angles

Ir(2) - Ir(1) - N(1) 68.0(10)  Ir(4) - Ir(3) - N(3)
Ir(2) - Ir(1) - C(1) 84.8(19)  Ir(4) - Ir(3) - C(3)
N(1) - Ir{(1) - C(1) 94.0(16)  N(3)-Ir(3)-C(3)
Ir(1) - N(1) - N(2) 115.1(25)  Ir(3) - N(3) - N(4)

68.8(10)
91.4(19)
90.4(18)
114.0(23)

Ir(1) - N(1) - C(101)  130.0(20)  Ir(3) - N(3) - C(201) 130.7(23)
N(2) - N(1) - C(101)  114.9(24)  N(4) - N(3) - C(201) 115.3(23)
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(Continue Table 3.3)

(1) - C(1) - O(1) 162.9(51) Ir(3)-C(3)-O(3)  176.0(53)

Ir(1) - Ir(2) - N(2) 70.7(10)  Ir(3) - Ir(4) - N(4) 70.9(10)
Ir(1) - r(2) - C(2) 91.4(24)  Ir(3) - Ir(4) - C(4) 91.0(24)
N(2) - Ir(2) - C(2) 94.2(22)  N(4) - Ir(4) - C(4) 89.6(21)

Ir2) - N(2) - N(1) 106.2(24)  Ir(4) - N(4) - N(3) 106.3(23)

Ir2) - C(2) - O(2) 170.3(49)  Ir(4)-C(4)-O(4)  171.1(62)
C(144) - O(144) - C(104)  112.9(41)
C(244) - O(244) - C(204)  122.0(41)

Features of the Aryldiazenido Ligand

The nitrogen-nitrogen bond of the aryldiazenido ligand is essentially co-
planar with the iridium-iridium bond, and it exhibits an n2-bridging mode with
Ir(1)-N(1)= 2.02(2) A and Ir{2)-N(2)= 2.06(2) A. The N(1)-N(2) bond length
(1.29(2) A) has the expected value for an N=N double bond distance, but is
perhaps slightly longer than found in other bridged'aryldi'azenido complexes. For
example, N=N double bond lengths of 1.20(4) A and 1.24(2) A were found for p.
2.92- and p2-nt-aryldiazenido ligands, separately, in (p—H)Os3(CO)10( pe-n2-
NoPh)15 and (u-H)Os3(C0O)1o( u2n1-NoCgHaMe), 179 (see Figure 3.5), and
values of 1.23(1) A and 1.19(1) A were found for p2-n2- and p2nt-p-
N-CgH4OMe, separately, in compound (7) (see section 3.3.2.2). However, we
have to note that the disordered structure may contribute to the rather large esds
on the NN distance, and undoubtedly affects the accuracy of this value.

Another structural feature is that the NN group is not coplanar with the




aromatic ring. This is not very common for terminally coordinated aryldiazenido
ligands in either the singly bent or the doubly bent geometry. A rather crowded
arrangement of the aryl ring and the Cp” ligand located in the same region could
be responsible for this. Evidence for this is the relatively large value (130.0(2)°)
for Ir(1)-N(1)-C(101), and the small values for the other two angles at the N(1)
atom, i.e. N(2)-N(1)-C(101)= 114.9(24)° and N(2)-N(1)-Ir(1)= 115.1(25)°.

3.3.2.2 Complex [Cp*Ir()]o(n2-n2-p-No,CgHOMe) (u2-nT1-p-N,CgH OMe) (7)

General features

Compound (7) crystallized in a triclinic lattice, (a= 8.937(2) A, b=
10.036(2) A, c=10.893(2) A, o= 79.98(1)°, B= 79.52(1)°, 3= 70.36(1)° and Z= 1).
The crystal structure analysis, (performed by Dr. R. J. Batchelor), has revealed
that each unit ceil contains one disordered molecule lying on the inversion centre
of the centrosymmetric space group P1 at (1/2, 1/2, 1/2) . An ordered model in
the non-centric space group P; was also carefully considered, but it did not
provide a more satisfactory solution. Therefore, the disordered model in the
space group of PT was retained in the structure refinement process, and gave
final values of R= 0.021, R,,= 0.029 and GOF= 1.74.

Interestingly, the disorder is clearly visible only in the region of the
nitrogen atoms and is consistent with the superposition of two different bonding
modes with nearly equal occupancies for the bridging aryldiazenido ligands.
These two bonding modes are shown as A and B in Figure 3.7. There is no
observable disorder in the Cp*, Ir and iodine regions. This is confirmed by the of
well behaved thermal motion for these group in the final model, which contains

only disordered diazenido ligands.
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Figure 3.7 Two coordination modes of the bridging aryldiazenido ligand

found in complex (7)

The spectroscopic data, as well as the "electron-precise” nature of the
complex, 180 with each Ir(lll) atom obeying the 18-electron (EAN) rule, support
the likelihood of two bridging aryldiazenido ligands in (7). The disordered
structure of (7) could possibly be explained in two ways (see Figure 3.8).
Combination I accounts for the disorder in terms of equal populations of two
different molecules in which only A and B modes occur respectively.
Combination Il postulates only one kind of molecule, but superimposed
onentations as shown.

Combination I is immediately ruled out because to account for the
observed Na position, the non-bonding Na---Na distance in AA, (50%
occupancy in combination i) would be only ca. 1.9 A, significantly shorter than
the sum of nitrogen van der Waals radii (ca. 3.0 A). Therefore, it was concluded
that the disorder was best described by combination . That is, each molecule
contains two coordinatively different bridging aryldiazenido ligands ( p2-n1- and

u2n2- fashions). Furthermore, in the combination . the superimposed AB and
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Figure 3.8 Two possible modes of the doubly bridging aryldiazenido

complex (7)
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BA structures are related by an inversion centre, therefore, it is concluded that
molecule (7) exists in the solid state in two superimposed enantiomers.

It is also worthy to note that although both modes (combinations | and )
here for (7) are consistent with the previously described spectroscopic
observations for this complex, we believe that the molecular structure of (7) in
solution is similar to that in the solid, because it is unreasonable to expect a
significant change in the short Na---Na distance in AA simply by solvation.

The molecular structure and selected numbering scheme are shown in
Figure 3.9, while the pertinent intramolecular bond lengths and angles are listed
in Table 3.4. There are no unusual intermolecular distances in the crystal
structure. Each iridium atom has a distorted three-legged piano-stool
coordination environment, provided by the centroid of an n>-Cp* ligand, an
iodide ligand and two different coordinated aryldiazenido ligands. The
pronounced lengthening of the iridium-iridium separation of 3;5829(7) A, relative
to [{Cp*Ir{CO)}s (n2-n2-p-NoCgH4OMe)IBF 4 (11) and [Cp*(CO)5lr-Ir(CO)(CHCp*]
BF4176 where the Ir-Ir single bond distances are 2.723(4) A and 2.8266(6) A
respectively, clearly indicates the absence of a direct metal-metal bond in (7).
Notably, even longer non-bonding Ir---Ir distances have been found in (Cp*irXs)s
( X=Cl, 3.7169(1) A; X=Br, 3.902(13) A and X=I, 4.072(1) A).181,182 The
distance from iridium to the centroid of the Cp* ring is 1.820 A for (7), which is
shorter than that found in the Ir(l) compound [Cp*Ir(CO)], (Ir-Cp* centroid =
1.901 A),183 but longer than those in the Ir(lll) compounds (Cp*IrXy), ( X=Cl,
1.756 A; X=Br, 1.771 A and X=l, 1.801 A).181. 182 Thjs distance is sensitive to
the electron population in the LUMO of a Cp*Ir(lll) fragment, because this orbital

is metal-ring anti-bonding. ( In [Cp*Ir(CO)],, i.e., Cp*Ir(l), this orbital is the HOMO
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Figure 3.9 Perspective view of the molecular structure of compound (7). (The

thermal ellipsoids represent 50 % probability contours).
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Table 3.4. Selected Intramolecular Distance

s (A) and Angles (°) for

[Cp'!r(!)}z(uz-nz-p N2C6H4OM9) (},lE'T] 1 -p- N206H4OM6) (7)

Ir(1)a- N(1)
ir(2) -
ir2) -

N(2)
C(10)
Ir(2) - C(30)
Ir(2) - C(50)
Ir(2) - 1

N(101) - N(102)

N(102) - C(101) 1.417

Oo(1)-C(7)

(a) Bond Lengths

O(101) - C(107) 1.399

N(2) - Ir(2) - |

N(1) - Ir(1) - '

N(1) - Ir(1) - Cp*

N(101) - Ir(1) - Cp®

N(1) - Ir(1) - N(101)

N(2) - N(1) - Ir(1)

N(102) - N(101) - Ir(2)
C(1)- N@) - Ir(2)

C(1) - N(2) - N(1)

C(2) - C(1) - N(2)

2.143(9) Ir(1) - N(101) 2.000(7)
2.147(6) Ir(2) - N(101) 2.030(7)
2.177(5) Ir(2) - C(20) 2.154(5)
2.161(5) Ir(2) - C(40) 2.237(5)
2.249(5) Ir(2) - CpP 1.820
2.6913(8) N(1) - N(2) 1.23(1)
1.19(1) - N(2)-Cc(1) 1.411
O(1) - C(4) 1.380
1.395 O(101) - C(104)  1.376
(b) Bond Angles
89.4(2) N(101) - Ir(2) - | 90.5(2)
85.6(2) N(101) - Ir(1) - I 87.0(2)
124.1 N(2) - Ir(2) - Cp 125.1
133.5 N(101) - Ir(2) - Cp 141.4
85.0(3) N(2) - Ir(2) - N(101)' 83.5(3)
120.3(6) N(1) - N(2) - Ir(2) 125.5(6)
123.8(6) N(102) - N(101) - Ir(1)  110.9(6)
122.4(5) Ir(2) - N(101) - Ir(1) 124.9(4)
111.7(7)  C(101) - N(102) - N(101) 131.7(8)
119.0(7)  C(6)- C(1) - N(2) 120.9(7)



(continue Table 3.4)

C(102) - C(101) - N(102) 123.6(7)  C(106) - C(101) - N(102) 117.2(7)
C(7) - O(1) - C(4) 118.8 C(107) - O(101) - C(104) 118.7

a: Ir(1) related to Ir(2) by (1-x, -y, -z), and the same relation between the
primed atoms and their primary atoms.
b : Cp denotes the centre of mass of the five Cp* ring carbon atoms.

because it is now completly occupied). The variation of this distance in the above
compounds indicates that the LUMO of the Cp*Ir(lil) fragment in (7) has been
largely populated, and suggests that the NoAr ligand has a stronger electron
donating ability than the halides. The Ir-1 bond length of 2.6913(8) A is
comparable to the value of 2.694(1) A found for the terminal Ir-1 bond in
(CpIrlp). 182

An interesting feature of (7) is that the molecular core, consisting of the
two iridium atoms, the three metal-bonded nitrogens atoms and the two ipso
carbons of the aryl rings, is essentially planar, with only small deviations from the
best least-squares plane defined by the planar IP-N(1)-N(2)-r-N(101)' ring, e.g.,
C(1), 0.085(12); N(102)", 0.191(11) and C(101), -0.003(13) A. This planarity
suggests a degree of n electron delocalization in the five-member ring and

including also the nitrogen atom N(102)'.
The Aryldiazenido Ligands

The disorder in the structure limits the accuracy obtained for the positions

of the aryldiazenide nitrogen atoms, although the model shows a flat region in
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the final electron density difference map at the nitrogen group area and is
therefore considered satistactory.

For the u2-n2- bridging aryldiazenido ligand, the N(1)-N(2) bond length is
1.23(1) A, consistent with a N=N double bond, This value is comparable to that
found in (p-H)Os3(CO)1g( n2-n2-NoPh) (N-N = 1.233(2) A)140 and is slightly
smaller than that found in {{Cp*Ir(CO)]o(n2-n2-p-NoCgH,OMe)}BF 4 (11) (N-N
=1.29(2) A) (see section 3.3.2.1). The N=N group is symmetrically bridging the
two iridium centres with Ir(1)-N(1)=2.143(9) A and Ir(2)-N(2)= 2.147(6) A. These
distances are longer than those found in {{Cp*Ir(CO)}o(n2-n2-p-No-
| CgH4OMe)}BF 4 (11) (Ir(1)-N(1)= 2.02(2) A and Ir(2)-N(2)= 2.06(2) A).

For the u2-n!- bridging aryldiazenido ligand, the N(101)-N(102) distance
of 1.19(1) A is comparable with those found in similarly coordinated
aryldiazenido complexes.140. 184, 185. 186 Thyjs bridge is also essentially
symmetric between the two iridium atoms (ir(1)-N(101)= 2.030(7) A, Ir(2)-
N(101)= 2.000(7) A and Ir-N(average)= 2.015(1 0) A) and involves an angle of
Ir(1)-N(101)-Ir(2)= 124.9(4)°. This angle, however, is significantly larger than that
in a similar coordinated aryldiazenido compound {[Ir{NO}(PPhg)]o(12-O)(u2-n1-o-
NoCgHy-NOL)}PFg (Ir-N-Ir'= 94(4)°).184

Another interesting fe iture of the bridging aryldiazenido ligands is that the
planes of the aromatic rings of the p-methoxypheny! groups each make an angle
ca. 120° with the molecular core plane. This feature indicates non-conjugation of
the electrons‘ between the N=N group and its aromatic ring in both of the
bridging aryldiazenido ligands. A similar phenomenon has also been observed in

ather bridging aryldiazenido complexes.140, 179, 184, 186
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3. 4 Discussion

From the experimental resulis for these species with a generalized
formula [Cp™Ir(L}{p-NoCgH4OMe)I0 o7 +, we can see an important influence of the
ancillary ligand L on the geometrical preference of the aryldiazenido ligand.
When L is a weak =-acid, the aryldiazenido ligand prefers the singly bent
geometry, but when L is a streng r-base, the aryldiazenido ligand prefers to
adopt a doubly bent gecmetry. This inferrelationship between the nature of the
anbEEiary figand and the confcrmational preference of the aryldiazenido kgand
can be fairly well understood in terms of a fragment molecular orbital

analysis 21. 22

Cp*

Ir 31

Figure 3.10 The frontier orbitals of the Cp’Ir fragment
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Before we start to anaiyze the ligand effect, let us first construct the
frontier crbitals for the Cp”Ir{=N+=NAr} fragment. Detailed discussion of the
frontier orbitals of the Cp*Ir fragment have been given elsewhere.28. 2° Here we
shall describe only their salient features, emphasizing those = orbitals which
eventually control the conformation of the aryldiazenido ligand. The frontier
orbitals for Cp*Ir are shown in figure 3.10. For the Ir(l), & metal centre, |
assuming a doubly-occupied singlet ground state, the HOMO of this fragment
can be assigned as the dyz orbital in the chosen coordinate sysiem. It is this d),z
orbital that is mainly involved in the r-back-bonding interaction with a singly bent
aryldiazenido ligand, which is presumed to coordinate to the metal centre in the
x}.. plane, but with its aryl nng tail out of the xz plane. (see figure 3.11). It is wonth
mentioning that the energies of the HOMO of the Cp*ir fragment and the LUMO
of the singly bent aryldiazenido ligand are fairly close. This is because the
HOMO of the metal fragment is anti-bonding between iridium and the Cp* ligand
- (refer to Figure 3.10}, and the LUMO of the aryldiazenido ligand is a low-lying

empty orbital, even lower than that of the NO* ligand (as we saw in Chapter ll).
Atsihough it should be noied that a lower r-type of metal-centred orbital, dxy, can
also interact with the LUMO of the NpAr+ ligand, it will participate in this type of

bonding to a lesser extent due 1o its low energy, and hence its effect will be

neglected here, where we only consider the primary n interaction (Figure 3.11).
The pnncipal issue now remaining is the influence of the different ancillary

E’égands; L. on the primary r interaction between the Cp”Ir fragment and the

Wgﬁ\rf* kigand. Each case is considered separately, as follows.



Cp*Ir Cp*ir(N2Ar+) NoAr+

Figure 3.11 The primary = interaction between Cp*Ir fragment and singly

bent NoAr+ ligand

3. 4.1 The Ancillary Ligand, L, Is a n-Acid

A weak = acid, e.g. C2H4 or PR3, generally has an empty r orbital at a
réther high energy. When it coordinates to the Cp*IrN>Ar+ fragment in the
direction "trans” to the diazenido ligand, its empty = orbital will match in
symmetry the d,, orbital of the Cp"IrN,Ar+ fragment (as shown in Figure 3.12) or
can be brought into the matching position by a rotation about the M-L ¢ bond.
Due to this dy, orbital’s involvement, the primary = interaction between the Cp*'!r
and NoAr+ fragments will now be certainly affected. Since the empty = orbital of
the ancillary ligand is located at a much higher energy level (i.e., itisaweak

acid) the parﬁcipation of this orbital in the primary interaction will be expected to
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Figure 3.12 mwinteraction between the Cp*IrNoAr+ fragment and the

ancillary ligand L

be small. Consequently, the coordination of a weak = acid ligand, L, to the

pr‘IerAr‘r fragment will only be expected to cause a slight additional

stabilization of the metal centred orbital, dr, which is schematically shown by the

dotted line in Figure 3.13.

L Cp*Ir(L)(N»,Ar) Cp*Ir Cp*Ir(N-Ar) NoAr+

TC*

TT*

Figure 3.13 The influence of the weak = acid ligand, L, on the primary

minteraction between Cp*Ir and NoAr+ fragments
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Obviously, an increase of the relative = acidity, corresponding to a
decrease of the energy level of the empty r orbital of the ligand L will stabilize
the metal centred dr orbital further. However any further stabilization of the
metal dr orbital caused by the presence of ligand L will also cause a decrease of
the NoAr+ ligand's parﬁcipation in the dr orbital. In other words, coordination of a
r acid ligand L to the Cp*irN,Ar+ fragment always, more or less, weakens the -
back-bdnding between the metal centre and the NoAr+ group. The stronger the «t
acidity ci ihe L iigand, the more is the stabilization of the dr orbital, and
consequently, the less is the participation of the 'y component of NoArt in the
dr orbital and the weaker is the expected n-back-bonding between the metal
centre and NoAr+.

Although both ethylene and triphenylphosphine ligands are weak & acids,
the r acidity of ethylene ligand is believed to be slightly higher than that of the
phosphine ligand. Thus, based on the above discussidn, when ethylene, as the
ancillary ligand L, coordinates to the Cp*IrNoAr+ fragment, it will be expected to
weaken the indium-aryldiazenido n-back-bonding more than that when L is
triphenylphosphine. That is, the Ir-Na bond in [Cp*Ir(CoH4)(NoAr)+ (1) would be
expected to be weaker than in [Cp*Ir(PPh3)(N,Ar)]+ (3), and consequently, the
N=N bond strength would be expected to be stranger for L= C,H,4 than for L=
PPhg. The experimental resulis show exactly this same trend as we have
anticipated.

There are two further points. First, in principle, the singly bent geometry of
the aryldiazenido ligand in such compounds will be retained, no matter how
strong br how weak the & acidity of the ancillary ligand L is. Secondly, because
the stronger the & acidity of L, the weaker is the metal-aryldiazenido bonding, a

very strong = acid ligand would be expected to dramatically weaken the Ir-Na
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bond. Conversely, the bonding between the L ligand and the Cp*ir fragment
would also be expected to be weakened by the presence of the singly bent
aryldiazenido ligand, because this ligand is itself also a strong & acid. So, in this
situation, the total effect would be a very unstable species in which both of the
ligands, L and NoAr+ are mutually incompatible. This latter point explains our
lack of success in synthesizing [Cp*Ir(CO)(N,Ar)]* in this work. The actual

results obtained will be given in Chapter IV.

3.4.2 The Ancillary Ligand L is a n-Base ,

in this section, we will see how the primary nt interaction, shown in Figure
3.11, changes when the ahcmary ligand is a & base.

A nt base ligand should have at least one filled orbital of # symmetry, i.e.,
in the direction perpendicular to the coordination direction. This kind of orbital is
usually of low energy, lower than the metal-centred ones. When this n base
ligand coordinates to the Cp*IrN,Ar+ fragment in the direction "trans” to the
aryldiazenido ligand, the filled = orbital will directly interact with metal oy orbital.
Since this is a two-orbital-four-electron interaction, it can be formally considered
that the filled metal-centred orbital, dyz, has been raised in energy by the effect
of the filled & orbital of L, toward the energy level of the & accepting orbital of the
diazenido ligand (interaction (1) in Figure 3.14). Obviously, a further interaction
between this metal dy, orbital and the empty ="y, orbital of the aryldiazenido
ligand, shown as interaction (3) in Figure 3.14, becomes more favorable due to
the proximity in energy.

However, we have to emphasize that this situation may be true only for

those ligands that have a weak or medium & basicity strength. For a strong =
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Figure 3.14 The influence of a & base ancillary ligand on the metal a, orbital

L Cp*irL Cp*ir NoAr+

Figure 3.15 An iridium-diazenido MLCT caused by the trans strong

« base ligand
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base, the situation could be different. Then the interaction between the d,
orbital of the Cp*Ir fragment and the filled « orbital of L could be very strong;
strong enough to push the filled metal centre orbital d,, higher, in energy, than
the ", orbital of the singly bent aryidiazenido ligand. If this were to happen, a
metal to ligand charge transfer would most likely occur (see Figure 3.15). This
would leave a species with a 16-electron metal centre and a doubly bent

aryidiazenido ligand, j.e.

Since this species would be expected to be very reactive, it could either dimerize
itself, as we saw in the case of L= X, or rearrange itself, as we saw in the case
where L= Cp*lr(CO),, to form a more stable product.

The qualitative pictures drawn here lay out a clear explanation of the
experimental facts we have accumulated in this chapter in the ligand exchange
reaction of the ethylene ligand in [Cp*Ir(CoH4)(N5Ar)]+ by strong = base ligands,
I", Brr and the metal base Cp*Ir(CO)s.

Finally, it might be worth mentioning that once this 16-e doubly bent
aryldiazenido complex were to form, as mentioned in Chapter |, this ligand would
most likely reorientate itself by a rotation of 90° to avoid an antibonding
(interaction between the lone pair of Na and another filled metal = orbital, dyy. and
to construct a bonding interaction between the dyy and the perpendicular =*

orbital of the doubly bent diazenido ligand. Were the ancillary ligand L not a



chiral one (i.e., X- and Cp*ir(CQO), as we used), this rotation should have the
same probability toward either side of the plane containing the Ir, the centroid of
the Cp* and the ancillary ligand. Therefore, it would be expected to result in
equal amount of two enantiomers, and a further dimerization or rearrangement
of these two enantiomers in a non-chiral environment would most likely produce
eqgual amounts of enantiomeric products. Equal amounts of enantiomers have
been observed in both solid state structures df (7) and (11). Furthermore, as a
logical extension, a future reaction in which the ancillary ligand L is a strong

chiral = base would certainly be interesting.

3.5 Conclusion

The & effect of the ancillary ligands on the geometric preference of the
" aryldiazenido ligand in complexes with a general formula, [Cp*Ir(L)(p-
NoCgH4OMe)]0 oF + has been demonstrated in this chapter.

Replacement of the labile ligand CoHy4 in (1) by PPhg results in
[Cp*ir(PPh3)(p-NoCgH4OMe)]BF 4 (3) in high yield. Like compound (1), (3) also
contains a singly bent aryldiazenido ligand, and both of them contain the weak r-
acid, CoHy4 or PPhg, as the ancillary ligand L. An understanding of this in terms of
the molecular orbital interaction analysis has led to a conclusion that a n-acid
ligand "trans” to the aryldiazenido ligand will weaken the irdium-diazenido bond,
and the stronger is the acidity of the ancillary ligand, the weaker is the iridium-
diazenido bond, but the geometry of the singly bent diazenido ligand is retained.

Addition of hydride to [Cp*Ir(PPh3)(p-NoCgH,4OMe)]BF 4 yields the
corresponding hydrido complex Cp*Ir(PPhg)(H)(p-NoCgH4OMe)(4) with a doubly
bent diazenido ligand. The chioro analogue, Cp*ir(PPh3)(Cl)(p-NoCgHs4OMe)(5),
is unstable; it may change rapidly to [Cp*Ir(PPhg)(p-N2CgH4OMe)ICI (5°), 2
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singly bent diazenido complex. However, protonation at Na, forming the diazene
complex [Cp*Ir(PPh3)(Cl)(p-NHNCgH,OMe)]BF 4 (6), can stabilize the chloro
ligand in the coordination sphere.

| Replacement of the labile ligand CoH,4 from (1) by X, X-= I- or Br-, results
in the complexes [Cp*Ir(X)]o(12-n2-p-NoCgH4OMe) (12-n1-p-NoCgH4OMe),
(where X= | for (7) or X=Br for (8)). The possible pathway from the singly bent
aryidfazenido complex (1) leading to such novel di-iridium compounds with two
different bridging aryldiazenido ligands has been discussed. It is concluded that
in the compound with a ganeral formula, {Cp*Ir(L)(p-NoCgH4OMe)], when L is a
strong n-base, the aryldiazenido ligand prefers a doubly bent geometry and this
may be accomplished through a MLCT process. Protonation of compounds (7)
or (8) occurs only at the Na position of the u2-12- bridged aryldiazenido ligand.
Similarly, replacement of the ethylene in (1) by a metal base, Cp*Ir(CO)», results
in another di-iridium complex, {{Cp*Ir(CO)]o(12-n2-p-NoCgH4OMe)}BF 4 (11).

The X-ray crystal structures of (7) and (11) have been determined.
Compound (7) crystallizes in the triclinic space group P7, with a= 8.937(2) A, b=
10.036(2) A, c=10.893(2) A, a= 79.98(1)°, B= 79.52(1)°,,y= 70.36(1)° and Z= 1;
Re=0.021 and Aw= 0.029. Crystals of compound (11) are orthorhombic, space
group Pc21b, with a= 8.821(1) A, b= 20.237(2) A, c=34.808(5) A and Z= 8; R=
0.044 and Aw= 0.049 for 1661 absorption-corrected independent reflections with
1>2.50.

Finally, to the best of our knowledge, compounds (7) and (8) synthesized
in this work are the first two examples of the dinuclear compound with two
different bridging aryldiazenido ligands, and compound (11) is the only second

example of a similar bridging coordinated aryldiazenido complex.



CHAPTER IV

Syntheses and Characterization of Mono- and Diiridium Carbonyl
Complexes Formed from the Attempted Syntheses of [Cp*Ir(CO)(p-
N,CgH4OMe)]BF4; X-ray Crystal Structures of [Cp*,Ir5(CO);CI}BF4 and
[Cp*olry(CO)o(n1-12, n2-u1-p-CgH,yOMe)]BF,

4.1 Introduction

In the previous discussion of the electronic influence of the ancillary ligand
on the geometrical preference of the aryldiazenido ligand in the system
Cp*Ir(L)(p-NoCgH4OMe), we have pointed out that in the case of the ancillary
ligand L being a strong w-acid, the = bonding strength between the M and NoAr
could be dramatically weakened. In order to exémine this, the synthesis of the
unknown compound [Cp*Ir(CO)(p-NoCgH4OMe)]BF 4 (12), where the ancillary
ligand is a carbonyl, has been attempted. As possible synthetic routes to the
target complex (12), we have examined (1) reactions of Cp*Ir(CO), (14) directly
with [p-N-CgH4OMe][BF 4] under different reaction conditions, (2) reactions of
[Cp*Ir(CoH4)(p-NoCgH4OMe)BF 4, (1) with carbon monoxide under varying
reaction conditions, and (3) reactions of [Cp*Ir(CO)]» (15) with different
stoichiometric amounts of [p-NoCgH,OMe][BF4].

Unlike the previously described situations where the ancillary ligand was
eithér a weak m-acid or a strong n-base, all of the results obtained from this latter
study point to instability of [Cp*Ir(CO)(p-N-CgH4OMe)]* indicating that CO and
aryldiazenido ligands are mutually destabilizing in this system. This feature is

consistent with the theoretical analysis of the electronic relationship between the
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aryldiazenidc ligand and the ancillary ligand L in the system Cp*Ir(L)(p-No-
CgH4OMe) that has been developed in this Thesis. Therefore, we believe that
these failures to obtain [Cp*Ir(CO){(p-NoCgH4OMe)]BF 4 (12), in fact, reflect the
realities of the electronic situation required for stability in this type of complexes.

On the other hand, although the synthesis of [Cp*Ir(CO)(p-
N206H40Me)]BF4 (12) itself has not been successful, the chemistry that has
emerged from these attempts is still interesting. While the aryldiazenido ligand
seerhingly can not be stabilized in the chosen two-legged piano-stool structure, it
has been found to be stabilized in a related three-legged piano-stool carbonyl
complex Cp*Ir(CO)(OEt)(p-N-CgH,OMe) (19). Some of the reactions yield
interesting products of nitrogen extrusicn.

Finally, we report some new facile synthetic routes to a variety of useful
carbonyl compounds, some of which have been previously synthesized by

different methods.

4.2 Experimental Section

The general experimental manipulations, solvent purifications and
spectroscopic measurements are the same as described in the previous
chapters.

The author is grateful to Dr. R. J. Batchelor for the X-ray crystallographic

analysis of the single crystal structure of compound (20).

4. 2. 1. Preparations of the Precursor Materials
Preparation of Cp*Ir(CO)H, (13) 187. 188
A suspension of partially soluble Cp*Ir(CO)CI>182 (30 mg, 0.07 mmol)

and an excess of Zn dust (ca. 200 mg) in 10 mL absolute ethanol in a 50 mL
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two-neck round bottom flask, equipped with a condensor and a nitrogen gas
inlet, was purged with nitrogen gas for 20 minutes. With vigorous stirring, the
reaction solution was heated slowly to 50 °C, and then 0.5 mL glacial acetic acid
was slowly added into the reaction mixture from the top of the condensor (also
the outlet of the nitrogen stream). After theryellow suspension of the
Cp*Ir(CO)Cl, completely disappeared, the reaction mixture was stirred for
another 20 minutes at 50 °C. The solvent was then removed in vacuo, and the
dark-grey muddy residue was extracted with hexanes (3 X 5 mL). The combined
extraction solution was evaporated to dryness affording a very pale yellow oil in
good yield (>85%). IR, v(Ir-H), 2137 wcm-1 and v(CO), 1996 s cm-1
(hexanes); TH NMR: 3(acetone-dg) 2.10 s (15H, Cp*), -16.58 s (2H, Ir-H); MS
(El, m/z): 358 (M+), 356 (M+-2H), 354 (M+-4H), 352 (M+-6H), 328 (M+-CO-2H),
326 (M+-CO-4H), 324 (M+-CO-6H).

Preparation of Cp*lir(CO), (14) 190. 191

The synthetic equipment setup was similar to that described above in the
preparation of (13), but the nitrogen gas was replaced by carbon monoxide gas.

A suspension of partially soluble [Cp*Ir(Cl),]» (100mg, 0.125 mmol),
excess Zn dust (ca. 500 mg) and 4 ~ 5 drops (ca. 0.2 mL) glacial acetic acid in
15 mL absolute ethanol was bubbled with CO gas for one hour at 50 °C. After
the reaction finished, (monitored by IR), the reaction solution was cooled to room
temperature and the solvent was removed in vacuo. To the residue was added
10 mL H,0 and 10 mL CH,Cl, and the mixture was vigorously stirred for 0.5
hour. The CH-Cl, layer was then pipetted out, and the residue was repeatedly
extracted with CH,Clo (2 x 10 mL). The combined CH5Cl, extract was dried over

anhydrous Na,COs, filtered and rotary evaporated to dryness leaving the
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product nearly quantitatively as yellow crystals. The product could be further
purified by sublimation at 70 °C. IR, v(CQ), 1939 and 2009 cm-? (in acetone
or CH,Cl,), 1945 and 2015 cm™! (in hexanes or ethanol); TH NMR: §(CDCl5)

2.15 s (Cp”).

Preparations of [Cp*Ir(CO)], (15) 191

VMethod 1, Cp*Ir(CO)CI»18° (100 mg, 0.234 mmol) and excess predried
anhydrous Na,COg3 (= 500 mg) in 10 mL ethanol were refluxed for about two
hours with vigorous stirring. During the reaction, the orange yellow suspension of
Cp*Ir(CO)Cl, slowly disappeared, and a brownish slurry was gradually produced.
 After the reaction mixture was cooled to room temperature, the solvent was
removed under reduced pressure, the residue was extracted with CHxClo
(ca. 20 mL) and filtered through a Celite filter. Evaporating the dark green
CH,CI, extraction solution to dryness afforded the desired product quantitatively
as a brownish powder. The product can be recrystallized in CHoCl, / hexanes.
Typical yield > 80%. IR v(CO}, 1676 cm™ (CHoCly); TH NMR: §(CDCl3) 1.79 s.
(Cp*); MS (El, m/z): 710, (M*); 680 (M*+-CO-2H); 648, (M+-2CO-6H); 463,
([Cp7IrCp*]*).

Method 2. A reaction similar to method 1, but using 1: 2 molar ratio of
Cp*Ir{CO), and [Cp*IrCl,], under reflux condition for three hours, gave the
desired product in 92% yield.

Method 3. To a Schienk tube containing a solution of Cp*Ir(CO)Clo
{100 mg. 0.234 mmol} in anhydrous ethanol {20 mL} was added excess zinc
dust (= 500 mg). This mixture was degassed twice and then stiring vigorously

overmght (ca. 14 hours} at room temperature. When the starting materiai
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Cp*ir(CO)Cli, had compietely disappeared {monitored by IR), the soiution was
pumped to dryness, and the residue was extracted with CH,Cl, (3 x 5 mL}.
Removal of the solvent CH5Cl, from the combined exiraction solution in vacuo

gave the desired product, generally in a yield > 90%.

Method 4. A reaction similar with method 3, but using 1: 2 molar ratic of
Cp*Ir{CO), and [Cp™IrCly}, as the starting matrerials, also gave the desired
product in high yield.

4. 2. 2. Attempts to Synthesize [Cp*ir(CO)(p-N,CgH4OMe)]BF4 (12) through
the Reactions of Cp*ir{CO); (14) with {p-N,CgH,OMe][BF 4]

1). Reaction in Acetone Solvent — Formation of [Cp*Ir(CO),(p-CgH4OMe)]
BF, (16)

To a vigorously stirring, yellow solution of Cp*Ir{COj, (14} (20 mg, 0.052
mmol) in acetone {3 mL) at -78 °C was added dropwise 1 mL acetone solution
containing 12 mg [p-N>CgH4OMe][BF 4] salt (0.052 mmolj along the glass wall of
the Schlenk tube. The addition of the aryldiazonium salt solution should be slow
enough to allow the temperature of this solution to cool to ca. -78 *C on reaching
the the bulk reaction soluticn. The colour of the reaction solution first changed
from yellow to bright red, and then to dark brown as the addition proceeded.
After the addition of the solution of [p-N,CgH4OMe][BF 4} was completed, the
reaction mixture was stirring for ancther hour, and then 10 mL diethy! ether was
slowly added into the reaction mixture with vigorous stirring. A dark brown
precipitate was formed upon the addition of the diethyi ether. After the precipitate

settled, the supernatant solution was removed carefully by a pipette and the
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residue was washed three times with coid ether. Stiil at -78 °C, the dark brown
ipitate was dried in vacuc leaving [Cp™Ir{CO),(p-CxH4OMe)]BF 4 {16) as the
product in good yield {80%}. IR: viCO} 2074 s, 2114 scm™ {(acetone); 1H
NMR: 3(CDCl3} 2.1¢ s {i5H, Cp~}. 3.80 5 (3H, OMe), 6.69 dand 7.11 d {4H,
AA'BB’ pattern, CgH,j; FABMS (Sulfolane, Xenon) (m/z): 491 (M+), 463 (M+-
COj}, 433 (M+-CO-OCH,j, 405 {M*-2C0-OCH,); Anal. (caled.) C, 39.52; H, 3.84,

{foundj C, 39.81: H, 3.85; N, 0.40.

2). Reaction in CH,CI, solvent — Formation of [(Cp*Ir),(CO)3CIIBF, (17)

To a solution of Cp*ir{CO), (14) (100 mg, 0.26 mmol) in 3 mL CH.Cl, at
room temperature was directly added solid [p-N>CgH4OMe][BF 4] (60 mg, 0.26
mmpotl) and the reaction mixture was stirred vigorously. The colour of the reaction
mixture changed from yeliow 1o green. To completely dissolve [p-NoCg! i;OMe]
- |BF,4] salt would take a period of about one hour. The effervescence was obvious
"inﬂially, but gradually diminished after one hour as all diazonium salt dissolved.
Aﬁer another 3 to 4 hours stirring, a large amount of fine yellow powder was
formed. As the IR spectrum of the solution showed that the Cp°Ir(CO), (14) was
~ completely consumed {ca. 6 hours}, the solution was concentrated under
reduced pressure 1o about 1.5 mL and an excess of hexanes was added 1o
precipitate the yeilow powder. The supernatant solution was carefully pippetted
out and the yellow solid residue was washed twice with diethyl ether atfording
the analytically pure product [{Cp”lr}o{CO}5CIIBF 4 (17} (85%). IR v(CO) 2017
s.b, 2058 m cm? (CHoClo); TH NMR: 3{CDCly) 1.94s {15H, Cp*), 2.23s (15H,
Cg; 13C{TH} NMR: 3({CDCl,) 10.17, 10.39 and 103.05, 106.67 {CsMex), 171.37
{carbonyis). FABMS (Thicglycerol, Xenon} {m/z}: 775 (M+), 745 {(M+-CO-2H),

717 (M*-2CO-2H}; Anal. {calcd}, C. 31.98; H, 3.50, {found}, C, 32.08, H, 3.51.
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3). Reaction in ethanoi solvent -- Formation of [Cp*Ir(CO)(OEt){p-NHN-
CegH4OMe)]BF4 (18), or (18a)

To a solution of Cp*Ir{CO), (14)(20 mg, 0.052 mmol) in 10 mL of ethanol
was added [p-N,CgH4OMe]BF4 (11.5 mg, 0.052 mmol), or [p-1SNNCgH,OMe]
[BF 4] for (18a), at room temperature. To completely dissolve the diazonium salt
took a period of ca. 10 minutes. The colour of the solution changed from yellow
to orange. IR spectra showed that absorptions (2015 and 1945 cm-1) due to
Cp*Ir{CO), (14) slowly decreased and a new band at 2058 cm-! increased. After
one hour, the solvent was removed in vacuo affording an orange coloured oily
product quantitatively. A complete characterization of this compound was
unsuccessful due to its very poor stability in other solvents. IR: v(CO) 2058 cm!
(ethanol), TH NMR (100 MHz, measured in less than 5 minutes after dissolving in
acetone-dg) &: 1.12t (3H, Jy.y= 7, MeCH,0), 1.96s (15H, Cp~), 3.85s (3H,
OMe), 3.97m (2H, MeCH,0j, 7.10d and 7.81d (4H, AA'BB' pattern, CgH,); 1°N
NMR for (18a): 3(ethanol) -154d (Jisy.y = 88, 1Na-H), FABMS (NOBA, Xenon)
(m/z): 491 (M* - EtOH}, 463 (M* - EtOH - CQ).

Preparation of Cp*Ir(CO)}{OE?1)(p-N,CgH,0Me) (19), or (19a)

To an orange solution of freshiy synthesized (18), or (18a) in situin 5 mL
ethanol was added ca. 0.2 mL (3 drops } Et3N. The color of the reaction solution
changed immediately to red. The scivent was removed in vacuo, and an excess
of hexanes was added 1o extract the neutral product. After removing the
insoluble [Et1gNH]BF 4 through a Celite filter, the hexane filtrate was then
evaporated to dryness resulting in a red oily product (19j or (19aj in ~ 80% yield
{based on the amount of {14} used in the preparation). IR: v(CO) 2625 cm-1
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(ethanol); 2029 cm'? (hexanes); TH NMR (100 MHz, benzene-dg) 6: 1.15¢ (3H,
Jupy= 7, MeCH,0), 1.68s (15H, Cp*), 3.28s (3H, OMe), 4.174d, g (1H, 2Jy 4= 10,
3Jyme= 7, MeCH,0), 4.35d, q (1H, 2Jyyy= 10, 3Jy pme= 7. MeCH50), 6.83d and
7.74d (4H, AA'BB’ pattern, CgHy). 15N NMR for (19a): d(benzene-dg) 223.5s
('SNa), MS (El, m/z): 536 (M*), 508 (M+-CO), 491 (M+-OEt), 463 (M+-CO-OEt),
433 (M+-OEt-CO-OCHpyj, Anal. {(calcd): C, 44.85; H, 5.08; N, 5.23, (found): C,
45.01, H, 5.12; N, 5.41.

Single Crystal X-ray Crystallographic Analysis of [Cp*(CO),lr-Ir(CO)(CI)Cp*]
BF, (17)

Data Collection

The crystallization of [Cp*5lro(CO)4CIIBF 4 (17) was conducted with the
slow diffusion of large amount of diethyl ether into a saturated CH,Cl, solution of
the complex. A suitable yellow single crystal, pre-examined by microscopy under
polarized light, was mounted on a glass fibre and well centred in the X-ray beam
of an Enraf-Nonius CAD4-F diffractometer with graphite monochromatized Mo-
Ka radiation. The unit cell parameters were first obtained from the setting angles
of 25 well-centred reflections, from which a monoclinic unit cell was indicated
and then confirmed by the investigation of selected symmetry related reflections.
The final, more accurate, unit cell was determined from the setting angles of 25
well-centred reflections, widely spread throughout reciprocal space, in the range
28° < 26 < 50°. See Table 4.1 for pertinent crystal and data collection details.

Allintensity data were collected at 20 +1 °C and with 1.9° <28 < 50°. The

bisecting mode and the coupled ®-20 scan mode were used in the data

collection. Backgrounds were scanned for 25% of the peak width on either side
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of the peak scan. An analytical absorption curve, based on the measurement of
the crystal shape and contents in the crystal, showed a good fit (R < 5%) to that
based on 3 high x angle reflections (x > 82°), so it was applied to the intensity
data. The intensity of 2 standard reflections were measured every 1 hour and 20
minutes of the acquisition time to assess possible changes in the crystal or X-ray
beam. No appreciable variation in the intensity of these standards was observed
over the course of the data collection, (RMS deviation from the mean < 1.3%
and the long term experiment instability < 0.95%), so a five-point smoothing
curve based on these standard reflections was used to scale the data in the data
reduction process. Lorentz and polarization corrections 133 were also applied.
Of the 4427 unique reflections, 3299 reflections were classed as observed (lo >

2.56(lo)).

Structure Solution and Refinement

The structure was solved in the space group P2,/c by using a Patterson
map to locate the heavy atoms. Subsequent refinements and difference Fourier
syntheses led to location of all remaining non-hydrogen atoms. Scattering
factors for neutral atoms were used in the calculation of the structure factors,
including anomalous dispersion terms for all non-hydrogen atoms.155
Anisotropic thermal mation, based on indications from the electron density
difference Fourier maps, was refined for Ir, Cl, O and F atoms in the structure, to
yield physically reasonabie vaiues. Some of the hydrogen atoms in the Cp*
methyl groups had been revealed directly by using a low angle difference

Fourier map, with sin6/%. cutoff value of 0.30 A-1, phased on all non-hydrogen
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Table 4.1. Crystallographic and Experimental Data@ for the Complex

Cp*,lra(CO)3CIIBF, (17)

Formula IroF 403CIC3BH3
Formula weight 861.2
Crystal system Monaoclinic
Space group P21/c
a(A) 10.583(2)
b (A) 14.256(3)
c (A) 16.818(4)
B (deg:) 95.91(2)

V (A3) 2523.9(8)
V4 4

Dcalcd (mg/mm3) 2.266
F(000) 1615.51

L (Mo-Ka){mm-T) 10.66

T (K) 293

Crystal Gimensions (mm=3) 0.30x0.17 x0.17

MA) 0.71069
Transmission factors 0.169 - 0.300
Scan type coupled w - 20
Scan range {deg.) 1.00 + 0.35tanb
Scan speed {(deg./min.) 0.82-5.49

20 limits {deg 3.8 <28 <50

A

e

Intensity standards (-5, 2, 0); (2, -5, -3).
Oriental standards (2, 5,-3); (-2, -7, 3); (3,-3,-3).
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(Continue Table 4.1)

The h, k, Iranges -12,12;0,16;0, 19
Reflections measured 5064
Unique reflections 4427

Reflections with 1>2.50(1) 3299

No. of variables 187
Rtb 0.027
RwC 0.0339
Gofté 2.57

a: Enraf-Nonius CAD4-F diffractometer, Mo-Ka radiation, graphite
monochromator.

b: Ri=3(|Fol-|FelyzIFol

c: Rw=[2w(|Fo|-|Fc|)2=Fo2i2

d- w=[(c(F))2 + 0.00035F2]1

e: G.o.f=[Xw(|Fo|-|Fc|)2(No. of degrees of freedom)]1/2

atoms. However, all hydrogen atoms were assigned by calculation and were
input as fixed contributions in the following calculations; their idealized positions
were repeatly calculated after cycles of refinement from the geometries of their
attached carbon atoms using a C-H distance of 0.96 A. Isotropic thermal
parameters were assigned to these hydrogen atoms, based on those of their
attached carben atoms.

A final fuil matrix least-square refinement of 187 parameters, for 64
atoms, converged to R<=0.027 and R,= 0.033 with a maximum shift less than

0.05¢. A weighting scheme based on counting-statistics was used in the
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final refinement, where the weight w was calculated from w=[(c(Fo))2 +
0.00035F0?]1. In the final difference Fourier map, the highest peak had an
electron density 1.2(2) e/A3, located in the anion region at a distance 0.38 A

from one F atom.

All calculations were performed on a micro VAX-II computer by using the

NRC VAX Crystal Structure System. 154

4. 2. 3. Attempts to Synthesize [Cp*Ir(CO)(p-N,CgH4OMe)]BF 4 (12) through
the Reactions of [Cp*Ir{(C,oH,)(p-NoCgH4OMe)]BF4 (1) with Carbon

Monoxide

1). Reaction in Acetone with Excess of Carbon Monoxide

In a typical reaction, CO gas was bubbled through an acetone solution of
[Cp™Ir(CoH,) (p-NoCgH4OMe)] BF 4 (1) (50 mg, 0.09 mmol.) at room temperature.
The IR spectrum of the reaction solution showed that Cp*Ir(CO)» (14) (v(CO)

1939 and 2009 cm-1) was immediately formed as the major product.

2). Reaction in acetone with equimolar amount of carbon monoxide

To an acetone solution of [Cp*Ir(CoHy)(p-NoCgH4OMe)]BF4 (1) in a
Schlenk tube equipped with a rubber serum stopper was injected an equimolar
amount of carbon monoxide gas. After stirring overnight (ca. 10 hours), the IR
spectrum of the solution showed that Cp*Ir{CO), (14) (v(CO) 1939 and 2009
cm1) was the only observed product. After evaporating the solution to dryness,
the *H NMR spectrum of the residue showed Cp*Ir{CO)5 (14) and unreacted

compound (1) as the major components.



3). Reaction in ethanol with carbon monoxide

Carbon monoxide gas was slowly bubbled through an ethanol solution of
[Cp™Ir(CoHy)(p-NoCgH4OMe)1BF 4 (1) for ca. 5 minutes. The colour of the
reaction soiution changed rapidly from yellow to orange-yellow. The IR spectrum
of this orange yellow solution showed a strong band at 2058 cm-1 due to
compound (18) and two weak, but equal intensity, peaks at 1945, 2015 ¢cm1 due
to Cp*Ir(CO), (14). After removing the solvent in vacuo, the TH NMR spectrum of
the residue confirmed the presence of (14) and (18), but showed no signals due

to the starting material (1).

- 4. 2.4. Attempts to Synthesize {[Cp*Ir{CO)]5(12-n2-(p-N,CsH4O0Me)}BF4 (11)
and [Cp*Ir{CO)(p-N,CgH,OMe)]BF4 (12) through the Reactions of
[Cp*IN(CO)], (15) with [p-NoCgH4OMe][BF,]

1). Formation of {{[Cp*Ir(CO)]x(1-n1-1,2-n2-y2-p-CgH,OMe)} BF , (20)
[p-NoCgH4OMe][BF4] (16 mg, 0.07 mmol) in solution in ca. 2 mL acetone
was added dropwise to a solution of [Cp*Ir{(CO)]» (15) (50 mg, 0.07 mmol}in 5
mL acetone at -78 °C. The colour of the reaction solution changed immediately
from deep green-yellow to dark red. After stirring for 30 minutes, the IR spectrum
of the solution showed only one broad absorption at 1964 cm-1. The solvent was
then removed under reduced pressure leaving a dark red foam. Recrystallization
of this dark red residue from CHyClx/hexanes at -10 °C yielded dark red crystails,
(< 10 % yield), suitable for X-ray crystallographic analysis, covered by the dark
red oil. TH NMR spectra of the crystals and the oil showed identical spectral
features. This indicates that they are the same compound. [IR: v(CO) 1964s,

1990w, sh., cm1 (acetone); 1964s, 1995w,sh., cm™1 (ethanol); and 1968s,
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1993w, cm-1 (CH,Clo); TH NMR: 8(CDClg), 1.98s, (30H, Cp*), 3.85s (3H, OMe),
6.52d and 6.92d (4H, AA'BB' pattern, CgH,); FABMS (NOBA, Xenon) (m/z): 819
(M+), 789 (M+-CQ), 763 (M+-2CO); Anal. (calcd.) C, 28.50; H, 4.12, (found) C,
38.30; H, 4.00.

X-ray crystallographic analysis of the single crystal structure of this

compound was kindly carried out by Dr. R. J. Batchelor.

2). Reaction of [Cp*Ir(CO)]»(15) with two equivalents of [p-N,CgH;OMe]BF,
In a similar reaction to that described above, but using two equivalents of
[p-NoCgH,4OMe][BF 4], only compound (19) and some unreacted aryldiazonium

salt were formed, as indicated by the IR and 1H NMR spectra of the final dark tar

residue.

4. 3. Results and Discussion

4._3. 1. Syntheses, Properties and Characterization of the Precursor

Compounds

Cp*Ir(CO)H, (13)
Compound (‘i3) has been mentioned several times in the literature since

1982, mainly by two research groups.187. 188 However, to date, the v(CO)
absorption (at 1996 cm1 in cyclohexane) is the only published spectroscopic
datum for this compound.188 Qur interest in this compound was that it might be
an immediate precursor for the compound [Cp*Ir{(CO)(p-NoCgH4OMe)]BF 4 (12).
Because of the lack of published information, we report here some additional
infofmation about this compound.

~ Inaslightly modified procedure to that which Shapley used to make
Cplr{CO)H,,187 Cp*Ir{CO)H, {13} can be readily made from the corresponding
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Cp*Ir(CO)CI»189 in a good yield.

Similar to its analogue Cplr(CO)H» (v(CO)= 2002 cm™1 and v(Ir-H)= 2156

cm1in CH,Cl»),187 the infrared spectrum of (13) in hexanes exhibits one strong

absorption at 1997 cm-1 and a weak band at 2137 cm-1 attributable to v(CO) and

v(Ir-H), respectively (Figure 4.1). Notably, the v(CO) absorption of (13) is

significantly lower than those of the corresponding halide analogues

Cp*Ir(CO)X,,189 e.g., v(CO) are at 2035 cm-1 for X= Cl and 2034 cm-1 for X= I,

The TH NMR spectrum of (13) shows no unusual features; the hydrido

resonance occurs at 8 -16.58 ppm as a singlet, comparable with the singlet

observed for Cplr(CO}H, at & -16.47 ppm.187 The most notable spectroscopic

feature of (13) is the complicated fragmentation pattern observed in its &l

mass

spectrum (see Figure 4.2). The particular pattern due to the molecular ion is not
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clear in the mass range m/z= 350 ~ 360, instead it seems to overlap with a
series of other fragment ions. A careful examination of the highest group of
peaks reveals that it mainly consists of four mono-iridium, mono-carbonyl
fragment ions which are separated at intervals of 2, 4 and 6 in m/z unit, including
the molecular ion [Cp*Ir{(CO)H,}+ as the base peak. This situation can only be
accounted for if the M+ ion undergoes successive eliminations of three H, before
its carbonyl ligand is eliminated. Since the compiéx under study contains only
two chemically labile hydrido ligands, further dehydrogenation can take place
only at the methyl groups of the Cp* ligand. Consequently, a possible primary

fragmentation pathway of the molecular ion [Cp*Ir(CO)H5]*+ can be formulated as

(Egn. 4.1)
(Egn. 4.1)

Cp* P Gp=2H GpraH
llr TL -2H Ir _I+ -2H Ir T -2H T
| \H — | -/ | |
H 5 8 8
(A) (B) (C) (D)

(m/z): 356, 358 354, 356 352, 354 350, 352

The relative intensities of the individual ions within this envelop have been
calculated and are listed in Table 4.2; they produce a good fit to the
experimental data. The lowest abundance for M+ (m/z= 356, 358} in this group
indicates that the molecuilar icn [Cp*Ir{CO}H,]* is less stable than the other
major ions. This couid be attributed tc the two chemically abile hydridos in the
molecular ion. Experimentally, the relatively high intensity observed for fragment

(B} could indicate a facile elimination of these two hydride igands from {A).
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Fragment ion m/z {based on 198Ir) relative abundance (%)
M+ 358 12
M+-2H 356 33
M+-4H 354 21
M+-6H 352 7 34

However, a picture of the subsequent hydrogen eliminations from the Cp” ligand
forming the relative stable fragments (C) and (D) is not unambiguous. According
to the literature, 192 - 194 two possible structures have been postulated to
account for elimination of two hydrogens from a Cp~ ligand. One involves a Cp*
ring expansion after the dehydrogenation, and the other involves a
cyclometallation of the newly formed -CH, groups to the coordinatively
unsaturated metal centre. Applying them to fragment (C} gives structures (C')

and {C"}, respectively, as shown in Figure 4.3

, o HC— ;/CHZ
(©) €

Figure 4.3 Twc possible structures for the fragment {C}



However, for fragment ion (D). generated by elimination of four hydrogens
from the Cp* ligand, the cyclometaliation mechanism seems too farfetched.
Therefore, we tend tc support the ring expansion mechanism. That is,
eliminaticn of two hydrogens from the Cp* ligand of (B) would result in a ring
expansion product (C) with a trimethyltropylium type of ligand, and elimination of
four hydrogens would result in a further ring expansion product (D) with a
monomethylcycliononatetraeny! ligand. Interestingly, like the pentamethyi-
cyclopentadienyl ligand, both the tropylium and the cyclononatetraenyl ligands
are aromatic rings. The common aromaticity feature of the three ligands could be
directly related to the relative stability of the fragments (B), (C) and (D) observed
here. Furthermore, it may be the reason why a successive two hydrogen
elimination was observed here, instead of a one-hydregen elimination.

In addition, the mass spectrum of (13) may also include some double-
charged diiridium ions, which may attribute to the observed low intensity
envelopes which consist of the peaks separated by an interval of one mass

number.

Cp*Ir(C0O), (14)

Cpir(CO}H,, the Cp analecgue of (13), is reported to undergo facile ligand
substitution to form Cplir(CO}L, where L is PPhs, PPhMe, and CN-¢+Bu,187
respectively. Although the analogous reaction for Cp*Ir{CO)H, has not been
reported in the literature, we have shown that this complex can undergo ligand
exchange in presence of CO. That is, under in situ reaction conditions, carbon
monoxide has been observed to facilitate H, loss from (13) and to form

Cp*ir{CQO)5 (14), (Eqgn. 4.2}



Cp'l{COjH, + CO —— Cp*IfCO)» + Ho (Eqn. 4.2)
(13} {14)

Unlike the synthetic methods of Maitlis170 and Graham,191 this reaction
provides an alternative route to the fundamental reagent Cp~ir(CO).. Another
important reason for us 1o report this synthesis is that this method may

potentially also be a way o synthesize complexes of the form Cp*ir(CO)L.

[Cp*Ir(CO)I» (15)

Our interest in the synthesis of the unknown complex [Cp*Ir{CO){p-N»-
CeH4OMe)]BF; alsc led us o investigate using the dimeric compound
[Cp*Ir{CQC)}, (15). It was hoped that a stoichiometric reaction of (15) with one or
two equivalents of [{p-N-CgsH,OMe}]BF 4 might result in the known bridging
aryldiazenido compound {11} or the unknown monomeric compound
[Cp I (CO)p-NCgH4OMe}iBF 4.

Unfortunately, many attempts using Graham's procedure for the synthesis
of (15),1°1 led to variable yields from 12% to 85%. Considering the exhausting
long reaction time (one week} at 180 °C, and very narrow optimal reaction
conditions required by this procedure, an alternative route to the complex was
sought. Our efforts were rewarded with several afternative methods for
preparating this complex.

Compound (15} has been readily synthesized in excellent yield from
differeni precursors through procedures that consist essentially of reduction and
assembly steps. The basis of these preparations is given in equations 4.3 and

44,
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(i) At room temperalure. stirring with excess Zn dust for 12 hours.
(i1} Reflux with Na,COgy in EtOH for 3 ~ 4 hours.
* Formal electron counting (in solution they may existed as solvated species).

As documented in the literature, preparations of these type of dinuclear
complexes for Co, BRh or Ir usually involve vigorous reaction conditions, such as
photolysis or thermolysis. For exampie, Cp*,Co,(12-COj, has been made by
thermolysis of Cp*Co{CO}, in toluene for 24 hours,195 or by photolysis of the
same precursor in THF for 4 days with a continual N, purge.195 Cp*sRhy(u2-
COj, has been synthesized by sublimation of Cp"Rh{CO}, at high pressure,196
and Cp™,iry(u2-CO}, was previously made by thermolysis of Cp”Ir(CO), at
180 °C for one week.13' However, the reduction process used in the current
method to generate the reaciive intermediate can be carried out under rather
mild conditions (even possibly at fow temperature) and the assembly step is
much more facile. It is then believed that this particular kind of coupled
reduction-assembly procedure can provide a new synthetic approach to
dinuclear complexes, both known and unknown.
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Furthermore, since the synthetic procedure described in equation 4.4
involves two different precursor compounds, an extensive series of asymmetric
dimeric complexes may be produced by interchanging the ligands or the metal
centre on either or both precursors. In fact, preliminary attempts using this
procedure have resuited in the synthesis of the asymmetric compound Cp*,IrRh
(12-CO),197 from [Cp"RhCly), and Cp”ir(CO). quantitatively.198 The
asymmetric complex Cp*Cplro(i:2-CO)» was also prepared quantitatively from
[Cp’IrCiy), and Cplir(COJ,. 199 But, the complex Cp*IrCpCo(u?-CO), could not
successfully be made from [Cp~IrCl,], and CpCo(CO),. Instead, a quantitative
carbonyl transfer from the ccbalt compound to the indium centre forming
Cp'ir{CO), was observed. Since an extensive study of these reactions is still
underway and the chemistry of this aspect seems slightly out of the topic of this

Thesis, the details of this study will not be given here.

4. 3. 2. Attempts to Synthesize [Cp*Ir{CO)(p-N,CgH,0Me)]BF4 (12)

Reactions of Cp*Ir{CO), with [ p-N,CgH,OMe]BF,

As discussed in Chapter I, Cp™Ir{C5H4)o reacts readily with the
aryldiazonium salt, [p-N-CgHsOMe]BF 4, to produce the corresponding
aryldiazenido complex (1}. Hence, the identical reaction with the isostructural
analogue Cp*Ir{CO}, (14} was thought to be a valid route to [Cp”Ir(CO}{p-No-
CgH4OMe)[BF 4. After numerous attempts using different reaction conditions and
with different stoichiometries of the starting matenals, no [Cp™r{CO}{p-NoCgHs-
OMe}]BF 4 was obtained, or even observed. Instead, these atiempts led to the
isolation, or observaticn of compeounds {16), (17), (18) and {19} {see Scheme

4.1}
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Reactions Yielding Nitrogen Extrusion Products (16) and (17)

Mixing equimolar quantities of {14) and [p-N-CgH,OMe]BF 4 in acetone at
room temperature produced a dark red solution. From this solution, a dark tar
was precipitated out upon addition of hexane, from which no aryldiazenido

derivatives could be isolated.

At -78 °C, the same reaction gave a bright red solution, which might be
indicative of the formation of some aryldiazenido derivative.1® However, this
highly coloured species did not survive long and the solution underwent a rapid
colour change from the bright red to dark brown. From the resulting solution, a
dark brown precipitate was isoiated and in turn was characterized by
spectroscopy and elemental analysis as [Cp*Ir(CO),(p-CgH4sOMe)]BF 4 (16}, a
nitrogen extrusion product. The higher v(CO)'s observed for (16), at 2074 and
2114 cm-1 in acetone, compared !0 those observed for Cp*Ir{CO), (14) (v(CO)=
1939, 2009 cm™! in acetone) are indicative of less electron density at the iridium
centre for (16), which is consistent with the higher oxidation state of the iridium
in (16). Similar shifts to higher wavenumbers for carbonyl ligands have also
been observed in the IR spectrum for other Ir{lll) derivatives.177

However, reaction of (14} with 0.5 equivalent of [p-N,CgHsOMe]BF, in
CHoCl; produces the diiridium complex [Cp*,iro(CO)5CIIBF 4 (17) in high yield.
The solid state structure of compiex {17) has been unequivocally established by
single crystal X-ray crystallographic analysis {see Figure 4.4). The infrared
spectral features exhibitad by this compound in solution were also consistent
with the molecular structure in the solid state. The observed v{CO) bands in
CHCl, fall within the terminal carbonyl range. The absorption at 2058 cm?
shoﬁés no unusual ieaiureg but the strong band at 2017 cmr'1 is broad and

asymmaetric, likely indicative of a superposition of two near-coincident peaks at
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around 2017 cm~!. The most structurally interesting feature for this compound in
solution is that its ambient 13C NMR spectrum shows only one signal, at & 171.4
ppm, in the carbonyl range. This observation indicates that compound (17) is
possibly non-rigid in solution at room temperature, and the carbonyl ligands may
undergo a fast exchange process on the NMR time scale, so that only a time-
averaged 13C NMR spectrum is observed. This has been further confirmed by
low temperature 13C NMR spectroscopy. At lower temperature
(-86 °C), the singlet at &: 171.4 ppm has been observed to decoalesce to two
signals at  173.0 and 168.2 ppm with an intensity ratio of 2:1. Since two
chemically different Cp~ groups can be clearly identified in both ambient 1H and
13C NMR spectra, it has been concluded that the chloro ligand is not likely
involved in the fluxional process. Consequently, this fluxional process could be
attributed to the exchange of the carbonyl ligands of (17) in a terminal-bridging-
terminal fashion and an alternate rotation of the metal-metal bond. This is
iflustrated in Newman projections in Scheme 4.2. Interestingly, accompanying
with each time of this exchange, the chiral metal centre, which is bonded to the
chloro ligand, changes the sign of its chirality.

To account for the reaction product {16) obtained in acetone solution, it
seems reasonable to assume that the reaction was initiated by a simple

oxidation of Cp*Ir(CO}, by the diazonium ion.22? (Eqn. 4.5)

CpIf{CO}, + [p-NoCgH,OMe]* —— [Cp*I(CO) 1+ + p-N,CeH,OMe  (Eqn 4.5)

The neutral radical, p-N-CgH;OMe", so generated would be very unstable and
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immediately decompose to dinitrogen and the radical [p-CgH,OMe]-, which may
then recombine with the cationic radical [Cp”Ir(CO),J*- fo yield the product (16)
{EQn. 4.6)

[Cp*Ir{CO),}*- + [pCgH4OMe]- —— [Cp*Ir{CO)(p-CgH OMell+*  (Eqn. 4.6)
(16}

A similar reaction mechanism is believed to be operative when CHoCl, is
used as the solvent. In this reaction system, the only chlorine source is solvent,
CH.Cl,. So a similar oxidation, like Eqn. 4.5, could occur first and then a chiorine

radical C!- could be generated from the solvent through a radical reaction, which



in turn could then combine with [Cp*Ir(CO)s]*- to form an 18e cationic species,

[Cp*Ir(CO),ClI+ (Egn. 4.7)

[CP*IN(CO),}* + CI- —— [Cp*I(CO),CIl* (Eqn. 4.7)

With excess nucleophile (or electron-rich metal base) Cp*Ir(CO),175 present in
the reaction system, a substitution reaction may then occur to give complex (17).

(Egn. 4.8)

Cp*Ir(CO), + [CpIHCO),Cl —— [Cp*IH{CO)o—Cp I{COICI + CO  (Eqn.4.8)
(17)

So in compound {17}, the non bridged metal-metal bond could be formally
considered as a donor-acceptor dative bond between Ir(l) and Ir{lfl). For a better
comparison, compound {17} has also been subsquen- synthesized from
Cp*Ir(CO}, and Cp*Ir{COCI in the presence of AgBF 4177 This independent
synthesis may simply be viewed as proceeding by the formation of the
unsaturated (or solvated} 16-electron intermediate [Cp”Ir{CO)CI]* which is then
attacked by the base Cp~ir{CO}-.

Reaction Yielding a Nitrogen-Retained Product
Cp™ir(CO)5 reacted rapidly with an equimolar quantity of [p-NoCgH4OMe]

BF; at room temperature in ethano/to
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(»]
-?:
s-:-) ' o
s
D
o3 "CJ

upon remaoval of the solvant. This

wINFTT RS

which an aily product couid
orange oil was identified on the basis of IR, TH NMR and >N NMR spectroscopy
as the aryldiazene compiex, [Cp*IH{CO}OEi}(p-NHNCgH,OMe)]BF 4 (18). This
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compound was futher verified by the deprotonation of it to yield a much more
stable neutral aryldiazenido complex, Cp*Ir(CO)(OEt)(p-No-CgH4OMe) (19),
containing a doubly bent aryldiazenido ligand. (see Eqn. 4.9 and Eqn. 4.10).

Cp*Ir(CO); + [p-NoCgH4OMe]* + EtOH — [Cp*Ir(CO)(OE1)(p-NHNCgH4OMe)]*
(18) (Ean.4.9)

(18) + NEt3 — Cp'Ir{CO)OEt)(p-NoCgHsOMe) + (NHEt3)BF 4
(19) (Egn. 4.10)

Since complex {18} can be stabilized only in ethanol solution, it is difficult
to characterize it completely. However, compound (19) has been fully
charactenzed by elemental analysis and spectroscopy. The IR spectrum of (18)
in EtOH shows a strong absorption at 2058 cm-1 for v(CO). However, no v(NN)
band could be assigned, even when the 15N enriched sample was used. The H
NMR spectrum of this compound was measured immediately after it was
dissolved into acetone-dg Except for the proton directly bonded to Na, all other
| proton signals were observed in the appropriate resonance range and with the
correct integration. The "N NMR spectrum of the isotope enriched sample of
{18) showed a doubiet with a chemical shift at -154 ppm and a coupling constant
of 88 Hz. Both the position of the resonance and the coupling constant indicated

the existence of a terminally coordinated diazene ligand in (18).97 Notably, the
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highest mass values {m/z: 489, 491} ot
were not those of the parent, but the fragment from loss of EIOH, jie.,
[CpI{CO)(p-N,CgH4OMe}}* (ironically, the species we have been trying to
obtain by synthesis). |



As a matter of contrast, the deprotonation product, Cp*Ir{(CO)(OEt

S M

e

(p-N>CgH4OMe) (20), showed a much higher stability either in solutions or in the
solvent-free state. The infrared spectrum of (20) exhibited a v(CO) absorption at
2025 cm-1 in ethanol, which is 23 wavenumbers lower than the corresponding
v(CO) observed in its parent compound (18). This decrease in wavenumber,
upon remova! of the Na proton clearly indicates the sensitivity of the v(CO}
position to the Na lone pair electrons of the diazenido ligand in this three-legged
piano-stool structure. The 'H NMR spectrum of (19) was recorded in CgDg. In
addition to those resonances corresponding to the protons in the Cp* and
pNoCgH4OMe ligands, two well resoived multiplets due to the two diastereotopic
methylene protons of the OE! group were also observed. Notably, this TH NMR
feature of the OEY ligand in (20) was not observed in the TH NMR spectrum of
| the corresponding aryidiazenido compound (18), which might be attnbutable to a
rather labile ethoxy group in {18). Furthermore, a far downfield singlet (§ 224
ppm, in comparison with 3 -154 ppm for 18a) observed in the 13N NMR spectrum

of (19a) confirmed the presence of a doubly bent aryldiazenido ligand in (19).

Reactions of [Cp*ir{C,Hs)}{p-N,CgH,OMe)]BF4 (1) with carbon monoxide
Considenng the Iability of the ethylene in compound (1), we thought that a
carbonyl ligand might be introduced to the iridium centre through a ligand
substitution reaction which in turn would lead us to the target complex (12}
Hence, (1) was reacted first with carbon monoxide gas {in excessj in acetone
solution. This reaction resulted in Cp~ir{COj, as the only isoiable organometaliic
species. The failure to obtain any aryidiazenido derivatives was thought to be
due to excess CO in the reaction system. Subsequently, a stoichiometricalily

controlied reaction was camed out, in which equimolar amounts of {1} and

263



carbon monoxide were used. After a much longer reaction time, the iR and 1H
NMR spectra revealed that only the starting material (1) and product,
Cp*Ir(CO),, existed in the final reaction mixture. Hence, it is unlikely that the
expected complex [Cp*Ir(CO){(p-N>CgH4OMe)]BF 4 can be formed as a stable
compound using this particular reaction.

A similar reaction was also carried out in ethanol solution with bubbling
CO gas. The final products, [Cp*Ir{CO)(OEt)(p-NHNCgH,OMe)]BF, (18) and
Cp*Ir(CO),, generated from this reaction indicates that the aryldiazenido ligand
can be stabilized as a diazene in the three-legged pianc-stool structure, but not

in [Cp’INCO)(p-NoCgH,OMe)]BF .

Reaction of [Cp*Ir{CO)], with [(p-NoCgH,0Me)]BF 4

Reaction of [Cp*Ir{COj], with [(p-NoCgH4OMe)]BF 4 was first designed as
an alternative synthetic route to compound [Cp*5lra{(COja(nZ-p2-p-NoCgH4OMe))
BF 4 (11), which was produced from the reaction of [Cp™Ir{COj,(p-NoCgHy-
OMe)]BF 4 with Cp*Ir{CO), in ethanol. (see Chapter I

Treatment of a dark green acetone solution of [Cp*Ir{CO)}, with
{p-N-CgH4OMe]BF 4 at -78 °C resulted in a dark red solution, from which
compound [Cp”olra{COj(1-11-1,2-1n2-u2-p-C¢gH,4OMe}]BF 4 (20}, a nitrogen
alimination product was isolated in a fairly good yield. Compounc {20} is very
soluble in chioroform, dichloromethane, acetone and ethanol. However, it is not

very stable in solution at room temperature. It slowly decomposes to

appropnate molecular ion, as well as the ions corresponding tc a sequential loss

of two groups with m/z= 28, which could be either CO or N, in this case.
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However, the elemeniai analysis for (20) immediately negated the possibility of
the presence of N, in this compound. The IR spectrum of complex {20) in
CHClI5 solution exhibited two bands at 1968 and 1993 cm-! (at 1964 and 1990
cm1 in ethanoli), with the band at higher frequency much weaker than the lower
one. Consequently, these two bands were assigned as two terminal carbonyls.
The relative intensities nd positions of the two absorption bands indicaied that
the two carbonyls were, most likely, separated with a large 28 angle.?0' The
most chemically interesting feature for (20) was found from its rather simple 1H
NMR spectrum. At room temperature the 100 MHz 1H NMR spectrum showed a
singlet at &: 1.95 ppm atiributed to Cp°, also a singlet at 8: 3.85 ppm and an
AA'BB’ pattern in the aromatic proton range corresponding to the p-CgH, ;OMe
group. Integration of the signals indicated a relationship of two Cp*’s and one
p-CgH4OMe ligand, which was in agreement with the molecular formula of
[Cp*lro(COJ(CgH4OMe}BF 4. A singlet signal observed for the two Cp* ligands
indicated that they must be located either in a similar, or more likely the
rigorously same chemical environment. To distinguish these two possibilities, a
iow temperature (-30 °C} 'H NMR spectrum of this compound in a different
solvent (CD,Cl,} was recorded on a higher field (400 MHz) spectrameter.
However, the features dispiayed by the low-temperature 1H NMR spectrum were
identical to that observed at ambient temperature in CDCl5, except for a slight
broadening of the line width and stightly different chemical shifts. So it is most
likely that these two Cp” ligands rigorously have the same chemical
environment. This could only occur if the two Cp” ligands are related 1o each
other by symmetry. Consequently, the p-CgHsOMe group has fo coordinate 1o
two iridium centres in a symmetric-bndging fashion. To cause this, the aryi

ligand p-CgH4OMe could coordinate tc metal centres either in an electron
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deficient p- {or «, «-} bonding mode,202, 203 through its carbon atom which is

para to the methoxy! in the phenyl ring, as shown below:

OMe

Co—_ . _co

A ’\

or in some mode invaiving a dynamic process which gives a time-averaged
symmetric bridging p-CgH4OMe on the NMR time scale. it was then cbvious that
a single-crystal X-ray diffraction study would be helpful 1o establish the
molecular structure of {20}. Fortunately, after many failures, crystals suitable for
a X-ray crystallographic study were successfully obtained from CH,Cly/hexane
solutions.

The formation of ccmpound {20} is presumably initiated by an addition of
diazonium ion to the unsaturated metal-metal bond, follcwed by a nitrogen
extrusion from the adduct to give the bridging aryl complex as the final product.
A bridge-terminal transfer of carbony! ligands must also be involved in this
process.

Chemistry closely related to this has been seen in the reactions of

binuclear complexes containing unsaturated metal-metal bonds with

diazoalkanes, in which bridging carbene complexes are often generated.204 - 206
However, 1o the best of cur knowledge, compound {20) is the first instance

where the bridging ary! group nas been introduced from an aryidiazonium ion.



4. 3. 3. Y-ray Single Crystal Structures of Compounds (17) and (20)

Molecular Structure of Complex (17)

Although the molecular structure of complex (17) in solution is fluxional on
the NMR time scale, the molecuiar structure revealed in the solid state by X-ray
diffraction is consisient with that deduced from the spectroscopic data for this
compound.

Iin the solid staie, the crystal structure of compound (17) consists of
discrete cations [Cp™,lrp(CO}3Cl}* and the counter ions BF 4, separated by the
normal van der Waais distances. There are no unusually short inter-ionic
contacts.

The structure of the cation from compound (17) is shown in Figure 4.4,
(H-atoms are exciudedj. Table 4.3 shows the selected interatomic distances and
angles. Tables 4.4, 4.5 and 4.6 provide the positional and thermai motional
parameters.

The two iridium atoms in the cation [{Cp”»lro(COj4Cil* are both in the
typical three-legged piano-stoo! coordination environment, and share a common
leg as a metal-meta} bond. The Ir{1:-1ri2) distance of 2.827(1} A in complex (17)
is the second longest Ir-Ir distance to be found in similar bis-pentamethyl-
cyclopentadieny! diiridium complexes. Complex [Cp”Ir{COj},lo[BF 4]» synthesized
in this laboratory has the iongest Ir-Iir bond length of 2.839(2) A,177 Since {17)
and [Cp*Ir(COjo)oiBF 4] are the only twe known examples containing an Ir-lr
single bond without any supportive bridging ligand, the long Ir-Ir single bonds
observed in these two compounds are iikely due 1o the fack of the bridging
igands. The M-C and C-QO distances in: this compound are comparable with

those of the dication complex.177
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Figure 4.4 Molecular structure of the cation of (17). (The thermal ellipsoids

represent 50 % probability contours).
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Table 4.3. Selected Bend lengths {A) and Inter-bond Angles (deg.)
for [Cp”5lro{CO)3CBF 4 (17)

(aj Bond Lengths

Ir(1)-1r{2) 2.8266(6)
tr(1)-C(1) 1.907(10)
Ir(1)-C(2) 1.907(11)
Ir(1)-C(11) 2.239(10)
Ir(1)-C(12) 2.235(10)
Ir(1)-C(13) 2.257(9)
1I(1)-C(14) 2.241(10)
Ir(1)-C(15) 2.323(10)
Ir(1}-Cp*(1) centroid 1.904
0O(1)-C(1) 1.129(13)
0(2)-C(2) 1.119(13)
C(11)-C(12) 1.456(14)
C(11)-C(15) 1.438(14)
C(11)-C(16)  1.510(15)
C(12)-C(13) 1.401(14)
C(12)-C(17) 1.528(16)
C(13)-C(14)  1.448(14)
C(13)-C(18)  1.494(14)
C(14)-C(15)  1.452(14)
C(14)-C(19)  1.495(15)
C(15)-C(20) 1.487(15)

“Ir(1)-1r(2) 2.855
ir(2)-Cl(1) 2.3939(24)
Ir(2)-C(3) 1.849(10)
Ir(2)-C(21) 2.221(10)
Ir(2)-C(22) 2.206(10)

Ir(2)-C(23) 2.198(9)
ir(2)-C(24) 2.301(9)
Ir(2)-C(25) 2.262(10)
Ir(2)-Cp*(2) centroid 1.879
O(3)-C(3) 1.152(13)

C(21)-C(22)  1.386(14)
C(21)-C(25) 1.475(14)
C(21)-C(26) 1.500(15)
C(22)-C(23) 1.455(14)
C(22)-C(27) 1.503(15)
C(23)-C(24) 1.475(13)
C(23)-C(28) 1.492(14)
C(24)-C(25) 1.409(13)
C(24)-C(29) 1.482(14)
C(25)-C(30) 1.496(14)
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{continue Tabie 4.3}

F(1)-B(1) 1.328(20) ** F(1)-B(1) 1.374
F(2)-B(1) 1.378(19) ** F(2)-B(1) 1.409
F(3)-B(1) 1.314(20) ** F(3)-B(1) 1.421

F(4)-B(1) 1.398(22) ** F(4)-B(1) 1.474

(b) Inter-Bond Angles
Ir(2)-Ir(1)-C(1) 79.2(3) Ir(1)-Ir(2)-C(3) 85.3(3)
Ir(2)-tr(1)-C(2) 85.3(3) Ir(1)-1r(2)-Ci(1) 85.10(6)
Ir(2)-1r(1)-Cp*(1) centroid 130.5  Ir(1)-Ir(2)-Cp*(2) centroid 133.2
C(1)-Ir(1)-Cp*(1) centroid 126.6 C(3)-Ir(2)-Cp*(2) centroid 124.2
C(2)-Ir(1)-Cp*(1) centroid 124.4 Cl-Ir(2)-Cp*(2) centroid 118.6

C(1)-Ir(1)-C(2) 96.7(4) CI(1)-ir(2)-C(3) 99.0(3)
Ir(1)-C(11)-C(16) 129.1(7)  Ir(2)-C(21)-C(26) 126.6(7)
Ir(1)-C(12)-C(17) 125.9(9)  Ir(2)-C(22)-C(27) 125.5(7)
Ir(1)-C(13)-C(18) 126.1(7)  r{2)-C(23)-C(28) 129.6(7)
Ir(1)-C(14)-C(19) 128.9(7)  Ir(2)-C(24)-C(29) 133.4(7)
Ir(1)-C(15)-C(20) 132.0(7)  Ir(2)-C(25)-C(30) 127.3(7)
IF(1)-C(1)-0(1) 174.7(9)  Ir(2)-C(3)-0(3) 170.3(9)
Ir(1)-C(2)-0(2) 173.2(9)

F(1)-B(1)-F(2) 116.0(14) F(2)-B(1)-F(3) 110.6(14)
F(1)-B(1)-F(3) 110.9(14) F(2)-B(1)-F(4) 103.9(13)
F(1)-B(1)-F(4) 104.2(13) F(3)-B(1)-F(4) 110.8(16)

* Upperlimit value corrected for thermal motion.
™ Values corrected for thermal motion, based on F atoms riding on
B atom.
| 270



Table 4.4 Positional Parameters and Biso's of Non-hydrogen Atoms

for [Cp”Hlr,{CO)3ClIBF 4 (17)

Atom
Ir(1)
Ir(2)
Ci(1)
F(1)
F(2)
F(3)
F(4)
0(1)
0(2)
0(3)
B(1)
C(1)
C(3)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)

xfa

y/b

z/c

0.29920( 4) 0.22293(3) 0.36152 ( 3)

0.07961( 4) 0.30616( 3)

0.2197 ( 3)

0.4145 ( 9)
0.2126 ( 8)
0.3206 (11)
0.3823 (10)
0.2727 ( 8)
0.1236 ( 8)
0.1031 ( 8)
0.3279 (18)
0.2759 (10)
0.1044 (10)
0.3942 (10)
0.4558 (10)
0.5123 (10)
0.4867 (10)
0.4216 (10)
0.3367 (12)
0.4642 (12)

0.35979(18) 0.52534 (16)

0.9392 ( 6)
0.9523 ( 6)
0.8198 ( 6)
0.9436 (11)
0.1032 ( 5)
0.1182 ( 6)
0.4574 ( 6)
0.9103 (12)
0.1480 ( 7)
0.4001 ( 7)
0.3139 ( 7)
0.2221 ( 7)
0.2073 (7)
0.2891 ( 7)
0.3577 ( 7)
0.3602 ( 8)
0.1594 ( 8)

0.41347 ( 3)

0.3544
0.3580

0.2910 (
0.5090 ( 5)
0.2380 (5)
0.2927 (5)
0.3594 (12)
0.4520 (7)
0.3425 (7)
0.2779 (7)
0.2826
0.3602
0.4072

(
0.4198 (5)
(6)
(8)
7)

7)

(
(6)
(6)
0.3539 ( 6)
0.1998 ( 8)
(7

0.2084 (7)

Biso (A2)

4.6 (4)
2.70 (21)
2.28 (20)
2.39 (20)
2.36 (20)
2.08 (19)
2.20 (19)
2.10 (19)
(24)
(
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C(18) 0.5913 (11} 0.1258(8) 0.3912 (7) 275 (22)
C(19) 0.5399 (11) 0.3079 (8) 0.4908 (7) 2.65 (21)
C(20) 0.3972(11) 04577 (8) 0.3748 (7)  2.99 (23)
C(21) -0.0878 (10) 0.3197 (7) 0.4812 (6) 2.19(19)
C(22) -0.1280 (10) 0.3294 (7) 0.4022 (6) 1.94 (18)
C(23) -0.1006(9) 0.2441(7) 0.3598 (6)  1.96 (18)
C(24) -0.0493(9) 0.1768(7) 0.4216 (6) 1.77 (18)
C(25) -0.0368 (10) 0.2248 (7) 0.4952 (6)  1.97 (18)
C(26) -0.1005(11) 0.3867 (8) 0.5495 (7) 2.64 (21)
C(27) -0.1956 (11) 0.4112(8) 0.3620 (7) 2.79 (21)
C(28) -0.1414 (10) 0.2218 (7) 0.2754 (7)  2.46 (20)
C(29) -0.0304 (10) 0.0754 (7) 0.4087 (6) 2.03 (19)
C(30) 0.0085 (10) 0.1854 (7) 0.5764 (6) 2.31(19)

Table 4.5 Uj j (x100) for Anisotropic motion of Atoms of [Cp*,iry(CO)3ClIBF 4 (17)

U1 7 Uss Uz Uia Uz
(1) 1.792(21) 2.066(21) 1.932(20) -0.026(15) 0.298(16) -0.042(16)
in(2) 1.852(21) 1.791(20) 2.129(22) 0.122(16) 0.275(16) 0.127(17)
Cl(1) 2.82 (14) 3.20 (14) 2.88(15) 0.00(11) -0.07 (12) -0.69 (11)
F(1) 95 (7) 88 (7) 55 (6) -40 (5 -07 (5 -1.1(5)
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(continue Table 4.5}

F(2) 58 (6) 60 (6} 139 (9 17 (4 35 (6) 23 (86)
F(3) 136 (9) 4.0 (5} 232 (14) 2.8 (6) -129 (10) -4.7 (7)

F4) 56 (7) 312 (19) 89 (9 30(9 09 (7) 23 (11)
O(1) 43 (5 47 (5 33(5 01(4) 06 (4 1.0 (4)
O(2) 42 (5 53 (5 30 (5 -11(4) -12(4) -14(4)
O(3) 40 (5 44 (5 55(6) 05(4) 14(5 25 (4

Anisotropic Temperature Factors are of the form

Temp=-2 x Pi2(h2 x Uyy x @2 + -— + 2hk x Ujp xa* x b* + -—)

Table 4.6 Positional Parameters and Biso’s of Hydrogen Atoms

for [Cptzlrz(CO)3Cl]BF4 (17)

Atom x/a y/b z/c Biso (A2)
H(111)  0.401 0.395 0.177 3.9
H(113)  0.272 0.403 0.212 3.9
H(121)  0.539 0.171 0.185 4.2
H(122)  0.463 0.094 0.225 4.2
H(123) 0.392 0.169 0.171 4.2
H(131) 0.676 0.134 0.383 3.5
H(132) 0.582 0.115 0.446 35
H(133)  0.560 0.069 0.362 35
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(continue Table 4.6}

Atom
H(141)
H(142)
H(143)
H(151)
H(152)
H(153)
H(211)
H(212)
H(213)
H(221)
H(222)
H(223)
H(231)
H(232)
H(233)
H(241)
H(242)
H(243)
H(251)
H(252)
H(253)

Fy

X/a
0.620
0.483
0.54¢
0.467
0.322
0.386
-0.181
-0.035
-0.094
-0.285
-0.167
-0.180
-0.225
-0.144
-0.085
-0.104
-0.010

0.040
-0.059

0.076

0.039

y/b
0.337
0.349
0.251
0.496
0.480
0.462
0.380
0.377
0.451
0.406
0.469
0.415
0.194
0.277
0.177
0.041
0.063
0.052
0.154
0.141
0.234

zZ/c
0.491
0.516
0.520
0.364
0.345
0.430
0.570
0.593
0.532
0.364
0.387
0.307
0.271
0.243
0.255
0.418
0.356
0.445
0.598
0.572
0.612

Biso (A2)
3.6
3.6
3.6
3.8
3.8
3.8
35
3.5
3.5
35
3.5
3.5
3.3
3.3
3.3
29
2.9
2.9
3.2
3.2
3.2
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Molecular Structure of Complex {20}

The X-ray single crysta! structure of complex (20) was anaiyzed by Dr. R.
J. Batchelor, and found in a monoclinic space group P24/, (8= 11.695(2), b=
19.911(3), c= 12.539(2) A, B= 96.541(8), V=2900.8 A3, and Z=4). The structure
(excluding H-atoms} of the cation of (20) in the crystal is shown in Figure 4.5.
The molecule consists of a dimeric bis(pentamethyl-cyclopentadienyl)(lr-Ir)
structural frame, with two terminal carbonyls bonded to two iridium centres
separately, and a para-methoxyphenyl ( p-CgH4OMe ) as a bridging ligand
between the two iridiums. There are no unusual inter-ionic distances in the
crystal structure. The selected bond distances and bond angles for compound
(19) are listed in Table 4.7.

The iridium-iridium bond distance of 2.7294(5) A is comparable to
2.723(4) A found in the u2-n?2- bridging aryldiazenido analogue, [Cp,(CO)lra(u2-
N2-N,CgHy)]BF 4(11), and 2.7166(2) A found in [Cpa(CO),lro](u2-n2-CgHy).207
The bridging para-methoxyphenyl ligand in (20) coordinates to Ir(2) atom by an
apparent n1-, (or ¢-), linkage from C(1) of the pheny! ring, and to Ir(1) by n2-, (or
n-), binding from C(1) and C(2) of the aromatic ring. The Cg-ring is planar (see
Table 4.8) and the ir(Z) atom is approximately co-planar with the Cg-ring, with
only a slight deviation of 0.050(11) A from the least-squares plane through the
six ring atoms. Further, the bond angle C{2)-C(1)-Ir(2) (122.5(5)°) is very close
to the angle C(6)-C(1)-Ir(2) (123.8(5)°). It is then clear that the ligand
p-CgH4OMe is o-bonded to Ir(2) apparently through a sp? hybridized atom C(1).
The Ir(2)-C(1) distance of 2.054(7) A is similar to the previously reported o bond
lengths between iridium and phenyl carbon. For example, Ir-C{phenyl) is
2.070(15) A in Ir(CoH,)5(PPhg)PPh,CgH,4.208 and Ir-C(phenylene) 2.045(3) A in
[Cpo(CO)LIro](112-n2-CgHy4).297 1t should be also noted that as a result of the ¢ :
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C(140)

C(220)

Figure 4.5 Molecular structure of the cation of (20). (The thermal ellipsoids

represent 50 % probability contours).
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x coordination of the bridging p-CgH;OMe, this n bond is slightly distorted. The
ir(1)-C(2) distance of 2.394(7) A :s siightly longer than Ir(1)-C(1) of 2.324(7) A,
and the internal dihedral angle between plane C(1)-C(2)-ir(1) and the Cg-ring is
not 90° but 116.2(3)°. The bonds of Ir(1)-Ir(2) and C(1)-C(2) are not co-planar
but there is a torsional angle of -62.4(4)° for Ir(1)-Ir(2)-C(1)-C(2). The bond
angle C(2)-C(1)-C(6) (113.7(7)°), compared to C(1)-C(2)-C(3) (123.3(7)°),
presumably reflects a larger stereochemical influence of the sigma-bound iridium
atom at C(1) relative to that of the hydrogen atom at C(2). In the phenyl ring, the
bond lengths of C(3)-C(4) and C(5)-C(6), both 1.35(1) A, are significantly shorter
than the other intra-ring C-C bond distances, 1.40(1)-1.43(1) A. Surprisingly, the
bond lengths of 1.35(1) A are not only much shorter than that of the carbon-
carbon bonds in regular benzene (1.39 A)209 but are even close to the bond
length of an isolated C=C bond in ethene (1.34 A).210 So it is clearly indicated
that, as a consequence of the n-bonding to iridium from C(1) and C(2), the
aromaticity of the phenyl ring is disrupted and a localized, alternating multiple
bond character is produced in the ring. Furthermore, the difference of the bond
orders between C(3)-C(4) and C(4)-C(5) would be expected to have some effect
on the -OMe group at C(4). Notably, the bond angle C(3)-C(4)-O(3) (125.4(7)°)
is unusually much more obtuse than C(5)-C(4)-O(3) (115.2(7)°).

Interestingly, inspection of the molecular structure without considering the
multiply coordinated aryl ligand reveals that the framework of Cp*Ir(CO)-
Cp*Ir(COj possesses approximate C, symmetry. In sther words, the unusual
asymmetric coordination of the ary! ring through simultaneous ¢ and n bondings
to the two different iridium atoms does not cause significant difference in the

configurations of two Cp*Ir(CO)- fragments. Thus, the asymmetric coordination
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of the aryl shows much the same effect as a symmetric bridging ary! (see
structure B in Figure 4.6} on the remaining molecular structure. This indicates
that in solutions flipping of the aryl ligand from structure A, through B, to C (refer
to Figure 4.6} and the reverse could occur without involving a significant change
of the energy of the system.

Thus, althcugh the structure of the molecular cation in the solid state is
undoubtedly in a Cy symmetry, in soiution two possibilities for the molecular
structure still can not be distinguished on the present evidence. One possibility
is structure B being the only isomer present in solution. The other would be a

fast fluxional exchange of the bridging aryl ligand in a process described in

Figure 4.6.
OMe
2\ 3
* O
Cp ~ 1 , - C
Ir—Ir
e
o€ Cp*
B
OMe / \ OMe
3 2
i 1
Cp"\ “ /CO i, > /CO
Ir I—I
c” ~ C
o Cp* s, Cp*
A C

Figure 4.6 Possible fluxional process for the molecule (20; in solution
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Table 4.7. Selected bond distances (A) and angles (°) for

ICp”olrp(COJp{111-1,2-n2-u2-p-CgHyOMe)]BF 4 {20)

(1) - C(1)
Ir(1) - C(2)
Ir(1) - C(8)
Ir(1) - Cp1 &
Ir(1) - C(11)
(1) - C(12)
Ir(1) - C(13)
Ir(1) - C(14)
Ir(1) - C(15)
O(1) - C(8)
O(3) - C(4)
C(1) - C(2)
C(2)- C(3)
C(4) - C(5)

C(1) - Ir(1) - Ir(2)
C(2) - ir(1) - C(1)
C(8) - ir(1) - Ir(2)
Cp1 - Ir{1) - Ir(2)
Cp1 - Ir{1) - C(8)

{a) Bond Lengths

2.324(7)
2.394(7)
1.857{9)
1.902
2.192{7)
2.242(8)
2.331(8)
2.335(8}
2.197(7)
1.13(1)
1.367{9}
1.43(1)
1.40(1}

1.41{1)

Ir(2) - Ir(1)
Ir(2) - C{1)
Ir(2) - C(9)
Ir(2) - Cp2 b
Ir(2) - C{21)
Ir(2) - C{22)
Ir2) - C(23)
1r(2) - C(24)
ir(2) - C(25)
0O(2) - C(9)
O(3) - C(7)
C(1)-C(6)
C(3)- C(4)
C(5) - C(6)

{b} Interbond Angles

47.1(2)
35.2(2)
91.2(3)
130.6
127.2

C(1) - Ir(2) - Ir(1)
C(9) - Ir(2) - C(1)
C(9) - Ir(2) - r(1)
Cp2 - Ir(2) - Ir(1)
Cp2 - Ir(2) - C(9)

2.7294(5)
2.054(7)
1.858(9)
1.898
2.207(7)
2.251(8)
2.293(7)
2.272(8)
2.237(8)
1.127(9)
1.41(1)
1.43(1)
1.35(1)
1.35(1)

56.0(2)
88.8{3)
89.4(3)
134.4
127.5




{continue Table 4.7}

Cpt-Ir(1)-C{2}y 1158 Cp2-1r(2)- C(1)  136.1
C@)-Ir(1)- 12y 732(2)  C@)-C()-I1)  75.1(d)
C(8)-Ir(1)-C{1}  81.9(3) I72) - C(1) - (1)} 76.8(2)
C(8)-ir(1)-C{2}  105.2(3) C(2)-C(1)-Irf2}  122.5(5)
Cp1-Irf{1)-C{1} 1487 C(6)-C(1)-Ir(1)  120.8(5)
C(3)-C(2)-Ir(1}  1209(5) C(6)-C(1)-Ir2)  123.8(5)
C(1)-C@)-Ir(1}  69.7(4)  O(1)-C(8)-Ir{1)  174.2(8)
C(6)-C(1)-C{2)  1137(7) O(2)-C(9)-Ir(2)  174.3(8)
C(3)-C(2)-C(1) 123.3{7) C{(3)-C(4)-0(3) 125.4(7)
C(4)-C(3)-C(2) 1196(7) C(5)-C(4)-0) 115.2(7)
C(5)-C(4)-C(3)  119.4(7) C(7)-O(3)-C(4) 114.6(7)
C(6)-C(5)-C(4) 121.5(8) C(5)-C(6)-C(1) 122.4(7)

a: Centroid of Cp™ 1
b: Centroid of Cp~ 2
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Table 4.8. Least-squares plane for the aryl group of
[Cp~5iry(COjy(1-n1-1,2-n2-p2-p-CgH,OMe))BF 4 (20)

Equation of the plane : 3.80{4)X + 7.45(6)Y + 10.356(23)Z = 6.818(18)
Distances(A) to the plane from the atoms in the plane.
C(1) -0.013(9) C(2) 0.016(9)
C(3) -0.006(9)  C(4) -0.007(10)
C(5)  0.007(10} C(6)  0.004(10)
Chi squared for this plane  6.887
Distances(A) to the plane from the atoms out of the piane.
(1) -2.015(8) Ir(2) -0.050(11)
O(3) 0.015(11) C(7) -0.020(15)

- 4.4 Conclusion

The numerous failures to synthesize [Cp*Ir{CO)(NoAr)]+ most probably
reﬂem an unfavorable electronic arrangement in this system, i.e., the sharing of
one pair of metal dr-electrons between two trans-arranged, different strong n-
acid Egands, In fact, supportively, there has been no documented example of
such a compound in the literature thus far in which a singly bent aryldiazenido
kgand is geometricaily or/and electronically trans to a carbonyl ligand. Instead,
there are many instances in which attempts to synthesize such a compound by
direct reaction of aryldiazonium ions and metal carbony! or carbony! derivatives
have failed. For example, no stable aryldiazenido derivatives were obtained by
reactions of aryioﬁiézunium ions with [Mn(CO)g]",16. 211 [Co(CO)4J-,16. 211

[V(CO)gl.16- 211 Fe(CO)5,2'2 Ni{CO)4,213 Cr(CO)6.2'3 Mo(CO)g.213
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[CpFe(CO),),16. 211, 214 [CpNI(CO)T,18 CpMn(CO)(PPhg),,34
(CeMeg)Cr(CO)o(PPhg),148 or [PPhaSnFe(CO)4).16 However, there are several
examples where the aryldiazenido ligand occurs in metal carbonyl derivatives.

For example, (Eqn. 4.11-4.13)
[CPW(CO)3]- + NoArt — CpW(CO)3(N»Ar) + CO (Egn. 4.11)215
(CGMea)Cl’(CO)s + NZAT"’ —> [(CGMQG)CF(CO)z(N?_AT)]"' + CO (Eqgn. 4.12)148

M{CO)4(PPh3)o + NoAr+ — [M(CO)o(PPhs)a(NoAr)* +CO  (Egn. 4.13)

(M= Fe,16.80 Ry 80 Qs 80),

as well as Fe(CO)(NO)(N-Ar)(PPh3)16 and Co(CO)o(NoAr)(PPh3).16 In all these
stable aryldiazenidio carbonyl compounds, the singly bent aryldiazenido ligand
is exclusively related to the carbonyls in a trigonal manner. Such an
arrangement, unilike the trans one we mentioned above, creates an electronically
favorable interaction between CO and NoAr+, as was discussed in section
1.3.2.2.

Thus, it seems clear at this point that there exists a criterion for securing a

stable NAr* ligand in carbonyl derivatives. This criterion may be stated as

In order to secure a singly bent aryldiazenido ligand in a metal carbonyl!
derivative, the diazenido ligand and a carbonyl should avoid sharing the same

pair of metal dr  electrons in & bonding to the metal.

It should also be mentioned that there are many aryldiazenido (carbonyl)

compounds which, although they do not violate this principle, neverthe!éss have
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not successfuily been prepared from direct reactions of the diazonium iocns with
carbonyl precursors. In this case, the failures could be mainly due to two
synthetic reasons; (1) poor lability of the CO leaving groups in the precursors,
and (2) the oxidative ability of the aryldiazonium ions. To overcome these
problems, it is thus sometimes necessary to carefully choose the leaving groups
on the metal and the substituents on the diazonium salt. For example, a direct
substitution of a carbony! by diazonium ion in Cp*Re(CO)5 was unsuccessful;216
however, by a photolysis of Cp*Re(CO)3 in THF solution, followed immediately
by addition of an aryldiazonium salt, the target diazenido compound was
obtained as a very stable species, largely due to the formation of the more labile

THF complex as an intermediate, (Egn. 4.14)

(Eqgn. 4.14)
hv N2Ar+
Cp*Re(C0O)3 ——— [Cp*Re(CO)5(THF)J*——— [Cp*Re(CO)o(NLAN]*
THF

Finally, despite the failures experienced in the syntheses of
[Cp*Ir(CO)(N2An)}+, the results that have emerged from this study are
nevertheless interesting. Several different products have been isolated from the
same reaction of Cp*Ir(CO), and N>Ar* only by changing the reaction media,
i.e., formation of [Cp*Ir(CO)(An)]* in acetone, [Cp*Ir(CO)>—Ir(CO)(CI)Cp*}* in
CHxClI, and [Cp*Ir(CO)(OEt)(NHNATr)]*+ in EtOH. Also the compound
[Cp~»irp(CO)o(1-n1-1,2-12-u2-p-C5H,4OMe)]BF 4 (20) with a novel bridging aryl
ligand has been isolated from the reaction of [Cp*Ir(CO)], and NoAr+, and
provides the first examplé of a bridging aryl group generated from a diazonium

ion. More importantly, the results obtained have actually broadened our
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understanding of the chemistry involved in the reactions of aryldiazonium ions
and metal carbonyls and carbony! derivatives, and are in accord with the
theoretical arguments that have formed the background for the experimental

work that is presented in this Thesis.



Appendix |
Extended Hickel Molecular Orbital Theory (EHMO)

Extended Hiickel Theory was developed by R. Hoffmann.23. 217 In order

to determine the MO coefficients in the matrix eigenvalue problem
H Cg =§ S Ci

where C; denotes the vector of LCAO coefficients for the /th MO of energy €;

and S is the overlap matrix, following approximations were introduced

(1). The AO basis consists of only valerice-shell atomic orbitals, frequently

Slater-type orbitals with orbital exponents determined by Slater's

(2). The diagonal Hamiltonian H;; is approximated by empirical valence shell

orbital ionization potentials (VOIP or VSIP), i.e.
H;i=-VOIP

(3) The off-diagonal Hamiltonian H;J- is obtained from the Wolfsberg-

Helmholtz arithmetic formula
HU = 0,5 K S‘J (Hﬁ + Hu)

where S;; is the corresponding overlap integral, and is defined as

Sij = (i| ) and K is usually assigned a value of 1.7 to 2.0
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The exponents of Slater's orbital used in this Thesis were already
installed in the EHMO calculation program,220 and they are also available from
standard sources.221 - 224 The H;; used for transition metals were obtained from
the literature where Self-Consistent Charge Calcuiations have alway been used
for metal Carbonyls or typical organometallic molecules with ligands like Cp, R,
CO, etc, and they are listed in the Appendix Ii. The K value of 1.75 has been

used for the calculation of H;;.
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Appendix l

Table of standard H;;'s

Atom

Br

Ci

Co

Cr

Cu

Fe

Ir

Orbital

4s
4p
2s
2p
3s
3p
4s
4p
3d
4s
4p
3d
4s
4p
3d
4s
4p
3d
1s

5s
Sp
6s

6p
5d

H;i (eV)

-22.07
-13.10

-21.4
-11.4

-26.3
-14.2

-9.21
-5.26
-13.18

-8.66
-5.24
-11.22

-11.4
-6.06
-14.0

-9.10
-5.32
-12.6

-13.6

-18.0
-12.7

-11.36
-4.50
-12.17
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225

23

226

226

226

227

226

23
228

24




(-—-continued )

Mn

Mo

Ni

Re

Rh

4s
4p
3d
5s
Sp
4d
2s
2p
4s
4p
3d
2s
2p
3s
3p
6s
6p
5d
5s
oSp
4d
3s
3p
6s
6p

-9.75
-5.89
-11.6

-8.34
-5.24
-10.5

-26.0

-13.4

-9.17
-5.15
-13.4

-32.3
-14.8

-18.6
-14.0

-9.36
-5.96
-12.6

-8.09
-4.57
-12.5

-20.0
-11.0

-8.26
-5.17
-10.3

7

0

9

6

0

7

229

226

23

230

23

226

231

226

232

231
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