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Abstract 
t 

Electronic siructtres for various geometries of coordinated aryldiazenim' 

ligand in complexes are developed by using Fragment Molecular Orbr,"al 

Inferadon analysis. 

E-acid strengths of the singly bent aryidiazenido and nitrosyl ligands in the 

identical chemical environment of the compounds [Cp'lr(C2H,)L]BF4 (L= NO and 

pN2C6H40Me) have been compared. It is concluded that the singly bent 

diazenido ligand is a stronger 3.;-acid than the linear nitrosyl in a low symmetric 

environment. Further, the singly bent aryldiazenido ligand is shown to undergo 

re-orientation of the atyi substituent, leading to two observable isomers at low 

temperature. 

The n: effect of the ancillary ligands on the geometric preference of the 

aryldiazenido ligand in the complexes [Cp' l r (L)(p~~C~H~0Me)]o Or + is 

demonstrated. This is characterized by following results: 

I .  When L= CO, a strong x-acid, no stable complex [Cp*lr(CO)(p- 

N2C6H40Me)]BF4 E n  be isolated. But in EtOH solvent, a diazene complex, 

[Cp*Ir(CO)(OEt) (pNHNC6X40Me)]BF4, is formed. F~rther deprotonation of 

this complex affords a doubly bent aryldiazenido complex, Cp*lr(CO)(OEt)(p- 

N2C6H40Me)- 

2- When L is a weak nr-acid, the singly bent aryidiazenido complexes 

N2CGH40Me), with a doubly bent diazenido ligand. The chtoro analogue, 

Cp'tr(PPh3)(Cl)(pN2C6H40Me), is unstable; but protonation of it at N a ,  
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forming jCp*fr(PPh3j(Cli){pNHN-C6Y40Wle)]BF4, can stabilize the ch!oro 

Iigand in the coordinatic.: sphere. 

3. When L=X, ( I  or Brj, [Cp'!r(X)]2(p~qZp~2C6~4~l\fle)(p~q1-p~2C6~4- 

OMe) are produced, and when L= Cp*IrfC0)2, {[Cp*lr(C0)~~fp2-$-p- 

N2C6H40Me)j BF4 is produced. 

Cornpiexes produced in tire nitrogen extrusion reactions of arykjiazonium 

ion with cenain iridium carbonyls include [Cp*lr(C0)2(Ar)JSF4 and [Cp*lr(CU)2-+ 

IrCp'(CO)(CI)]BF4, formed by reactions of the aryldiazoniurn salt with Cp'lr(CO)2 

in acetone and CHfli2, respectively, and ([~p"lr(C0)]~(1 -qj-1. 2-q2-C1?P 

CGH40Me)]BF4, formed by a reaction of the aryldiazoniurn salt with [Cp*lr(CO)J2. 
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CHAPTER I. 

Electronic Structures, Properties and Structural Characterization of 

Aryldiazenido Complexes 

1 .I Introduction 

Transition metaf aryldiazenido complexes (MN2Ar) 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 complexes. 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,' d i a ~ e n e , ~  hydrazido(1 - f  ,3 

and hydrazido(2-)4 ligands. It is noteworthy that the hydrogenated forms of 

these organodinitrogen iigands, including diazenide itself, could be intermediates 

involved in the nitmgenase mediated reduction of molecular nitrogen.5-10 

Structural studies of aryldiazenido complexes yield valuable insights into 

the electronic structure of the ligands and perhaps 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. 

Urtdtrrbtebiy, detaiied structural and chemical information regarding these 

figands In transitioi; met& coinpiexes will not oniy enrich today's organorneiaiiic 

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 

1 



efficient catalysts far Phe anversion af molecular nitrogen into ammonia, or other 

useful organodinit~wen compounds, under mild 

Historically, this study has been closely related to nitrosyf chemistry, 

Siwe N2Ar+ and NO+ are isoefectronic, very often the made of coordination of 

aryidiazenido ligands to transitbn metais was considered to be similar to that of 

the NO 1igand.~3 The convenient valence bond (VB) description for the 

electronic structure of the nitrosyi iigand has been used also equivailently for 

diazenido ligands, Irn fact, the analogy between NO+ and N+fC has been found 

frequently in syntheses and discussions of molecular structure, and it certainty 

faci!itat& the development of olrganodiazenido and nitmsyl chemistry during the 

earfy stages of research in this area. 

The work presented in this thesis focuses mainly on aryldiazenido iridium 

complexes with pentamethyicyclopentadienyt (Cp*) zs the main co-ligand. The 

syntheses, structural cha~cterirations and some typical chemical reactions of 

these compounds have been investigated. The chemical and structural 

sjgnifrcance of these pentametfrylcyclopentadienyl iridium diazenido compounds 

is highlighted by observed changes in the coordination mude of the dizenido 

@and at the iridium centre, giving rise to various geometries as depicted in 

Scheme 1-1 - The conversions between these modes are dependent upon the 

'Kfentnt:rt)r of the co-ligands in some cases For comparison with the singly bent 

diamnido crrmp~uncbs, some nitmsyl cxtmpounds have atso been synthesized 

and studied. 

reiSb~rship between them can je interpreted in terms of the etectron 

eonfguration of the diazenide ligand and the nature of the bonding between it 

and the transition metal. During the course of this work, a number of unique 

2 



chemical and stntdurai features of the argridiazenido fig and and other related 

organorfinitrogen iigands have been noticed, and interestingly, some of these 

Doubly Bent 

Scheme 1-1 

were not satisfactorily explained by the classical picture of the electronic 

structure of the aryldiazenido ligand that, fur example, treats the nitrogen lone 

pair eiec?rons as non-banding and does not take into account conjugation of the 

M=N double bond with transition metals and the aromatic ring. Similarly, in the 

literature of diazenidr, mmgounds, a number of anomalies and uncertainties 

about the structure and chemical properties are rooted in the classical valence 

ban$ framewark, and r e f k t  the inadequacy of it in the description sf the 

faanding and electron canfiguration of the aryldiazenido ligand. Some of these 

discrepancies are discussed k f o w  as examples: 



(I), The NO tigand is considered to be a better x acceptor than the N2Ar 

Iigand due to the greater efectrsnegativity of the O atom in the NO ligand and 

Zhe greater Lewis acidity of NO* over N2AP. This apparently simple fact has 

been confirmed many t~ rnes '~ - '~  However, we found that, at least for 

suggests that elecltron transfer from the iridium centre to the aryldiazenido 

ligand is more extensive than to the NO iigand. This suggests that N2AP is a 

wnei K acid than the NO* fiiand in this case. 

52)- In aryldiazenicto mmpfexes, the singly bent N p W  iigand has a small or 

negligible stmctrxra! influence on the figand trans to it, such as halide, 

whereas, there is a significant trans lengthening (- 0.1 0 i\) of the metal- 

the haiide bonds are trans to a doubly-bent M2Ar tigand. Haw can this be 

explained? 

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

reactivities of the ligand in the foliowing reactions (Eqn. 1 . I  a and 1 .l b) 



Nucleophilic attack of the diazenido ligand by H- apparently occurs at the N, 

atom forming the expected diazene ~ o m p l e x , ~  20 whereas attack by the 

carbanion Me- seems occurred at the b$ position forming the unusual doubly 

bent NNR2 hydrazido(2-) complex.4 

Clearly, a full explanation of these observations requires a detailed 

description of the electronic structure and bonding in aryldiazenido transition 

me?rai complexes. Previousiy, the problems of structure and reactivity for 

aryMiazenido 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 iigand may be required. This 

might be achieved through the use of the Fragment Molecular Orbitals (FMO) 

approach due to Woffe, et.al,21J * based on the Extended Huckel Molecular 

Orbital (EHMO) cafculations by ~offmann.23 In fact, Hoffmann, in 1 977, has 

described qualitative molecular orbitals for the structures of a series of 

isoelectronic species, such as N2, NO+ and N2H+ , as well as some complexes 

of these species by using EHMO.~~  Many important conclusions have been 

drawn from these calculations and they are still valuable in dealing with the 

rnoiewfar strudure of the diazenido complexes. In particular, the ideas behind 

these calculations are very instructive and useful. On the other hand, since an 

oveisimpfified N2H+ system was used as a model in the calculations, some 

mnclusbns suitabte %or N# mzy not be directly transfer&&? to the aryidiazenido 

case because it ignores the conjugation of N=N with the aromatic ring . For 

example, a cis-mnfomaiion for a doubly bent diazenido ligand was found to be 

energeficaliy preferred based on fhe calculation. in fact, no single example of 



this conformation has been found in known aryldiazenido complexes, except in 

the case of a metallacyclic Clearly, the steric effect of the rather bulky 

aryl ring must be taken into consideration along with electronic effects when 

considering arykJiazenido complexes. 

While this Thesis was in preparation, a recent paper appeared that also 

deals with EHMO calculations on methykfiazenido complexes.26 

in this chapter, an attempt will be made to build up a qualitative molecular 

orbital picture to describe the aryldiazenido ligand. In order to do this, first, a 

phenyldiazonium ion, N2Ph+, 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 

qualitative FMO analysis approach will be used to combine these orbitals with 

the well-developed fragment orbitals of transition metal species (MLn).27-29 The 

relative energy of the fatter is approximated by the valence shell, or valence 

orbital, ionization potential energy (VSIP or VOIP); values are listed in Appendix 

If with the literature references. This will allow the electronic structure and 

banding between the diazenido ligand and transition metal centres to be 

qualitatively modelled. A particular emphasis will be placed on applying this 

approach to structure and reactivity problems in aryldiazenido complexes. Many 

important areas reiated to diazenido chemistry are only briefly dealt with. For 

example, a detailed discussion of the structures for hydrazido and diazene type 

iigands, areas impoflani enough to be discussed in their own right, are oniy 

tc3uckd on supeficialfy here. No attempt will be made fo deai with the 

theoretical basis of this work here. This has been reported at considerable length 

e l s e ~ h e r e . ~ ~ - 3 ~  Only the results, data and methodology will be discussed here. 



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 reevaluated in the framework of the FMO 

analysis. 

The later part of Phis chapter includes a diccussion of some structural 

characterization methods commonly used in diazenido chemistry. The potential 

application of 1sN NMR spectroscopy is emphasized, simply because this 

technique is still not often exploited. 

I. 2. Electronic Structure of Aryidiarenido bigands 

1.2. I .  Introduction 

The EHMO method normally does not consider electron-electron 

interactions in the valence orbitals and does not energetically 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 ligarrd 

be chosen carefully; it must be sure to have appropriate geometry and a suitable 

electron count. The convention used to assign the electron count for the 

fragment is certainty not unique; however, the total electron count for a complex 

must stay the same no matter what conventions are used, and the choice will be 

reflected in the resuiting formal oxidation state at the metal. For example, alkyl 

groups and halogens can be counted as neutral 1 e--donors or, anionic 2e-- 

donors, provided a formal positive charge is included on the metal centre in the 

latter case. Treatment of ail iigands as Lewis bases, namely, as two electron- 

donors, Is used here whether these iigands are oteutrai 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 &electrons on the metal 

centre is also straightforwardly obtained. 

For aryldiazenido complexes, a suitable fragment assignment far the 

singly or doubly bent aryldiazenido ligand is rather difficult. The N2Ar ligand can 

be formaily viewed as N2Ar+, N2Ar or N2Ar-. 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 N2Ar formalism is a closed shell 

configuration, generates a formal count of I + toward the oxidation state of metal, 

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

trans conformation wilt be presumed, as shown below in (A) 

The closed shell configuration for the N2AF ligand shown in (B) corresponds to 

a linear geometry for this ligand, 

and requires a formal charge of 1 + on the Np position. Hornever, there are no 

known cornpfexes in which the N2AP ligand actually adopts the "linear" 

geometry. The prevailing geometry is "singly-bent" with an angle near 120•‹ at Np 

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 ligand 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 

arganometallic compounds, which avoids the notion of a formal oxidation state of 

the metal centre anti simpfy treats the ligands as 1 e-, 2e-, 3e- efc. donors 

depending on their electron configuration. For example, NO and N2Ar are 1 e-- 

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



(E) l e--donor (F) 3e--donor 

The two conventions are clearly related to each other and their relationship for 

the aryidiazenido ligand is diagrammed in Scheme 1.2. It is obvious that 

Convention I, the common convention in organometaliic chemistry, emphasizes 

the electric charge neutrality of the NzAr ligand, whereas the Convention II 

emphasizes the Lewis base nature of the ligand, as well as the true charge 

distribution on it. In fact, conversion between Convention I and Convention I1 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, 

'N-A~ (Convention I )  

1 b. (1 e') 

' t 4 - h  (Convention 11) 

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

complexes 



exchanging the dative bond arrow with the normal covalent bond bar. However, 

in Convention I, 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 I, the formal oxidation state of Fe in 

[Fe(C0),(N2Ph)(PPh3)d+ will be Fe(l), and in [Fe(CO)(NO)(N2Ph) (PPh3)] will 

be Fe(O), which is clearly confusing. Judicious use of this convention is 

necessary when ligands like N2Ar, NO and ally1 are present. Unfortunately, 

indiscriminate use of Convention I has caused confusion in this area. For 

example, N2R+ (R= alkyl or aryl) is frequently incorrectly described as a three 

electron donor ligand and N2R- as a one electron donor ligand in the literature. 

in this Thesis, Convention I1 will be used throughout, simply because it is 

convenient and unambiguous in representing the bonding between the metal 

and the ligand. Therefore, in Convention 11, the singly bent aryldiazenido ligand 

(2a in Scheme 1.2) will be considered formally as a type of two-electron 

"cationic carbenew ligand and expressed as N2R+, or aryldiazenido(+l ). 

Correspondingly, the doubly bent diazenido will be assigned as a two-electron 

anionic ligand of form N2R-, or aryldiazenido(-1 ). 

1. 2.2. Fragment Orbitals sf N2Ar Ligand 

1.2.2.1. Fragment Orbitals of Aryldiazoniom Ion N2Ar+ 

~offmann24 previously used the EHMO method for calculating fragment 

orbitals for N2, NO+ and N2H+, but not N2Ar+. Here we apply the €HMO method 

to N2Ar+, but first in order to test the consistency of the EHMO program used 

here the calculations for the other three species were also computed, and gave 

results identical to those of Hoffmann. The calculated relative energies of the 

valence orbitals of N2, NO+. N2H+ and N2Ph+ are shown in Figure 1.1 The bond 



Figure 1 .I ff-re frontier orbitals of NN, NO': NNH'and NNPh7 



distai-ices and angles used in the calculatiorl for the free phenyldiazonium ion 

were taken from the X-ray structural data.33 

The molecular orbitals for N2, NOi and N2H+ are filled through the cs 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 o bond. 

However, for the N2Ph+ ion, the highest occupied molecular orbital is a non- 

bonding orbital of x character. in fact, the filled o orbital of N2Ph+ is buried 

beneath three filled a-type orbitals, olie with bl symmetry and other two with b2 

symmetry in this Casystem. Interestingly, all these three x: orbitats have non- 

bonding character with respect to the NNC linkage and they are located rather 

higher than the corresponding n orbitals in N2, NO* and N2H+ (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 non-bonding character of these 

orbitals. Another distinguishing feature is that for N2, NO* and N2H+, the lowest 

unoccupied molecular orbitals (LUM08s) are two degenerate a antibonding 

orbitals, but for N2Ph+ the corresponding a type orbitals are nun-degenerate, 

(xx* and a;); the xy* orbital, which is conjugated with the n system of the phenyl 

ring lies low, and n,*, which is perpendicular to it lies high. Clearly, the 

underlying cause of the differences of the frontier orbitals for N2, NO+ and N2Hc 

from N2Ph+ is the conjugation of the .n system of the aryl ring with one set of n; 

type of orbitals of the N2 group (xy and x> in Figure 1.1) in N2Ph+. It is this 

debmilzstion i~terzctior! that makes the traditional VE model ~lnsoitabfe for 

describing N2Ph+, since it is buiLt upon strictly localizing a pair of bonding 

etectrons between two atoms which are bonded together. 



In summary, energetically, the linear phenyldiazonium ion N2Ph+ seems 

to be neither a good cr donor nor a good n acceptor ligand. 

1.2.2-2. Fragment Orbitals of the Singly Bent N2Ar Ligand 

Once the MOs for phenyldiazonium ion have been calculated, it is 

possibfe to use them, together with the known metal fragment orbitals, to model 

the moiecular orbital interaction in a linear aryldiazenido complex. However, this 

is not what we are interested in at this stage, because, experimentally, in 

transition metal complexes, the aryldiazenido ligand has always been observed 

to bend at Np in a direction coplanar with N,, Ng and the aryl ring plane.13 34 

This experimental 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 that in its free state, i-e., 

the diazonium ion. This can be fairly easily understood, in principle, in the 

framework of the perturbation theory. 

During coordination of the aryldiazonium ion to a transition metal centre, 

the electronic configuration on the metal centre will perturb the ligand 

approaching along the reaction coordinate. Under this perturbation, which 

includes the symmetry properties of the metal centre, the previous orthogonal 

condition applied to the basis set of the linear N2Ar+ now becomes unnecessary, 

and hence a reorganization of it into a new set of orbitals could occur, of which 

the splitting pattern and symmetry properties should be strongly dependent on 

$he nature of the pel'tul'5ation. further, a change in the electronic configuration is 

always accompanied, and reflected by a geometric change in bond lengths 
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and/or bond angles. For the diazenido ligand this change is indicated by a 

significant bending of LN,-Np-Ar from 1 800 to -1 200. 

Clearly, in order to use the FMO method for aryldiazenido complexes, the 

fragment MOs of a bent aryldiazenido ligand, rather than the linear one, are 

needed. Calculations on the bent phenyldiazonium were, therefore, carried out 

by the EHMO method. 

The effect of this bending on the a, <, and cs orbitals are shown in Figure 

1.2 (assuming the bending occurs in the xz plane). Upon bending at the Np 

position, the local molecular symmetry drops from Cato C, Consequently, the 

o type of orbitals and n, type of orbitals (ax and n;), which were orthogonal in 

Ca, will now interact with each other in the C, system. Energetically, the filled o 

and z orbitals are very close to one another in the free diazonium ion, so a 

strong mixing of the o orbital and xx orbital would be expected. The higher orbital 

Za', actually the HOMO, produced by this mixing is an orbitai of o character, 

which directly contrasts with the n: type of HOMO in the linear aryldiazonium ion. 

Interestingly, this a orbital is located in the bending plane and is pointing in the 

direction slightly trans to the phenyl group. The mixing also produces a 

counterpart orbital of the HOMO, which is a cr orbital la', primari!y bonding 

between the Np 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 6, orbital mainly come from: ( I )  the mixing-in of 

a higher o orbital which is primarily antibonding between Np and C atoms, as 

shown in Scheme 1.3; (2) a weakening of the aFuE.ibonding a interaction between 

the Np and C atoms; and (3) a weakening of the antibonding n interaction 



Figure 1 2  Sin& bending effect on the frontier ohitats of NNPh" 



Scheme 1.3 

The spfitting patterns of the frontier orbitals, shown on the left and middle 

in Figure 1 2 ,  were calculated by using the dimensions of the free N2Ph+ 

(N-N = 1 .OW A; N-C = 1-41 2 A), but LNNC = ? 800 and 1200separately. In order 

to mnstntd the frsgrnent mofeeular orbitals for the singly bent aryfdiazenido 

tigand, which has different NN and NC bond lengths from the free N2Pht, the 

values of N-N = 1.232 A; N-C = 1 -427 A (averaged from the experimental data 

for -40 X-ray stntdurally determined compounds with singly bent 

arytdiazenido(tf) ligands,35 were used in the EHMO calculation. The results are 

shown on the right-hand side ot Figure 1.2. Lengthening the NN bond distance 

will certainly decrease the a antibonding interaction between N, and Np and , 

therefore, again will lead to a further decrease in the n*, orbital energy. It is 

worth mentioning that the ir*, orbital will be expected to play an imporlant role in 

the formation of aryldiazenido complexes, since it is much closer in energy to the 

metal d orbitals than is the fY orbital. It is this large energy difference between 

=>and gythat distinguishes the bonding to transition metals in the case of the 

azenido figand from other small isoelectronic spedes NO+, Np, CO. for 



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 

sham in Scheme f -4. 

Singiy Bent fi2Fh+ Singlet Carbene 

Scheme 1.4 

The LUMO. 3a1. of the arykiiazenido ligand mainly consist of the empty x, orbital 

on the N, atom lying in-plane with the phenyi ring and it could be considered 

analogous to the empty p orbaal of the carbon atom in the singlet carbene 

ligand. The HOMO. 2ae, of the N2Ph+ ligand can also be considered analogous 

to the carbcn o&ital containing the tr type lone pair of electrons in the singlet 

carbent?. In fact, the electron configuation analysis for the singly bent 

aryldiazenido ligand leads us to the conclusion that arykliazenido(l+) is a 

e m  type of cationic tigand. 

The energy of the frontier orbitals, 3a'(zs, ) end 2a1, the LUMO and the 

1.3. The greatest change in energy occurs for the LUMO 321'. When the bending 

angle is close to 12P, the energy of this orbital is minimized. When an 

aryMazenido Fgand mrdinates to a transition metal centre in a sin& bent 

18 



Figure 1 3  Frontier orbitals of NNP h+ 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 ruleP6 therefore, the singly bent 

phenyldiazenido ligand will be expected to prefer a 120•‹ bending angle at Np. 

In fact, the orbital 3au1 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 

ligand that gives us a chance to use the bending direction of the aryl ring to 

probe which orbitals 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 

figands. Consequently, based on the same reasoning, any obvious perturbation 

of the geometry and orientation of the diazenido ligand, e.g- by protonation, 

nucfeophilic attack or other reactions at the N atoms, should have predictable 

effects on the other ligands, especially, on the one trans to the aryldiazenido 

ligand, and vice versa. About this latter point, we will give more detailed 

discussion in section I%?, when dealing with the aryldiazenido complexes. 

Since a bending the phenyldiazenido ligand at Np will raise its HOMO and 

bwer its LUMO in energy, by considering the relative energies of the transition 

energy about -1 1 - -1 4 eV, obviously, this bending of the 



phenyldiazenido iigand at Np will change the ligand to a stronger n-acceptor and 

better 0-donor than the linear N2Ph+, and even than NO+ and N2 ligands, by 

reference to Figure I .  1. 

Furthermore, the comparison between the linear and singly bent 

phenyldiazenido ligands indicates another important conclusion, which is that the 

existence of complexes possessing a linear aryldiazenido ligand is highly 

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

Linear N2Ph+ Metal Singly Bent N2Ph+ 

Scheme 1.5 

interaction ( I )  between metal x-type orbitals and empty x* orbitals on the linear 

N2Ph+ ligand is much less favorable than the interaction (11) between the metal 

and the singly bent N2Ph+ ligand, since the energies of s ~ ~ c h  x-type orbitals for 

the most of transition metals are lower than that of the LUMO of singly bent 

aryldiazenido ligand. Although the hea r  structure would have a smaller steric 



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 N2Ph+ 

ligand, a carefully designed metal centre with a steric "trap" formed by the other 

ligands would be needed to prevent the favorable energy resulting from the 

geometric change. There is presently, among more than 40 structurally 

determined examples, not one aryldiazenido complex in which the MNN system 

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 iigand, N2R, as long as the substituent R is 

such a group that its symmetry is not higher than 2-fold, such as -CH2R1 and - 

COR' groups, along the NB-R bonding axis, a similar bending feature as in the 

arytdiazenido ligand would be expected. So although afliazenido chemistry is 

the subject of this Thesis, many conclusions derived from our discussion of the 

aryldiazenido ligand are also equally applicable to these kinds of alkyMiazenido 

ligands. Therefore, in the discussion which follows, unless particularly specified, 

"diazenido" iigand will often be used to refer to either aryldiazenido or such kinds 

of alkyldiazenido ligands. However, for a methyldiazenido ligand where the 

methyl group contains a C3 symmetry element, or a ligand having an R group of 

even higher symmetry, such as N2B10H8S(CH3)2 (which has a C4 rotation axis in 

the direction concerneo,~ bending at Ng may not be necessarily occur in the 

coordinated farm- In other words, this kind of diazenido tigand could potentially 

adup1 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 pn'nciple, a bent diazenido ligand would be the most 

favoured. This case can be exemplified by the methyldiazenid? compnund, 

CPW(CO)~(N~CH~)?~  for which the molecular structure is shown as (a) in 

Figure 1.4. However, for a metal centre with a symmetric, or isotropic, a system 

perpendicular to the coordination d~rection, a linear diazenide would be possible. 

No example of this case has been observed, possibly due to the critical 

requirement for an isotropic n; elsctronic 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 

stabilization energy to compensate the energy loss from removing the 

degeneracy of the n system as a result of the bending at Ng, so a linear 

geometry of the ligand also could be possible. For this, rather weak n; bonding 

beween the metal and the iigand, and an only slightly anisotropic n; electron 

distribution of the metal centre are necessary. This situation has been observed 

in R u H ~ ( N ~ B ~ ~ H ~ S ( C H ~ ) ~ ) ( P P ~ ~ } ~ , ~ ~  for which the molecular structure has 

been characterized by X-ray crystallography, and is shown as (b) in Figure 1.4. 

By comparing with ruthenium-nitrogen bond lengths for six-coordinated singly 

bent diazenido camplexes,~ a significant lengthening, -0.1 1 A, of the Ru-N, 

bond has been observed in this linear diazenido compound, which suggests 

rather weak a bonding between the ruthenium and the diazenido ligand. 



Figure 1.4 Perspective views of the molecular structures for (a) 



1.2.2.3. Fragment Orbitals of the Doubly Bent N2At Ligand 

Another interesting structural feature of the aryldiazenido ligand in 

mononuclear complexes is the ability also to bend at the nitrogen atom NCX, 

bound to the metal. Once again, the bending occurs in the plane defined by N,, 

Np and the aryl ring. The doubly bent aryldiazenido ligand can be conveniently 

assigned as N2Ar based upon the Convention I 1  established earlier. 

Experimentally, almost all neutral doubly bent aryldiazenido complexes can 

undergo facile protonation on the N, at0m,l3>3~ which indicates that it is 

reasonable to assigri a lone pair of electrons on this atom. Atthough, as yet, the 

free anion N2Ar has not been achieved by either direct or indirect synthesis, use 

of this anion, N2Ar, as a conceptual approach to build up the fragment 

molecular orbitals for a doubly bent arydiazenido ligand is truly instructive. 

Figure 1.5 shows the effects of the in-plane bending of the aryldiazenido ligand 

at N,. A hydrogen atom was used as a "metal centre" atom in the calculation 

simply to define the geometry of this diazene type of molecule as either the cis- 

or transconformation. 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 HOMO, in either case, is bent away from the "metal 

centren, 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 

phenyi ring bends toward the metal centre in the cis conformation, and this may 



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 doubly bent aryldiazenido c0mplexes.~3~ s4 

Note that the LUMO, 3a'(n;) of the singly bent N2Ph ligand becomes the 

HOMO in the double bending transformation, and the "superjacent "* antibonding 

orbital 3a"(n>) of the singly bent N2Ph now becomes the LUMO in the doubly 

bent N2Ph ligand. Since the geometry change occurs in the nodal plane of 3a" 

) the energy and symmetry of this orbital essentially remain the same during 

this change. On the other hand, the 3a" orbital (potentially involved in an 

unfavorable n back-bonding interaction in the singly bent N2Ph complex) now 

becomes the only possible empty orbital in the doubly bent ligand able to accept 

n back-donation from the metal centre. Keep in mind that the 3a' (predominately 

involved in the bhck-bonding interaction with metal in the singly bent ligand) and 

3a"orbitals are perpendicular to each other. Therefore, for an aryldiazenido 

iigand coordinated to a metal centre in a low symmetric environment, it is 

predicted that the transformation of a singly bent to a doubly bent N2Ph ligand 

would be accompanied by a 9U0 ligand rotation about ;he of M-NU bond axis in 

-----------_---------------------------------------------------------------------------------------------------------- 

": Subjacient was first used by L. Salem in J. Am. Chem. Soc., (I 972), 94, 891 7, and 
Superjacent by L. Salem and R. Hoffmann in J. Am. Chem. Soc., (1973), 95,3806. 

They have following definitions 

S~ipwjaeni Uficrccirpied Moiecuiar Ortiial (SUMO) is the unoccupied MO which is 

energetically superior and adjacent to the LUMO. 

Sifbjaceni Occupied Molecular Orbital (SOMO) is the occupied MO which is 
energetically subordinate (or inferior) and adjacent to the HOMO. 



Figure 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 n* 

orbital of the ligand. This will also avoid an unfavourable antibonding interaction 

between the filled metal dorbital and the 3a' (the filled orbital now in doubly bent 

N2Ph ligand). An exception might be when there is a crowded coordination 

environment around the metal centre which could sterically block such a rotation. 

Direct experimental evidence for this prediction is 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 

mmplexes related in ihis fashion. However, indirectly, it is supported by the 

examples shown in Figure 1.6. in the singly bent aryldiazenido compound 

[CP 'M~(CO)~(N~C~H~CF~) ]BF~ ,  (Cp' = C5H4CH3),1 39 the planar aryldiazenido 

ligand is located in the position which is pseudo-parallel to the Cp' plane, but in 

the hydrazido(2-) compound CpRe(CO)p(NN(Me)C6~40Me),4 the hydrazido (24 

ligand, which can be considered structurally 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 

@and results in a single, weak n-acceptor orbital perpendicular to the bending 

plane and an n orbital pointed away from the metal centre that the diazenido 

tigand 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 tigand. 



figure 1.6 Comparison of the bending direcfions of the singly bent diatenido 

and the doubly bent hydrazido (2-) ligands on the metal fragment 

CpM(C0)2 , (M = Re and Mn, Cp = Cp or Cp') 



f -3, Mononuclear Aryidiazenido Cumpiexes 

As pointed out already, structural studies for terminal aryldiazenido 

complexes have demonstrated that the aryidiazenido ligand in mononuclear 

complexes can adopt the two different coordination geometries, singly bent and 

daub& bent, as shown in Figure 1.7 

Figure 1.7 Coordination modes of the terminal aryldiazenido ligand 

By far the most prevalent bonding mode found is the singly bent geometry (I), 

with typical parameters: LM-N-N- 1 Iflo; LN-N-C= 1200 ; N-N= 1 -2 A. There are 

on@ three crystaltographically characterized examples of the doubJy bent 

geometry (If),'- although more examples have been reported to be observed 

in sorution by spectroscopic rnethods.s.4 Of these two coordination modes, the 

paFticufar czne observed In a given complex presumbly depends on the electronic 

requirement of the metal centre. These two different geometries of terminal N2Ar 

bands in most of the mrnpfexes, especially in those of later transition metals, 

can be easify rationalized by considering only the generat requirements of the 

msrximum w~dination number and the 18 electron counting rule of the metal 



centres. However, when we are dealing with some of the detailed structural and 

reactivity features of diazenido ligands in the compiexes, these general criteria 

seem tess helpful. For example, problems Eke which nitrogen atom is 

preferentially attacked by an electrophilic reagent in 3. doubly bent aryldiazenido 

iigand, and why no Sable mmpound has been kund so far in which a carbonyl 

iigand is trans to a singly bent aryldiazenido ligand, (except for the complexes of 

Group VI; transifion metal elernenis, which will be discussed later as a special 

case), whereas car$onyl is a common trans iigand in many doubly bent 

atykiiazenido complexes. In order to answer these sorts of questions, fine details 

of the electronic structure of the molecufe concerned must be considered. This 

consideration should nal only include the electronic configuration of the metal 

antre, but shooid also inlude the electronic contributions of various co-ligands 

around the metal centre. In fact, we beiieve it is this latter contribution from the 

a-figands that pfays the key rare in stabilizing or de-stabilizing the bonding 

between the metal and the aiykfiazenido iigand. 

fn the following section, a qualitative fragment moiecutar orbitat 

description of the nature of the MNNAr linkage will be presented, by means of 

which the electronic requirement of the aryMiazenido ligand in regard to both the 

metal and some key mligznnds located in different positions in the molecule will 

be investigated. 

diazenido cornpiex, The molecular orbital interactions between the singly bent 

&Ph+ fragment and a square pyramidal metal fragment M k  are illustrated in 



Figure 1-8. On the Iett of Figure 1.8 are !ited the metal-centred d orbitals for a 

square pyramtd ML5, and on the right side are the frontier orbitals of a sin@ 

bent N2Ph+ which we have established in Section 1.2.2.2. The e and b2 sets are 

non-bonding dorbitals of the metal and, therefore, to a first approximation with 

no consideration of IE &eraction, they should have the same energy as in the 

free metal ion (which, generaiiy, is around -1 2 - -1 3 eV for the most transition 

metals)*. Note, however, that Group Vi transition metals have higher energy d 

orbitals, at around -1 O - -3 lev*. When an aryidiazenido ligand approaches the 

apieaf position of the ML5 fragment, two interadions mainly occur, labelled as A 

and B, in Figure 1.8. In interaction A , ihe HOMO (2a3 of N2Ph+ overiaps with 

the metal orbital al. which is primarily d z  Clearly, only when this d'orbital is 

empty, can interaction A be a favorable one and the system be stabilized by it. 

Otherwise, this inferaGtion wil! be prirnarity antibunding. Therefore, in order to 

get a stable sing& bent dazenido complex in an octahedral geometry, a d" (ns 

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 ofher hand, the LUMO of the N2Ph+ ligand has the same 

symmetry as a filled metal d,orbital, one of the e gmup orbitals in C4,M4. 

Mixing between them will produce another bonding interadion, labelled as B. 

fMermion A is af o type and there is only a small energy gap between the iwo 

fragment orbitals invoked. interaction B is a R type interaction between ttvo 

rather largely separated fragment orbitals. So, generafly, interaction A is 

er than interaction B and A is the dominant component in the "synergic" 



Figure 1.8 Qualitative Orbital Interactions of ML5 and Singly Bent N2Ar+ 

bonding pattern of M-N2Ph+. It is worth mentioning that the interaction of the 

filled metal dF orbital and another empty a' orbital (3a"=lry7 superjacent to the 

LUNlO of the diazenido ligand is small, albeit not negligible, so that the K back 

bonding in this "synergic" process mainly occurs in the plane in which a metal 

d, orbital and the LUMO of the singly bent N2Ph+ are located. This intrinsic 

property of the singly bent aryldiazenido ligand can be described as an 

anisotropic or "single-face@ ir-back bonding ability, and distinguishes it from 

those having an isotropic or "cylinder-type" a back bonding ability, such as 

terminally bonded CO, NO, N2, etc ligands. Importantly, the "sing le-faced" z-ty pe 

interaction between the singly bent arykliazenido ligand and the metat centre 

actually could provide us with some insights into the approximate arrangement of 



Compounds L M-N-N (0) Reference 

a* - 

Moi(N2CC;Hl l ) (d@h~~)2  

Mo2(N2Ph)4(acac)2(0Me)2 

isomer A 

isomer B 

[ ~ o 2 ( ~ 2 ~ ~ ) 4 ( ~ o o 4 ) , ( o ~ e ) 2 ] ~ ~  180 48 
------_------------------------------------------- -------- -- ---------------------- 
*: Group 3 contains compounds having nonGroup VI transition metals, and group h 

contains compounds having Group V1 transition metals 



the metal frontier orbitals in the complexes. It is also apparent that the terms "n- 

accepting strengthn or "x-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 invoives a "single-faced" n-acid ligand on the 

one hand, and a "cylinder-type" n-acid ligand on the other is not very meaningful, 

and could even be dangerous because it, sometimes, might lead to a wrong 

conclusion. 

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 n back donation from the metal 

centre. The bond lengths of M-Nor 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-facedn "synergicn back bonding in the M-N, linkage is quite effective. 

ff 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 nitrosyl ligand in low symmetry complexes in which 

each effectively back-bonds with only one metal orbital (Le. both ligands are 

effectively in a single-faced situation). The results support N2Ar+ being the better 

R-acceptor, and are presented fully in Chapter I!. 

Recalling that the catculated HOMO of the singly bent N2Ph+ ligand is 

tocated in the bending plane and slightly pointed away in a direction trans to the 

phenyl ~ n g  (see Figwe 129, it would be expected that the bonding of a singiy 

bent N2Ph+ to a M b  fragment, would be dominated by cr interadion A, and 

should produce a product with a slightly bent M-PI-N linkage, i.e., LM-N-N < 

?W. This is indeed observed for all of those diazenido complexes with a singly 



bent diazenido ligand which have been accurately characterized by 

crystaltographic 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 example, terminal carbonyl ligands, in even highly symmetric 

molecules, are often observed crystallographically to have LM-C-0 ;t I 800. 

However, more importantly, the bending of sir~gly bent diazenido ligands in these 

complexes is overwhelmingly toward one direction, that is the direction trans to 

the aryl ring. If this were a crystallographically imposed effect, the bending 

direction would depend on the crystalline packing structure and be expected to 

be quite variable. On the other hand, if this delicate structural phenomenon is 

truly due to the dominant o bonding interaction (A, in Figure 1.8) between the 

HOMO of N2Ar+ and LUMO of ML5, then as this interaction decreases, the 

bending angle of the M-N-N linkage should be expected to increase, even to 

1 80•‹ . 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 

transition metals which have rather higher VSIP's for their d orbitals. For 

example, the molybdenum atom has a VSlP energy about 10 eV for its 4d 

orbitals. Therefore, the bonding interaction between a singly bent N2Ar+ and a 

Mu centre in an octahedral or related complex would be expected to have a less 

effective o component. In other words, o bonding between Mo centre and 

N2Ar+*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 Table 1.1 as group b) undoubtedly indicate rather larger 

LMo-N-N angles, close to 1800, by comparison with the angles for other 

centres. 

36 

metal 



In organotransition metai complexes, all ligands with the exception of H- 

have E-type valence orbitals. These orbitals can participate in bonding, 

nonbonding or antibonding interactions with metal da orbitals, (for simplicity here 

and later, we will call metai dxy, dxz, and dyz orbitals d, orbitals). Stabilization or 

destabilization of a bonding interaction between a metal and a diazenido ligand 

may not only strongly depend on n interactions of metal with this ligand, but also 

depend on the E 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 n type of interaction. These are the relative 

energies of the metal d, 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 complexes. 

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 to do this by using fragment molecular orbital theory, the principal 

concern will be to evaluate the contribution from a few, and only a few, n-type 

vaience orbitals of co-iigands to the metal d, orbitals, and hence to the metal 

diazenido linkage. The u orbitals from these ligands need not be considered 

further, since they normally have much lower energy than the metal-based ones. 

Two iigands X- and CO, which are at the opposite ends of the 

sy;edrochen;icat ser ies ,~  w i l l  bz used as examples. 

A mrbonyf ligand has two orthogonal sets of n-type orbitals, say x,, z*, 

and irr x*,, . When a CO group is coordinated to a transition metai centre, there 



is overlap between these n type of orbitals and metal dz (dV and dy,) orbitals, as 

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

Figure 1.9 n interaction between a terminal carbonyl and metal centre 

corresponding to bonding, nonbonding and antibonding, respectively. For a 

metal centre with filled (dz6) or partially filled (dx2 or dx4) & orbitals, the 

nonbonding set, x; and sb 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 metai centre in these orbitals will be expected to be 

only changed sfightiy- It is noteworthy that the electron density on the carbon 

atom in these newly iormed HOMOS is substantially decreased. This can be 



Scheme 1.6 

illustrated by the facile attack of nucleophiles at the carbon atom of the terminal 

CO Iigand in later transition metal carbonyl compounds.s6 It is important to note 

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

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

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

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

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

metal metal with trans CO diaze nido 

interaction (2) << interaction ( I )  

Scheme 1.7 



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 o bond to 

bring the LUMO into either the x direction or the y direction to maximize overlap 

with the &orbital, the weak back bonding situation will still be the same. 

Therefore, it is concluded that for most transition metal complexes in low 

oxidation states,where the d orbitals have energy around -1 2 eV , a trans 

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

experimental evidence is entirely consistent with this conclusion. So far, with the 

exception of Group Vf, in all structurally characterized aryldiazenido transition 

metal complexes with CO as co-ligand, not one of them has CO trans to the 

singly bent N2Ar group. 

When a carbonyi ligand is located in a position cis to a singly bent 

aryldiazenido ligand, the situation may become different. In a cis carbonyi 

diazenido complex, where the carbonyl, the nitrogen group of diazenido and the 

metal define a plane, say the xz plane, the two metal c& orbitals stabilized by the 

cis carbonyl ligand, (assume CO is on the y axis), will be dXy and dy, The 

remaining d, orbital (dXJ on the metal will not be affected by the cis carbonyl 

ligand, as shown in Scheme 1.8. It is this unaffected dxz orbital that will have the 

same symmetry as the a> orbital (LUMO) of the aryldiazenido, (or this ligand 

could rotate to achieve the same symmetry). So if, and only if, the metal centre is 

a" (n 2 61, the elt-3trons in this d'orbital could be back donated to the empty n*x 

orbital of the diazenido ligand. Moreover, in this cis arrangement, the bending of 

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



metal metal with cis CO diazenido 

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 

C ~ R ~ ( C O ) - ( N ~ C & ~ ~ O M ~ ) ( A U ~ I # ~  with a OC-Re-N angle 94.7(6)O. The - 
C6H40Me ring is bent perpendicular to the plane defined by OC, Re and NN. 

Scheme 1-9 

The X-ray crystal structure of CpRe(CO)(N2C6H40Me)(A~PPh3) is shown in 

Figure 1 -1 0 

A similar argument could also be applied to di-carbonyl diazenido 

complexes such as M(C0)2(N2Ar)L3. When two carbonyls and the diazenido 



Figure I .10 The molecular structure of compound CpRe(C0)- 

ligand are in a facarrangernent, this would be expected to destabilize the 

compound. When the two carbonyis and the diazenido tigand are in a mer- 

configuration and the two earbonyls 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 x base ligands are present trans to the C 0  ligands, the 



destabilization of the metal ch orbitals due to the carbonyls could be completely 

offset by the stabilization due to these n: donor ligands. An example of this 

stabilization is dicarbonyl compound [Cp'Mn(C0)2(N2C6H4C~)]BF4,1 in which 

the two CO's and the diazenido ligand are in a sort of facarrangement. A 

detailed analysis of the stabilization of metal d, orbitals by n: donor ligands like 

Cp will be discussed in the next chapter. 

tt has been mentioned that Cr, Mo and W have rather higher dorbital 

energies, (Cr: -1 1.22 eV; Mo: -1 0.50 eV and WA0.37 eV) relative to other 

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 that of 

other transition metals. For example, in their aryldiazenido carbonyl 

comp1exes,3~ the GO group seems to be able to occupy any 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 

Figure 1 .I 1. in the molybdenum diazenido complex, (case A in Figure 1 .I 1 ), a 

trans CO ligand will cause the metal d, orbitals to lower in energy (A€,). Due to 

the resulting closeness in energy of the CO LUMO and Mo HOMO, this drop will 

be farger than that (AEI1) in case B, where a non-Group V l  transition metal is 

involved. Since the initial 4 energy of the unpertubed Mo centre is higher than 

the LUMO of the trans diazenido ligand (which is reversed for other transition 

metals) the a interaction between Mo and the trans CO group, in fact, will push 

the filled metal b;, orbiiais io an energy ieveI mure fslvorabie for back bonding to 

AE2. For other transition metals, this trans effed of a CO ligand almost surely 

increases the energy gap between the metal 4 orbital and the LUMO of the 





diazenido ligand, and is shown as the larger AE2' in interaction B of Figure 1.1 1. 

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 [ M O ( C O ) ~ ( N ~ C ~ H ~ F ) ( P P ~ ~ ) ~ B F ~  58 is a good 

example, in which the singly bent diazenido ligand is in a facarrangement with 

two carbonyl ligands. 

Now we consider the halide Iigand. Unlike a carbonyl figand, a halide 

ligand only has two filled p orbitals of n symmetry in the energy range of interest. 

When it coordinates to a metal centre, n interactions will be expected to occur 

between the two iifled p orbitals and metal d, orbitals. Figure 1 -1 2 shows this 

kind of interaction for a Ci- figand, for which the n: orbitals have energy ca. 

-14.2 eV . This interaction will produce two degenerate low-lying bonding orbitals 

which are mainly Cf- centred, and two high-lying degenerate antibonding 

Figure f -1 2 Quafitalive x interaction of CI- figand and metal centre 



~h orbitals which a r e  primarily metat centred- O n e  component of each of these  

two s e t s  of rnolecuhr o&iPals is diagrammed in Scheme 1-10, In the x bonding 

orbitals, electron density is mainly distributed between the metal a n d  the  rlhloro 

Iigand, but closer to the kitte-r. In the  n antibonding orbitals, t he  electron density 

is mainfy focussed on the rnetaal centre and Is formafly concentrated in the two 

lobes pointed away from [he metaf chlorine bond.. Since the antibonding orbitals 

are filled metal-centred ones, coordination of a halide to the  metal centre actually 

pushes t h e  metal d, orbitats into a much higher energy level. fn order t o  to  

release this energy btsiWup, it wit! be an advantage for the metal centre t o  bind 

Scheme 1 .I 9 

other ar a d  ligands, like aryld2azenid0, in the t rans  position. For a trans  

daeniieSr;, chbro mmplex, aNRough this x interaction between t he  metal and  the 

dmenido Diiand may on inaralwe one of the metal d, orbitals raised by the trans 

bra iigand, it wilC surely sf Lize the metal-diazenido bonding, Examples to 

iHiuSmli8 the SwcZarmH character of this trans arrangement are 

their X-ray icrystat s t n r d u r e s  are shown in Figure 1-13. 



fii) (iii) 

Perpective views of molecules: (i) [R hCI(N2C6H40Me) (PP h3)d 

5F4. (ii) MoCI(N2C(OJPh)(dppe)2 and (iii) Mol(N2GGHl , ) [ d ~ p e ) ~  

s h o ~ n g  the trans arrangement of the halide ligand and the 

sing@ b M  diazenido iigand 



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 iigand. Therefore, the bending direction of the aryl ring of 

the diazenido iigand trans to a chloro ligandwill not be electronically controlled, 

but wiil depend on the steric effect or the electronic configuration of other co- 

iigands in positions perpendicular to the CI-M-N2Ar axis. On the other hand, 

when an atyldiazenido 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 & orbitals, d,, , has the same symmetry as the LUMO (n*,) of 

the diazenido group, and the resuit of overlap between these two symmetry 

matched orbitais is shown in Scheme 1.1 I 

anangement.. However, the trans halide creates two symmetrically equivalent 

metal 4 shitats toward dfazenido's LUMO, but us halide only creates one. So, 

the cfiazenido tigand cisto a bide will show only an in-plane bending; that is. 



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 RuCI3(p 

N2C6H4Me)(PPh3)2 44 and ReCI2(N2C6H5) jPMe2Ph)3 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 question, we have to re-examine the distortion of the metal d, orbital 

caused by the n: interaction of the cis halide, 

The repulsion interaction between the halide's filled p, orbital and the 

filled metal d,, orbital wilt resuit in a dist~rted metal dxzorbital, which has the 

same symmetry as the LUMO (3~"~) of the singly bent aryldiazenido tigand. 

Consequently, the interaction of this dxzorbital with a; of the diazenido group 

wit! form a YC back-bond (Figure 1.1 4). As mentioned in section 1.2.2.2 this n;*, 

orbital of the diazenido ligand is also characterized as antibonding between N, 

and Np, (refer to Figure 1.2). So an increase of electron population in this orbital 

would increase the antibonding character between the two nitrogen atoms. Since 

the a back bonding orbital is mainly composed of the distorted metal d,, orbital, 

it wilt be expected to have an asymmettic distribution of lobes on the two sides 

along the M-N, bond- Consequently, the antibonding strength between N, and 

Np atoms will be different wah two different orientations of the singly bent 

ayediazenido. The two orientations are shown as (A) and (8) in Figure 1.1 4. In 

case (A), two large antibonding lobes of the metal and Np atom are on the same 

side, so the overlap between them wilI produce a iarger repulsion than that in 



Figure 1.14 Effect on the in-plane p orbitals of different orientations of 

phenyl ring of ligand N2Ar+ in a cis-chloro-aryldiazenido 

arrangement 

case (B), where the t w ~  large antibonding lobes are located in opposite positions 

which avoid an efficient overlap between them. Therefore, case (6) is more 

stable than case (A), namely, the aryl ring is energetically preferred to bend 

away from the cis A base ligand, unless there is a large steric effect in this 

direction. The latter situation occurs in He(N2Ph)C12(PMe2Ph)3 48 as shown in 

Figure1 .I 5, where the phenyl ring oi  the phenyldiazenido ligand bends toward 

the cis-chioro ligand, rather than 'toward the bulky PMe2Ph group, that is trans to 

the &bro Egand. 



Figure 1-35 Molecular structure of Re(N2Ph)C12(PMe2Ph)3 

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 a base ligand; a strong a acid iigand in this position wi tl strongly destabilize 

the metal-biazenido bonding. (b) If one K acid ligand is in a position cis to a 

diazenido ligand, this diazenido ligand will not be destabilized and the aryl ring 

wilt bend away from the plane defined by the two ligands and metal centre, and 

the ring plane will be perpendicular to it. (c) i f  two rc acid ligands are cis to a 

sixgky bent ar,.!diatzenido Iigand Zrr a Ific stscture, they will destaW!ize the 

diazenido Cgmd, whe~eas in a mxgeametry with the two x-acid ligands in trans 

positions, the diazenido iigand will not be destabilized. Further, in the latter case, 

elre aryt ring plane twill again bend away in the direction perpendicular to the 



plane defined by the two auxiliary ligands and the N2 group of the diazenido 

Zigand. (6) if a strong n base ligand is cis to a singly Dent aryldiazenido ligand, 

the aryl ring plane wiil be coplanar with the metal, diazenido and the x-base 

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

I .  3.2.2. In Trigonal Bipyramidal Geometry 

tn organotransition metal chemistry, five coordinated complexes can 

exhibit both square pyramiaal (SP) and trigonal bipyramidai (TBP) geometries.61 

Since a generally soft potential energy surface is believed to connect these two 

geometric minima, the factors influencing the choice between SP and TBP for a 

particular penta-coordinated complex has been a fascinating problem.62-65 For 

&transition metal complexes, Osborn,66 Churchil16~ and Raymond= have 

generallized that strong n acceptor ligands will tend to occupy equatorial sites in 

a trigonal bipyramidai geometry. This conclusion is based on a series of crystal 

sWuctures as well as static and dynamic NMR studies. The result of a MO 

caiculation by Hoffmannm is consistent with this conclusion. A simple qualitative 

analysis of the orbital interactions for five coordinated aryldiazenido complexes 

that is presented below results in the same conclusion, but provides additional 

insight. 

The four crystallographi~:;y known five-coordinate aryldiazenido 

compounds of non-group VI transition &metals, i.e., [Fe(CO)2(N2Ph)- 

[lrCI(N2Ph)(PMePhdd+ n are all in TBP geometry and have the singly bent 

arytdiazenido tigand in an equatorial position. Although the last one was claimed 

to have a geometry between SP and TBP, it is most probably best described as 



a distorted TBP geometry caused by short contacts with other atoms in the 

moiecuie. 

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 ds 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, wiil 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 ML5 system, presumed to 

have D3h symmetry, in the absence of n interaction. For the convenience of later 

discussion, without loss of generality, the y direction is defined by the C3 axis, 

Lowest in energy is the set e: consisting of the pure metal dyz and dV orbitals. 

The e'orbitals are primariiy the metal 4 2  and &orbitals mixed in with some 

contribution 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 enset. When the ?r 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 :he HOMO. Geometrically, 

these Wu orbit& are bated in the equatorial p!ane of the mo!mttte. Therefore, 

K interactions beween the metal centre and the ligands would be stronger in this 

plane than in the axial positions. For a n; acid ligand, this wili directly lead to the 



conclusion reached by Osborn, et.al. and Holfmann,66-69 which we have 

mentioned at the beginning of this section. 

Figure 1 -1 6. The filled frontier orbitals of a ML5 complex in D3 symmetry 

without consideration of the n interactions 

For a five-coordinate mono-substituted singly bent aryldiazenido 

compound, the molecular symmetry is at least reduced from D3h to C,. 

Following this reduction, the erand eNsets of orbitals at the metal centre in l& 

below : 

e' la' i la" 

em 2a' + 2a" 

symmetry will each be split into azand a" orbitals in Cs symmetry, as indicated 

and th if we only consider the o interaction at this stage, a dthough the , 

a*cornponents are no fanger degenerate, they are stiil expected to be close to 



each other in energy. Namely, the energies of orbitals la'and laNare still higher 

than those of oibiials 2a' and 2a" in & symmetry (excluding a interactions). Now 

if the 7s: interaction of a singly bent atyldiazenido ligand with the metal is 

considered for this system, it is evident that the la'and la"orbita1s of the metal 

fragment will preferentially be involved rather than the lower energy Za'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 plane and co-planar with the aryt 

ring, the aryl ring plane of the ligand must be coincident with the molecular 

equatorial plane. These predicted structure features are indeed experimentally 

observed. In those structurally characterized TBP complexes of non-Group VI 

transition metals, the singly bent diazenido ligands are exclusively located in the 

equatorial positions, and the bending of the ligands at Np occurs exclusively in 

the equatorial plane and with the aryl rings of the ligands in this plane.70-73 

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, la'or la", will be preferentially 

involved in the n interaction with diazenido ligand? Energetically, these two 

orbitals are close to each other, however, geometrically, :hey have different 

shapes or orientations. Tine la' is a distorted metal dz2 orbital. The n: interaction 

of this la'orbital with the equatorial ligands is shown as (11) in Figure 1.1 7. This a 

interaction can be characterized as the sharing of one metal-centred orbitai with 

two equatoflal ligands. The la" orbital is mainly a distorted metal d,, orbital. The 

K interaction of this orbital with an equatorial ligand is shown as (I) in Figure 

1.17. This interaction is characterized by the two lobes of the lamorbital pointing 

away from two equatorial tigands and toward a third equatorial ligand in the z 



direction. in fact, it is this characteristic feature gf the la3'orbital that creates a 

unique position in the equatorial plane of a five-coordinate compound, and 

allows a TE acid ligand in this position to bear the maximum n back donation from 

the metal fragment, and a ir: base iigand to bear the maximum K repulsion from 

the metal centre. 

Figure 1.17 d -n interactions of metal and ligands in the equatorial plane for a 

complex in TBP geometry 

Geometrically, a situation in which an equatorial tigand is involved in the 

specific K inferaction of type (I) or type (11) could be easily identified from the 

different inter-bond angles a or a' and j3. f o r  example, the strongest 7 ~ :  acid 

llgand among the three equatoriaf ones would always occupy position 7 (refer to 

Figure 1.1 7) and wauid always be involved in the A interaction (I) ,  which would 

result in inter-ttond angles a or a' > 1200 and P c 1200. It is also worth 

mentioning that sincs the two metal fragment orbitals, ( W a n d  la"), located in 



the equatorial plane, are energetically close to each other, the magnitude of the 

x 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 

~ ~ ~ ( ~ O ) ~ ( o l e f i n ) , 7 ~ - ~ ~  in which the olefin ligand is exclusively located in an 

equatorial site and involved in the interaction I due to the good d -  x* overlap, 

atthough the energy of the olefin's x* orbital could be slightly higher than that of 

CO ligand. 

In the TBP singly bent diazenido ~ornplexes,~0-~ the diazenido ligands 

are afways involved in the interaction (i), whereas the other equatorial ligands, 

even the CO ligands, are involved in interaction (11). This again indicates that the 

diazenido iigand is a strong n acid. 

As we mentioned earlier in this section, all known five-coordinated singly 

bent diazenido complexes of non-group Vl transition metals have TBP geometry 

with the diazenido ligand in the equatorial position. What is the reason for the 

absence of a square pyramidal complex with the singly bent diazenido iigand in 

the apical position? To answer this question, we should examine the differences 

in the filled frontier a type orbitals in these tvvo situations. A Walsh diagrams* 

that conelates a SP complex, with a singly bent aryldiazenido ligand occupying 

an axiai position, to a TBP complex with an equatorial diazenido is given in 

Figure 1.1 8. For simpfiw, we artificialty assign the diazenido ligand as a point 

charge in the -z direction, and analyze oniy the change of metal fragment 

orbitals.. Correspondingly, in the discussion we use Cqv and Ca,symnetries, 

fragment when the L-M-L angle (p) varies in the directions shown by the arrows 

i ~ 3  Figure f ,I 8. Moving O k  Egands together in the trigonat plane wilt cause the 



Figure 1-38 Correlation of filled metal frontier orbitals in T BP and SP 

symmetry to drop from C&o Ca In doing this, the d+? orbital will be stabilized 

by removing the cr antibonding interadion with two of the figands that were in the 

plane of the torus of the d~orbital, and d,, wiii be destabilized by the shift of the 

Iigands from nonbonding posiiions on node of the d,, orbital to strongly o 

antibonding positians. 

Clearly, if these equatorial ligands are the same, and the stabilization of 

the d g  and the destabilization of the d,, are somehow balanced, a regular TBP 

in Dab symmetry G~UM result. 

If a strong w donor ligiand is placed in an equatorial position, the a 

antibnding interaction wiEI occur through either interadion (1) or (11) (refer to 

desaabihe the d,i208$1Y$ai, which had k e n  stabilized by the geometrical change 

fmm SP to TBP, Cansquent!y, in either of the interactions, the desfabilizations 



by the strong ~r: donor ligand will cause the P angle to be larger than 1200. In 

other words, a strong n 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(C~)d3,79a [CO(CNP~)~]+ ?9b and [PtI(PR3)4]+ 79c etc, 

are examples of this. 

For strong K acceptor ligands in an equatorial position, both of the n: 

interactions, (If and (fl) in Figure 1.17, will be favored for the TBP geometry. The 

stabilized ds orbits1 will be stabilized further by the x interaction ( I ! ) ,  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 z stabilization 

by a n-acceptor in the interaction ( I f )  is approximately half of that in interaction 

(I). Therefore, a strong n-acceptor ligand, like the singly bent diazenido group, 

will strongly stabilize the TSP geometry by occupying the unique equatorial 

position. This should leave f) c 1200 and a or a' > 1200. In fact, in all four known 

structures of five-coordinated singly bent diazenido complexes, the P angles are 

atways less than 1 20•‹, whereas a or a' larger than 1 2U0.The observed angles in 

the triganal plane of [Fe(C0)2(PPh3)2(N2Ph)]+ 70 are indicated in Scheme 1.1 2 

as an example. 

Scheme 1.1 2 



1.3.3. Doubly Bent AryEdiazenido Compounds 

There are far fewer doubfy bent aryWiazenido cumpiexes and their 

generafly low stabiIity in either solution or solid state are reasons why the 

chemistry of this ty of compound is reiativeiy less well understood, compared 

estabfished exarnptesT$- '9. 47 by X-ray crystafbgrapby, and others '9.80 

characterized specltrompimf& to be so in solution provide a basis for describing 

the eledronic strtrdures of doubly bent aryidiazenido ccrrnpiexes- An attempt is 

also made to use the generatired etedranic mnfiguration of doubly bent 

diarenido mmpotiinbs to iflustrate, or to predict, some aspects of the structure 

and reactivity of this Sganb- 

Far s impl iw,  as usoa!. an octahedral complex will be dealt with first to 

estabSsh the framework of our discussion. The compound !rC12(2-N2CsH4N&) 

us to use to examine the refationship of the efectrortic mnfiiguration and the 

stmure of the daub!y bent avlbiazenido cornpfexes. 

First, as an approximSion, only considering the primary G-type 

interactions, the ma iar orbitals of an octahedral M b  mmplex are as shown 

En Figamre 1.1 9, where L is a s donor fEgand. 

er zdicection with €3- and a doubfy bent aryldiazenido figand- Since the primary 

a-type indenclion ot Cb ligand and the doubly bent diazenido fgand have 

een the frontier a&ifa!s fmm these Wa !'@mds and 

ictr are mainly of x-type. Atthough these 

much weaker than the primary a-type ones, 



Rgute 1-1 9 . iwSar oatats of MLf; in Oh symmetry, without 



importantly, these Interadions witl produce the frontier rnolscular orbitals as 

shown in Figure 1.20. It is these orbitzfs that contain the interesting chemical 

informatian about the mofeculai structure and their reactivity. 

In Figure 1.20, the tr, Cf, N, and Ng atoms are assumed to lie in the xz 

pfane; the K interactions in this plane are shown on the left, and the K 

interactions in the plane yz are on the right side. In the yz plane, the net IC 

interactions between the metal and two mutually trans ligands resuit in a 

destabilization of the M-CI linkage and a slight stabilization of the M-N, finkage, 

due to the low-lying pyorbital of the CI- @and and the high-lying empty ny* 

interacts with the bne pair rrrt~ibaf, me,, of N2Ar and the fow-lying p, orbitai of Cl-, 

and the overall a interaction in this pbne leads to destabilization of the bonds 

between Ir and the Nfir and Cl- ligands. However, the most important 

electronic feature of the bne pair orbiiaf that is largely loc;iiizeet on the N, atom 

of the Nfir jigand is only faintfy apparent in Figure 1-20. tn fact, this tone pair 

orMai is a hybrid orbital, so it cran be analyzed into a and zX components, as 

ilktstrateb in Scheme 1.13- In other wards, this ohitat has both o, character and 

R, cha~acter- The interaction involving the w, component of this orbital has been 

considereef in Figure 1-20, bul the remaining o, component of this nitrogen lone 

pair orbital has yet to be considered- This component has the same  symmetry as 

d s  . a metal-centred antibonding orbital, (one of the eggruup orbifids in Figure 

1-20) and is ener~fimlb dose ta it- Therefore, mixing of these Wo olbiifals will 

sjgnifimMb to the interadion between the metal and ligands in this direction. 

Also, inwrfanliv, the metal-centred empty antibonding atb i i l  is actually the 





Scheme 1.13 

murrterpari of the o bndificj or'liiaf sf the metal to two ligandf aiong z axis, ie. 

the N$r and trans Cf- Iigands. For clarity, this kind of secondary CJ interaction, 

together with the w interactions, is shown in Figure 1.21 - Cleariy, this a-type 

secondary interadion between the tone pair orbital, (HOMO), of the N2Ar and 

metal-centred dsobitaf is a 2 orbital, 2 electrons one. Its mode of interaction is 

such as to stabilize the banding between metal and nitrogen and destabilize the 

ng orSW rasutaing frcm this a-type secondary intersdion is the highest 

axupid nolecu far olrZr"eaal, and therefore it strongly influences the geometry of 

As a s~dmmai~ 0 f  the totah effects of these secandary interactions, the 

mHaO-Glt band is k q e  deSabiEzeci, prdominantly by the a-type interaction 



Figure 12f The swndargriMeractiom in xrphne of the molecule 

O(C01tPPb12 

cbselved fw the MCI hml, that is trans to the doubly bent diazenido ligaod, 

e (- 2.37 A),). A si trans inhfluearw of the ff-CI h n d  biy the trans doubly 



bent diarenido ligand has also been observed in the molecular structure of 

PtCi(N2Arj(PEt3)2'8. The M-CI 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 PJ-H bond. Struduraliy, this will lead to a shortening of the M-CI 

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

the cornpaund PtCI(NHNAr)(PEt3j2 82 and in P1Ci(H2NNAr)(PEt3)2 83, where the 

PZ-CI bond lengths are significantly shorter than in the corresponding diazenido 

Table 1.2 Comparison sf' M-CI Bond Lengths with and without the Trans 
Doubly Bent Diazenido Ligand in Related Compounds 

Compound Character of the M-C I  Ref. 

nitrogen tigand (4 



The experimental data listed in Table 1.2 are clearfy consistent with the 

model of the electronic structure we have established ior the doubly bent 

dizenido 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 ideaily, this electronic feature of the doubly bent 

diazenido ligand is favourated by a trans ligand that should have a retativeiy 

strong o bonding capability to compensate the trans influence caused by the 

diazenido ligand, and preferably, Rave a strong x accepting abifity to accept 

electrons from the metal filieff d, orbitals in orbe: to strengthen the bonding 

between it and the mefai. Fuiltif!ing these criteria, carhnyl  or other strong n acid 

ligands would be the most plausible candidates. Compounds with trans arranged 

arbonyl and doubly bent diazenido ligands have been reported by Haymore and 

bere.  On the other hand, chloride is not a good trans ligand in doubly bent 

diazenldo compounds. The trans CI-M bond lengths of the known doubly bent 

diazenido compounds are comparable with the sum of ionic radii far chloride and 

these rnetats. For exampte, the trans M-CI bond lengths in 

!C12(CO)(N2Ar)(PPh,)2'9 and R C I ( N @ ~ ) ( P E ~ ) ~ ' ~  are 2.481 (3) rb and 2.41 3(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 w, respectively. The long bond lengths of the 

m&ak to the trans chloride fiigands in these doubly bent diazenido complexes of 

known S W u r e  Sromty indicate lihat the trans chlorides in these compounds 

these ampounds is a b  evident. Fur exampie, the trans chloride iigland in 



Since the bonding of the metal to the N2Ar ligand is mainly a o-type 

interaction, the bending direction of this iigand is not likely to be controlled by 

electronic factors, but by the steric Infiuence of other ligands. Experimental data 

seem to be consistent with this. For example, the doubly bent diazenido iigand in 

all three known structures is bent away from the rather bulky cis-phosphine 

ligands's. 19. 

Finally, as a mncIusion io 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 quaiitatttive frmtier obitat interaction fiarnevmrk. f he 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 mmptexes. 

So far, the side-on eonfiguration is rare in mononuclear aryldiazenido 

wmplexes. In fact, the only exampie is ~pXGI2(rlzN~Ph) a7- However, the close 

ural relationship sf the slde-on diazenido group with other side-on 

o~ganodlnitrogen species (e.g hybrazido(1-) 87 - 90, azo or diazene 91. $32 and 

hydrazinelq in transition metid complexes strongly stimulates our interest in the 

In this section. we will first analyze the electronic structures of CpTiClAqz 



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 x 

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 CpTiC12(q2-N,Ph) 87 

and CpTiCI2(q2-NHp~Ph) 87 are shown in Figure 1.22. 



fn CpXCI2(q2-N2Ph) B7* the two nitrogen atoms lie in a plane vertical to the 

ideaiized symmetry plane of the CpfiC12+ fragment, whereas in CpTiCi2(q2- 

NH2NPh) B7, they are in this symmetry plane. For convenience in the following 

discussion, we assign the former as a perpendicular side-on mode, or simply 1 

side-on, and the latter as a parallel side-on, or simply N side-on, mode. 

We begin with an analysis of the diazenido complex drawing upon the 

electronic structures of the diazenido(-1) iigand, N2Ar, and the CpTiC12+ 

fragment. The fragment orbitaf interactions are diagrammed in Figure 1.23. The 

metal centre in the CpTiC12+ fragment has a typical 2-1-2 orbital splitting 

pattern28.B that resuits mainly from the E-d interactions between the filled 71: 

orbitals of the Cp group and the empty titanium dorbitals. The contributions of 

the CI- Iigands to each of the d orbitals are approximately the same; 

consequently, 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 

dg-$ ( la ' )  and dv (la') nonbonding orbitals. They are located energetically 

very close to the pure titanium dorbitals, at about -1 0.81 eV. The metal d 2  

orbital is not destabilized much by the lowest a orbital of the Cp ligand, because 

this Cp K orbital lies approximately in the d$ nodal plane. However, d, and dyz 

are destabilized significantiy by the Cp A-type of HOMOS and are consequently 

higher in energy. Back donation from the do metal centre to ligands is absent. 

Therefore, only the fitted frontier orbiitafs of the ligand and the lowest empty 

nitrogen atoms, so it is of high energy and is lucaied close to the empty dorbitals 

of titanium. The filled subjacent orbital of the ligand is a G-type orbital, or lone 

pair (n) (refer to F'gure 1 -2)- 





Clearly, coordination of N2Ar to a do metal centre CpTiCI2+ could be, 

syrnmet~ically and eiectronicalfy, allowed in either end-on or I side-on fashions. 

In end-on coordinatttion, the n," and n orbitals of the N2Ar ligand could interact 

with d,zy? and dxpf  CpXCIp, respectively, to form one o and one x bond as in 

a singiy bent divenido geometry- This situation might be accounted as either a 

4 - e ~ ~ r o n  donation of this figand or a 2-electron donation to a reduced metal 

centre, in the I side-on coordination case, only the two-centred 7i," orbital of the 

N2Ar can interact with dv of the metal fragment. This I side-on coordination 

fashion is the one actiiafiy ohsewed in CpXC12(N2Ar) B7, which is shown in 

Figure 1.22 (b). The preference of this f. side-on coordination could be reasoned 

as due to its x bonding interaction than for :he end-on, and the insignificant a 

interaction in the end-an fashion due to the large energy gap between the n 

The cafculated EHNlO fronZier fragment orbitals of NH2NPh- are shown in 

the centre of Figure 1.24, together with the frontier orbitals of CpTiCf2* on the 

right and kft. Retaining the molecular symmetry (C,), the frontier orbital 

- interactions involve two different X-type Interact,ians. These are the interactions 

between the HOMO (rr,') of t P  ligand and two metal fragment dorbitals dg-+? 

and a g  shown as a in Figure 1.24, and the interaction between ligand's nitrene 

type p o&ital, a: and metz d,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 fashim. A linear cambination of metal dxz$ and d s  will give a hybrid 

al shown in Scheme 1.14, which will interact with the HOMO d the ligand 





In CpTiCi2(NH2hfPh) 8?, a key feature fa: the NH2NPh- ligand is such that 

the filled nitrene type p oiSi!ai (a; , the HOMO) is largely centred on the nitrogen 

atom adjacent to the phenyf ring but this feature is absent in the N2Ph- ligand, 

The efficient involvement of this orbital in bonding with the metal dxyorbital 

actually decides the different orientations adopted by NH2NPh- and N2Ph- with 

respect to the metal fragment CpfiCt2+. On the other hand, for the metal 

fragment CpTiCl2*, the only difference in the bonding to NH2NPh- and N2Ph- is 

Irhe involvement of the rne!al @orbitaf in the bond tarmation. Clearly, any pre- 

occupancy of this orbital through either an electronic 'reduction' of the metal 

centre from do to dR (mO) or ligating another ligand in the direction trans to the 

Cp group would make such coordination fashion of NH2NPh- impossible, which, 

however, coutd lead to either an q2 - coordination of the hydrazido(1-) ligand in 

the position that N-N bond Is paralief to Cp ligand plane, or an q - fend-on) 

coardi~ation. f h e  figating effect ort the coordination fashion of the hydrazido(1 -) 

has  been seen in the s%uctrtres of the related compounds [CptWMe3(NH2NH)]+ 



and CpRWMe4(NH2PIHj w, shown in Figure 1-22 as a and b The effect of non- 

zero d electrcrns of the metal centre 'eon the coordination $ashion can be 

demonstrated by the t=o~trdicztlult fashir~n of hydrazido(1-) figatld in compound 

(CpRe (C0)2[NHFI?Jle{pCEH40P4e)]]*9' s h o w n  in Figure 1.25 as c. 

Figure 1.25 View of the molecular structures of C ~ * W M ~ ~ ( N H N H ~  (a), 

C ~ * W M ~ ~ ( N H N H ~  (b) and {CpRe(CO)dNHN(Me)Arl1+ (6). (for clarity, 

some methyl groups are omitted) 

An important structural feature has been revealed in the above discussion 

of such side-on coordinated hydrazido (I-) and diazenido ligands that nitrogen- 

nitrogen bonding is parallel to the Cp or Cp* plane. In both of the ligands, there 

exists a filled nonbonding x-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 1.1 5). For the i side-or! coordinated diazenido !igand, 

this orbital is located in the lower energy (refer to Figure 1.2) and therefore, it is 

not chemically active. For hydrazido (I -) ligand, interestingiy, this orbital is the 

subjjacent one which indicates it could have a strong influence on the chemical 



Scheme 1 .I 5 

reactittity of this cornpiex. Funhermore, 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 NH group of this 

type side-on hydrazido(3-) compound has been proved by experimental facts, 

eg., Cp*WMe4(NH2NH) g4 undergoes facile protonation at NH p o s h l  fnrming 

st similar 1 side-on coordinated hydrazine compound, and the fast (on NMR time 

scale) exchange of the hydrogens between two nitrogen positions in 

GpWMq(NH2NH) has also been cbserved 90. 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 K, 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 

fisted in Figure 1.26 as (b) and (c), together with their counterpar? compounds, 

as (a) and (d), in which the corresponding hydrazido(1-) and diamenido(1-) 

ligands are in the N side-on coordination fashion 87,90. 1n each of L side-on 

coordination compound, the bond lengths of the metal to the two different 



nitragerr a toms  are very ckse and are within the single bond range, regare'ess 

of the farge unevenness  of the electron density in the  perpendicular x orbital at 

these nitrogerr atoms. 

Finafly, such i coordinated diazene, or azo ligand has also been 

obsenred in complex f 3 p ~ e [ ~ O j ~ [ q ~ ~ P h N P h ) . ~  

Figure 1.26 important bond lengths (A) and angles ( O )  in (a) CpTiC12(NH2NPh), 

(b) CpTiC12(NNPh)l (c) [CpBfMedN H2NH)]+ and (d) CpWMe4(NH2NH) 



d. 4. Structural Characterihation of Transition Metai Diarenido Complexes 

1.4, f , lntroducfion 

fn mononuclear ayfdizenidc wmpounds ,  three different coordination 

modes of the  diazenido ligand to the metal have been observed. There are many 

examples of cornpiexes wi!h singly bent diazenido geometry, but far fewer with 

doubly bent and only one wrth a side-on coordination mode. These are shawn as 

Figure f -27 Different structures of transition metal ary ldizenido 



In dinmiear campiexes, aryfdiazenido can act as a bnidging ligand 

between two rneiai centres. b u r  different bfidging modes have been observed 

set fair and they are iffugraled in Figure 1.27 as (4), (S), (6) and (7). Different 

banding modes directly refled the different electronic configurations and the 

different charge density distrib@iuns in the metal-diazenido iinkages, which is of 

mnsiderable importance in understanding the chemistry of the aryfdiazenido 

characterization of transition metat arnplexes are, in principle, also suitable for 

diazenido mmpounds. Among tnesc met hods, X-ray crystafiograp hy , infrared 

spectroscopy and " 5 ~  NMR spectroscopy are particularly useful. In the following . 

section, sane common probterns associated with the application of the first two 

methods in str~ctural characterizations of the diazenido complexes wilt be briefly 

discussed, and then emphasis will be given to illustrate the potential applications 

of 1 5 ~  NMR spedroscopy. 

f, 4.2. X-ray Crystaflogmphy of Diazenido Compounds 

Sa far, single cnpstai X-ray crystallography has been the most reliable 

method for the characterization of diazenido compounds in the solid state. it 

often gives precise molecuiar structures and an unambiguous assignment of the 

coordination mode of tha diazenido ligand. Typical parameters for the singly bent 

diazenido compounds are LLM-N-N= 1700 -1 800; LN-N-C=I 180 -1 2s0 and 

N-N=1.20 A (NN double bond length is 1.23 A). The M-N bond length is 

genemily in a typical double bond range. For the doubly bent ligand, the 

parameters are LM-N-N=115Q -1 250; LN-N-GI 1 50 -1 200; N-N=1.17-1.19 A 

(which is between the double (1 -23 i\) and triple (1 -09 A) bond length); the M-N 



distance is in the single bond length mge.  For bridging diazenido complexes, 

very limiied strudura5 data are known and they wilf be given in Chapter i l l ,  where 

they will be compared with new connpo~nds synthesized in this work. 

For X-ray cvstallography, a suitable single crystal of the compound is 

necessary. This is sorneiirnes difficult to obtain for unstable or short-lived 

compounds, as are most ol the aoutjly bent diazenido complexes. Most of these 

are sniy )table ten the solid state when stored a; low temperature in the dark, in 

sot;t:for;, decornpositiors 6: these compsunds is apparerttiy promoted by tight 

exposure, ambient temperature or wen solvents. In fsct, only three crystal 

structures of dorrbiy bent aryfdiazenido complexes have been determined so far 

by X-ray diff raction,?a- 3 %  43 

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 sofids, many molecules take up different conformations or even 

have structures which are completely different from those existing in solution. 

The compound [IrCI(N2Ph)(PMe2Ph)3]Pf6 7' has been characterized in the 

sofib state as having a stnrdure shown in Figure 1 -28, which contains a "half 

doubiy bent" aryMistzenido iigand with LM-N-N=155.2(7)0. This compound has 

been used as an example of the idea that the aryidiazenido ligand can adopt an 

intermediate geometry between tee ideal singly bent and doubly bent 

geometries. However, a careiuf examination of the crystal structure revealed that 

this intermediate structure could aIso be the result of the non-bonding interaction 

between a hydrogen atom on the aryl ring of the diazenido ligand and a fluorine 



atom in the cohinier ion i3F6-, which is shewn as the dashed fine In Figure 1.28. 

3 569 and 1644 ern-?, which shitted to I 561 and 1624 cm-1, respectively, upon 

15N isotope substitution at  the N, p o s i t i ~ n . ~ l ~  7' This indicates that the 

diazenibo figand likely adopts a singly bent geometry in solution, and this bas 

been further confirmed by NMR s p e c t r o s c ~ p y . ~  

tnpoPant Structural Param;etefs: 

Van der Waals Distance : H-F= 2.67 A, ( RH=l -20, RF=l -47 A) i 

B 
i 
f 

Deviation: -0.002, 0.003, -0.003, 0.002, -0.001 (A) I 
! 

1 Distances from the plane: C(12), C(13), H, F(1) 
P 
E 
E 

0.063, 0.062, 0.110, -1.170 (i) 
I 

Figure 4 -28, A perspecfive view of the distortion of diazenido ligand 



CrystaEto~;raphic disorder can also lead to some characterization 

problems. Wher? molecular moi-phofogy shows approximately a higher symmetry 

than it reaily Is, a a m p o u n d  may crystallize out in a higher symmetric lattice 

which may cause same !om! or iilterna! disorder in the X-ray crystal structure. 

The molecular symmety of the doubly bent diazenido compound PtCl(p 

N2CfjM4F) (PEt3j2 str~uM n ~ l  have a two-fold rotation axis, but 

crySa:togrzphiwI$ it has been observed in the singie crystal structure of this 

compound which has been characterized in space group c ~ ~ . ~ ~  An internal 

cystafI~grzphic disorder of the nitrogen positions produces this higher symmetry 

as is shown in Figure 1.29. 

Figure 1-29 disordered structure of the doubly bent diazenido ligands in 

RCi(~?d2CGH4F)(PEt3j2 

The diazenido eompounsf, [Cp*ir(N2Ar)fI2, made in this work, has been 

characterized in solution to have two different bridging diazenido ligands. 



However, this nun-centrosymmetric rnoiecule was crystallized in a centro- 

s.+mrn&k space group Pi, The moiecitiar siriidirre shows a n  interwai disorder 

of the nitrogen groups for both diazetsido ligands which is related by a 

crystatlographic centre, as is s h ~ w n  in Figure 1-30. 

Figure 1.30 Disordered structure of the doubly bridged diazenido ligand in 

FP*~ W 2 W ~ l a  

Although this kind of disorder can be often sufficiently solved by suitable 

modeling of the moiecufar 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- fnfmred Spectroscopy 

TP- Ic; 6- ,ree ar-ytbiazonium ion (N2Ar;) shows one infrared absorption 

frequency near 2260 to 2300 cm-1 o'iing tc triple-bod NPJ stretching. Upon 

cuclrdination of this figand to a metal centre, this NN slretch shifts to a lower 

frequency in a range of 1400 to I900 cm-I. The typical frequency ranges for the 



different coordimtisrr mades af the aqidiazenido groups are diagrammed In 

Figure f -31. 

Gerreraiiy, iw pmbkms hinder infrared spearoscopy from being a 

retiable struduraf methed for diagnosing the coordination modes of 

aryfdiazeriido iigands, Firsf, regions of considerable overlap, as shown In Figure 

f .3?, preclude any definitive assignment of the coordination node based on t h e  

NPI frequencies in the 1R range of ca.4 500-1 680 cm-I. Semndiy, the vibrational 

coupling of N=N stretch with other vibrational modes of t he  tigand could cause 

di%cuft)r in assigning the N=N stretch- For example, coupting of N=N stretch with 

the C-C skeleton stretch rrf the aryl ring is often observed in aryldiarenido 

complexes. in the free diazonium saIt , N2ArBF4, one of the carban-carbon 

Doubly Bent 

Singly Bent 

Figure f -31 The range of aryfdizenido hl=N stretching frequencies in metal 

complexes 



stretches of f he ary! rkg e;ccurs at : 580 -1 6OD ern-', which ob~iousljr fa& into 

the NN vibration range ri :he singly bent and the doubly bem aryldimenidct 

figand. FuflXrerrnme. when a "SN-subgitufed aryldiazenido @and is used, a 

synchronic isotopic shift of thrs skeleton vibration band together with the band 

pir'marily due to fhe N=N stretch has often been obsewed, An empirical formula 

far the assignment ctf the M-M band has Seen postulated by ~ayrnore ,x  on the 

basis of a caetut artaiysls of the shifts af the individual IR bands upon isotupic 

substitution. 

Despite its Iimaations. Ti3 spectroscopy in most cases can still provZde 

trsefut slructuraf infarmatian about ssryidiazenjdo complexes, and due to its 

convenience, it is &ways among the first methods of chara@eAza%ion. 

I. 4 4 .  NWR S 

1 - 4,4,f. introduction 

3" NNM sspe&r~scopy has been a particufarly useful technique for 

studying transition, metat campiexes with dinitrogen and arganodinitrogen 

ligant3s.s The rapid gioWh in the numbers of new aryldiazenido csmoounds, 

tagether with the awaifabihty of their S M  NMR data, especially those from this 

fafsorsttory, make this an oppo~unity for a brief review of IsN NMR of 

ar)r@i;tzenido cornpiexes in bi~ereftt sliriscftrsrzs with a wide range of transition 

metats. Previously, the discussion uf the 151V NMR spectra of diazenido 

campunds has been mainly limited ta disinguishing the coordination modes 

and gametries of the cornpiexed dimmido ligmd-g7 Heref an &tempt is afse 

with he1p of rnokwkr orMali theory, to relate the 1% NMR parameters 

~g and spin-spin mupiing constant do propeizies of the 



compounds. :5N NMR is s:iil a ralher r;ew ischnique !or studying aiyldiazenido 

and refated compfexes, so t M  fhe "sjt' chernicai shift has "em the most 

repor%d NMR pawmeter. a& m i y  a few nitrogen-nitmgen spin-spin catipling 

canstants are known- 635~6~us1y, this siZuation will restrict cu r  discussion to  a 

certain extent. fr; this sectibn sama intiodursZory informatSon about the " 5 ~  

~ucleus and the patential of t3e technique, as well as some pr~bferns associated 

with if wiiL be discussed. 

inferestingfy, nitrogen wzs rhe firs NMR nucleus to be rrix;ried. t i i  i 950, 

two well separated NMR signals were observed for t h e  two nitragen 

environments in an ammonium &rate sctstion,s thus  indicating that the signal 

position depends  upon t he  chemical environment of the nucleus. However, some 

intrinsic problems preve~ted nitru-oge~ NMR from becoming a useful structurat 

method in earlier days- A comparison of the NMR properties of nifrogen nuclei 

with other common NMR nrrciei is fisted in Table t -3. The low naturaf abundance 

(0.37%) of IsN a n d  its negazive icw gyromagnetic ratio (-2.71 I rad.T-kl) make 

t he  S N  n u c l e ~ s  very iow in MMR sersEEEviiy, as can be seen from equation 1.2. 

Rile sensitivity is only 2% of that af t he  73C nucietia The negative gyromagnetic 

ratio of the I s N  nucfeus atso passiWy givss rise $7 a negawe nuclear 

Qwerhaoser effect (nOe), as miicated ia :AE folfowrng equation: (Eqn. 3 -3) 





where Tlobs is the overall observed 15N spin-lattice reiaxation time, and TI& is 

that from ( ' 5 ~  and IHj  dipolar interaction only. Without other mechanisms, the 

%l nOe reaches its maximum vaiue, -3.93, on proton decoupling. However, 

when other mechanisms have rather large contributions to the total TI (as in the 

cases af transition metal cornpfexesj the signal 'enhancement' could become 

negative, so that the signal could even be completly lost, due to T tob  cc TIM. 

The long reiaxation time of the ISM nucleus has been the most significant 

probiem for those compounds in which the relaxation process is controlled by the 

inter- or intra-molecuiar dipole-dipote interaction mechanism. For example, NH3 

has a TI about 186 seconds 99 and for PhN02 it is about 420 seconds '00. 

With the adwm of high-fjeld NMR spectrometers and 1% jsotopicalty 

enriched samples, the NMR signal of the l5P.l nucleus has been greatly 

enhanced. For example, a 95% enriched 1 5 ~  sample in a 9.4 Tesla (400 MHz 

spedrcsmeter) magnetic field will have an NMR signal 5.6 times that of 13C 

nucfetis at its naturaf abundance. In prhcipfe, the long reiaxation time of the 15N 

can be overcome by using reiaxation reagents, such as C r f a c a ~ ) ~ . ~ O ~ .  '02 

However, for transition metal complexes, especially for those compounds with 

ligands containing a multiply bonded NN group, much faster relaxation of I ~N 

nucleus is often observed in practice anyway.'ofjJ '06 The detailed discussion of 

this aspect wilf be given in the next section. 

1.4.4.2. I5N Nuclear Spin Relaxation in Transition Metal Complexes 

fn practice, the more @d relaxatio!~ of !he 15N nudeus ii7 :ransition neial 

wrnpiexes indicates that di*mfe-dipole relaxation may not be ?he  only 

meehsanism operating. Ira simple cases where other mechanisms contribute to 



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

(Eqn. 1.4) 

(Eqn 1.4) 

Although possible relaxation mechanisms for 'SN in some metal-N2 cornpiexes 

have been discussed,96~ the relative contributions of different relaxation 

pathways in complexes have not been systematically explored. We believe that, 

in addition to the common dipofe-dipole relaxation mechanism, a scalar coupling 

mechanism and a nuclear shielding anisotropy mechanism could also be the 

most likely pathways :or complexes. Since a discussion of the various 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-Dipofe interaction 

Nuclear magnetic dipole reiaxatior; of a '5N 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 ~ S N  nuclei 

are connected with protons either directly, such as NH3 and its complexes, or 

indirectly, such as 1 5 ~ 2 R  and its complexes in a proionated solvent. 

li a nucleus i is refaxed by a nucleus of spin S at distance r, the intra- 

rnofecukr dipole-dipole relaxation time for I, TIM (intra), is given by equation1*3 

(Eqn- 1 -5) 



(Eqn. 1.5) 

where CI, is the permeability of free space. For 15N2 (rNN=l .l A), when T, = 50 

ps, Tldd -I = 5.1 X 1 o7 zc. SO Tl dd = 400 seconds. However. experimentally, 

'5N2 at -1 96 O C  shows a T1 value of 12 sec0nds.~0~ The significant difference 

between these data indicates that the dipo!e-dipole interaction mechanism may 

not be the dominant one in the relaxation of 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.'06 

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 nucleus to quadrupolar nuclei to which the 

'5~ is bonded. This is distinct from that of the "first kindn, involving time 

dependent chenical exchange or rotation processes. This is perhaps especially 

important for transition metal compounds with a structural unit such as 

~ q - % l - ~ ~ N ,  where '5N is adjacent to two quadrupolar nuclei, 14N and a 

transition metal: For molecules undergoing isotropic tumbling, characterized by 

the scalar coupling relaxation tirne,Tl, is given by equation 1.6 



where o is the corresp~nbing Laimorirequency. Obviously tne rate of this kind 

relaxation is field dependent because of the denominator 1 +(a, - a,)2(zS1 )2. So 

a small frequency difference, Ao, of the coupled nuclei will be important for this 

mechanism to be operative. 

For a linkage of M ~ - ~ ~ N - ~ ~ N ,  the contributions to this mechanism from 

the quadrupolar metaf centre, Mq, and the l4N nucleus can be separated as in 

aquation 1 -7 

Since for most transition metal NMR nuclei, the vaiue of J, the coupling 

constant to 1 5 ~ J  and S, the metal nuclear spin, are rather large and both of them 

are field independent, therefore, the unfavorable ( ~ m ) 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 3ToA abundant and 787~e 

63% abundant, and both have spin 5/2 and relatively large gyromagnetic ratios. 

In t r a n s - ~ e C 1 ( 1 s h / ~ ) ( ~ ~ @ h ) ~ ,  the relaxation time for the metal bonded 15~a ,  

relative to '~NP, is shorter at the lower field ( T ~ ( ~ ~ N ~ ) T T ~ ( ~ ~ N ~ ) =  0.5 at 2.1 T) 

than at higher field (Tl(l%,)/~l(l%Jp)= 1 at 9.4 T).los 

For the I4N term in Eqn.l.7, the difference of the Larmor frenqencies 

between and I4N, Ao, is much smaller at lower field than at higher field, e.g. 

Am- 2 MHzat 2.1 f, btri - iO Mtizat 9.4 T, which also makes this mechanism 



C). Relaxation by Nuclear Shielding Anisotropy 

The relaxation by ntlciear anisotropy is import ant for c exes with a 

multiply bonded nitrogen group, or the presence of lone pair electrons on the ' 5 ~  

atom, such as the dinitrogen, singty bent and doubly bent diazenido compounds. 

In these compounds, the shielding anisotropy A o  at the 15N nucleus could be as 

iarge as ca. 1000 ppm 107 (more discussion on nitrogen nuclear shieldings will 

be given in the next section). The contribution of this mechanism to TI is given 

by Tlsa, (Eqn.l.%), or simply by Eqn.l.8a. 

(Eqn. 1.8) 

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 c0mp!exes,~o5 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. 

FTfiaify, it is wofihinmentiofiing that although relaxation by b ~ t h  scalar 

coup!ing and by shiefding anisotropy are field dependent, their dependences on 

the applied field are different. This indicates that, in principle, the relative 



contributions from each refaxation mechanism could be evaluated by 

appropriate! y designed expeilmniaf measurements at different field strengths. 

Complex 

cis- W(15~2)2(~~e2Ph)4  33 37 5.4 7.2 

tran~-OsC1~(~5N~)(PMe~Ph),? 23 3 1 5.7 4.0 
......................................................................................................... 
a: Data fmm 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 coupied 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, atthough many 

nitrogen-nitrogen coupling constants have been measured.lo8. This situation 

night be mused by two reasons. First, the small gyromagnetic ratio of the 

nitrogen nucleus wit1 intrinsically cause the magnitude of J(N, N) to be small, 



due to the relationship J(N,N') = :% -fN.- So experimentally, nitrogen-nitrogen 

spin-spin coupling constants for different compounds are spread in a rather 

narrow range ( I J(N, N) /i 0 - 35 Hz). Secondly, the rationalization of J(N, N) 

values has been difficult, as in Ramseyfs model they are the resultant of three 

coupling components which can differ in magnitude and sign.96 These three 

coupling components in Ramsey's model are the Fermi contact, orbital and 

dipolar terms. This can be expressed as equation 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 motecular orbital interacti~ns. in other words, a 

consideration of the molecular orbital interactions provides a good insight into 

the Ferrni 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 moiecuiar orbital analysis of the Ferml contact 

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



(I). 'Jf1"."!, 75N) of free molecular 15N2 (2.4 Hz) wilt be used as a 

reference to classify other groups of compounds. 

(2). Group I, 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 11(1516, 15N) 

will be smaller than that of and when X is a substituent with a 

lower VSIP, or larger electronegativity than nitrogen, the magnitude 

of ~ J ( I ~ N ,  will be larger than that of 15N2 Dinitrogen itself also 

belongs to this group (X is null). The sign of IJ( '~N, 1 5 ~ )  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 l ~ ( l s ~ ,  I5N) for these species. The smaller the 

difference of VSlPs between the metal and nitrogen, the less will be 

the increase in the magnitudes of the l J ( 1 5 ~ ,  15~) .  The sign still 

remains negative. 

(3). Group I I ,  comprises species where both of the nitrogens bear 7c-type 

of lone pairs with s character in either cis or trans arrangement, for 

example, diazenes and hydrazines shown below 



The magnitudes of 'J(15N, 15N) for species in this group are 

greatly enhanced compared with N2 and group I .  Where the 

substituents have smaller VSlPs than nitrogen, increasing the 

number of substituents decreases the relative enhancement. Where 

the substituents have larger VSlPs 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 II species 

to a transition metal centre always leads to a slight decrease of 

I ~ J ~ N ,  1 5 ~ ) 1 -  

The signs of the J values will be negative for cis and trans 

diazene type 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 li! species are those in which only one of the coupled 

nitrogens bears a E-type of lone pair with s character, e.g. the 

pianar species shown below 



( X = N, transitior: metal, etc) 

Their /f~(lsN, I%)] wiil be larger than that of completely 

linear species (Group I ) ,  but smaller than those where both 

nitrogens bear lone pairs (Group 11). The substitution effect for this 

group is similar to that of Group 11. 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 J ' J ( ~ ~ N ,  l5N)I values for Group I, I1 and Ill 

species are listed in Figure 1.32 for a comparison. 

The J value of molecular l5N2 can not be obtained directly by 

experimental measurement, but it can be deduced from the experimental value 

of 1J(15N, for the molecule 15N14N,111 which is +I -8 Hz, and equation 

1.1 096 neglecting the isotope effects because they are small and of the order of 

experimental uncertainty.112 

This gives U(15N, 1 5 ~ j  = -2.5 Hz. 



M-N \\ 
N-R 

M-N + 
NR 2 

/ 
H 

M-N -+ 
N-R 

R No, 4 Nr 

Figure 1.32 Ranges of ]3J(15~,  l sN)i  values, where the known sign is given 

in parentheses ( ) 



The aryldiazoniurm itin P.f2Ar" (Group I) bas a fess eledronegs!ifive carbon 

atom bonded to the N2 in a hear fashion, its ]iJflsN, 75tf)~ s 0 - 1.6 ~ 2 ~ 9 7  and 

as expected, is lower than that of molecular 1 5 ~ 2 .  Among the same group, but 

with a more eiectrunegaltive substiliuent O attached to tke Nz, N20 shows J = 

-9.16 ~z.113 Similarly, the  IJ[ value for N3- has been observed to be I 1  -3 Hzf14- 

117 and /'J(15N,, i%JB)i for N3R, (N,NpNP), are in the range 5 - 8 Hz,"4-117 

depending upon different R, separatefy. Importantly, the 3 vatues found for 

termin'alfy coordinated dinitfogen compounds are in the range of 4 - 7 Hzt118, 

''9 compared with the j 1 ~ ( I S ~ ,  %)i = 2.5 Hz for 15N2. This kind of increase due 

ta crrordination to a transftion met& is expected to carry over to other Group i 

species. 

Compounds of Group f f  are generafly expected to have the highest 3 

values for the coupfed nitrogen atoms based on our ciassificafion. In fact, the 

largest 15N-15N coupling constant is observed in N-nitrosoarnines (Id[ = 

20 - 23 !iz),'aO. in which both of the mupled nitrugens are bearing lone pairs 

wait s character. Expefimenfat data far diarene or azo type compounds also 

show high J values. (IJI = 14 - 17 H z ) . ~ * - ~ ~ ~  and generally, this value is higher 

for the cis arrangement than for trans. More informatively, the sign of some of 

the cis-azo compttrttSs has k e n  shown to be negalive,s taiiying with our 

prediction. 

The substitrrent efIia3 on the J vabe in this group can be demonstrated by 



For hydrzine types ot compounds, the cis and trans geometries 

emsidered in theory and mess'tioned in Group 11 above are not the obsertred 

ground state confarmations. The experimental J values are only avaifable for the 

observed gauche geometFzes,and are in the low range of 3 - 7 ifiF133 in 

agreement with ow predidi~n. f hearetical cafcutations by an IND0125 and an 

ab initio'a methcd on the parent molecule '%L$i4 arrived at the same 

conctusion as tha! of our qmtitalive analysis. The resliirs ctf the ~aicu!ations 

showed a krge negativs J vafue to: c ~ - ~ N ~ H ~  and a iage positive J for trans- 

1 5 ~ 2 ~ 4 .  separate@. whereas for the gauche and other intermediate geometries. 

the cakutation resu&ed in rather srnalt J values. 

Croup Il f  covers a large .darkly of compounds. Structurally, this group lies 

between Group t and Group If. Carrespondingly, the J waiues of this group of 

mmpwnds also lie between tbaP of group ! and grmp El. One of the typical 

examples is the singly bent ayUiareraid3 ligand, 



whit% has a fane pair m N3 with 50th s sand PT; character.lts jJI value ranges 

from 7 - f 7 ~z, ' iT,> 127  depending on the different metals and aryl groups, 

Corresponbingfy, Binear dazonirrn N$ai? without such  lone pair (Group 11, and 

the dolubfy bent dizenido ligand, with two such lone pairs {Group if), have J 

values ranging, separatefy- from O io 2 Hz and 16 to 23 ~ z . 9 ~  The comparison 

at these species is ftiu;sl.oated in TabEe 1 5  

No. of lone pairs 0 1 2 

Range of 3 0 - 3 H r  7 - I 7 H z  16 - 2 3 H z  

3-4.4- 4, Nitrogen Ctrernicaf ShiW 

Compared with ihe relaxationi data and spin-spin coupling constant, the 

n a r ~ e n  chemical shift has k e n  used most often in structure assignments for 

is a sensitive masure & t h e  eicxtran shiekjing situation at an individual nitrogen 

nwfears in these a m  unds.. Genexahly, the electron shielding effect on a 



where od and @ are diamagnetic and paramagnetic contributions respectivey. 

f n  nitrogen NMR spectruscopy: the paramagnetic term is dominant and it 

has a negative contiribution 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,lB as such it can be considered as the 

eotrnterpart of the Larmorformuta ' s fo r  the shielding of atomic nitrogen (Eqn 

t.12) 

(Eqn. 1.12) 

where 9 and . p ~  are harmorfrequency and gyromagnetic ratio of the 1 5 ~  

nucleus, 5 is the applied magnetic fiefd and a is the shielding- In contrast to this, 

the paramagnetic tern 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 ~rbital angular momenta of the molecuIe are perturbed. 

Under this perturbation, the ground state angular momenta of occupied orbitals 

wilt be mixed-in with same previous excited state angular momenta, and will 

grcxiuce 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 L,j p,>=- j py>; LJ py>= p,> and L,! p,>= 0, with the 

similar relationship for the operators L, and LY 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 

102 



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 'I2, 

(Eqn. 1 . l3)  

is the most commonly used one, where A is a constant (p0&h'/8~m3, BE is the 

averaged exciting energy and ZQ is the bond order, or charge density term 

which can also be understood as the imbalance of the valence electrons in the 

nitrogen 2p orbitals at the average distance < r 3  zp, from the nucleus. in 

nitrogen NMR the term < r-3 >p, is generally not expected to vary much from 

compound to compound, but the terms AE and are important 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 moiecufes, the A€ and CQ terms are often correlated to each 

other. A larger AE is often accompanied by a smaller XI. So, either A€ or CQ 

have been used in interpretation of the chemical shift changes. This has led to a 

correlation between the chemical shifts ( 6 ) and the photoelectron absorption 

bands ( A€ ) for certain types of compounds, such as, RN0,130 R2CN2131 and 

RN3.jt7 The energy differences, A€, obtained from a theoretical calculation for 

N2H4 (gauche), N2 and N2H2 are 25,23 and 12 eV, respectively.'3* 

Correspondingly, the chemical shifts are ca -300 and -70 ppm for N2H4 



(gauche)l33 and N297 , respectively, and ca. +I 20 - +I 70 ppm for azo 

compounds, RNNR' (where the R and R' are aryi groups).97 

Higher chemical shifts, i-e. lower paramagnetic deshieldings, have been 

observed for saturated compounds with a tetrahedral electron distribution at 

nitrogen ( NH4+ , NH3 and N2H4 (gauche) etc.). This can be understc~d as a 

result of the smallest CQ for the highly symmetric electron environment around 

nitrogen nuclei, and relatively large AE due to the low-lying o(NS-Hs) bonding 

orbitals and the high-lying x'(Np-H,j antibonding orbitals. 

In linear molecules, such as N2, N3- and CN- etc, the multiple bonding 

often indicates low-lying z* orbitals and high-lying n orbitals. For these 

compounds, although the energy gap, AE, between HOMOS (x orbitals) and 

LUMOs (K* orbitals) is small, the paramagnetic deshielding from the transitions 

between them (x ++ K*) are magnetically quenched. The entire paramagnetic 

contribution therefore comes from the transitions of o type orbitals to low-lying E" 

orbitals. Consequently, chemical shifts of these compounds are more downfieid 

than those of saturated compounds due to their reiativeiy smaller AE term. 

in ~ m p o u n d s  N2Ar+, N2CR2 and 1 ,1-N2R2 etc, the low symmetry 

substituents bonded to the nitrogen group will cause the IT H n* transitions at 

nifrogens to be magnetically allowed. So, generally, fower chemicai shifts are 

expected for these compounds. Furthermore, for these compounds, the charge 

imbalance, CQ, on different nitrogen atom has also been largeiy changed by 

banding to the substituents- This will result in a significant chemical shift 

difference between two nitrogen atoms. This can be exemplified by the free 

phenyldiazonium ion N2Ph*. Its frontier orbitals have been shown in Figure 1 .I. 

and the magnetically allowed transitions between these orbitals are given 

schematically in Figure 1.33 



Figure 1.33 Charge rotations caused by the transitions, ir, u irYr and 

The energy difference between the two transitions, xx ++ rry*and iry tt 

n,*, is not significant. interestingly, the electron density distributions on the N, 

and Np atoms in the filled frontier orbitals are largely different (refer to Figure 

1.1). The near zero n, and iry electron densities at Np in these orbitals indicate a 

small X I  term for this atom, which will lead to a smali paramagnetic deshielding 

and, hence. a higher field chemical shift for the Np nucleus. In fact, 

aryldiazoniurn ions N2Ar+ have been found with chemical shifl range -65 - - 15 

pprn for N, and -160 - -120 ppm for 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 stiuctural character for these compounds is that the 

nitrogen has a ione pair and also doubk bonds to an adjacent atom. The high- 

fgring lone pair {HOMO) and low-lying x* orbitai make the n t-, dtransition much 



more facile than others. Moreover, higher charge density usually associated with 

such a IT type of lone pair will also increase CQ and lead to increased 

paramagnetic deshielding . 

1.4.4.5. Application of '5N NMR Spectroscopy to Arytdiazenido 

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 aspect97 Generally, the resonance of N, spans from -90 to 

I60 ppm for the singly bent geometry, and over 200 pprn downfieid for the 

doubly bent structure. 

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 



distinguishing the singly bent from the doubly bent diazenido iigand, but more 

impcj,anfiy, 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 ary ldiazenido 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(15N2Ph)(S2CNMe2)3, also belongs to this group. Since in these compounds, 

the aryldiazenido figands are all in the same geometry, ie., 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 iigand 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 x-electron-donor or K- 

electron-acceptor substituents on the aryl ring. 



Table 1.6. Nitrogen-15 Chemical Shifts and 'J (N, N) values 

of Singly Bent Aryldiazenido Complexes 

----------------------------------------------------------- ------------------------------------------------------------ 

Complex 



*: Nitrogen-1 4 NMR data. 
a: Data source: reference 97. 
6: D. Sutton, unpublished data. 
c: This work. 

Previously, the coordination shift of a ligand has been classified as 

small,l% 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 complexesg7~ lo7. This simple generalization can not, obviously, 

explain the experimentally large range of chemical shifts of N, for singly bent 

diazenido complexes (ca. 200 ppm), e.g., from 137.9 ppm for [ ~ h ~ l ( l ~ N ~ P h )  

(PhP((CH2)3PPh&)]+- to -92.1 ppm for [trans-lrC1('5~~~h)(~~h~)~+~ that covers 

abi>ir"rrjiie ihkd of the chemical shift range for ail nitrogen ligands. 

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

occur in some dinitrogen and other related organonitrogen c o m p l e ~ e s . ~ ~ * ~ ~ 0 9 ~ ~ 3 ~  



In fact, small observed coordination shifts have been found only for specific 

cases, in whicn (l)  fne Iigands nave 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 

tran~-(Me~PhP)~Re(laf~)Ci-~~*, I36 However, for those compounds, in which 

either of these two symmetry conditions is not fullfilled, this highly generalized 

conclusion134 is often seen to fail, so that a rather larger coordination shift is 

normally observed. 

in the discussion which follows, we will try to use the concepts of isotropy 

and anisotropy of the K electron distribution in the ligand and at the metal centre 

to analyze some typical examples in which the changes in nitrogen chemical 

shifis 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 n: bonding with the 

metal centre. 

Molecular nitrogen, N2, in free state, (Dwh), has two degenerate sets of n: 

and n* orbitals. When it is in an external magnetic field, the most probable 

transitions that will induce paramagnetic charge circulations, are owx* and 

n-o* (which includes ntl-n' ,  since the lone pair orbitals on nitrogens are part of 

the o framework). Although the energy difference between the ~r: (SOMO) and n* 

(LUMO) orbitais of dinitrogen is small, the transitions between them, ie., ntiz*, 

are magnetically disaffowed. When N2 coordinates terminally to a metal centre 

and is involved in isotropic n: back bonding, a small coordination shift would be 

expected for the dinitrogen ligand. This is simply because upon coordination of 

N2, the iocaf symmetry around the nitrogen atoms remains the same, so that the 



symmetry of the transitions in the free ligand is still strictly held in its complexes. 

In addizion, the effective average exciting energy, AE, is relatively insensitive to 

the coordination. This can be exemplified by tran~-(Me~Ph~)~Re(N,)C1,'36 with 

6(N,): -89.3 and F(N$ -67.6 ppm, respectively and trans- 

[FeH(N2)(Ph2PCH2CH2PPh2)2]+ 118, with a 6(N,): -65.4 and a 6(Np): -41.3 ppm, 

respectively, which are not greatly different from the value of -71.3 pprn for free 

d i n i t r ~ g e n . ~ ~  Obviously, it is this group of complexes that fits the conclusion 

generalized previousiy. 

However, when dinitrogen is terminally coordinated to a metal centre with 

anisotropic n back bonding orbitals, a large coordination shift will be expected. 

This is because in addition to those owx* and x e o *  types of transitions, a 

virtual circulation results from the magnetically allowed n w d  transitions and 

leads to marked changes in the paramagnetic shielding around the nitrogen 

nuclei. This kind of nwx* transition is magnetically quenched by a cylindrical n 

electron distribution in free N2 or in a highly symmetric molecule as just 

discussed above. The effect of coordination to a metal centre with anisotropic 

(or singly-faced) n back bonding ability on the nitrogen chemical shift is obvious. 

This effect can be demonstrated in CpRefC0)~(N~),135 with 6(N,): -1 21 and 6 

(N$: -26 ppm, separately and [Cp'2~i(~2))2(p-'S~2)],137 with 6(N): +299 ppm for 

the bridging nitrogen. 

ft is also noteworthy that coordination shifts for the two nitrogen nuclei in 

the dinitrogen ligand are often in opposite directions. Generaliy, the nitrogen 

iigateb to metal centre is shifted upfield ard the terminal m e  shifts downfield by 

mmparison with free N2- 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 planes near N,, in both cr and n directions, which will largely 



decrease the electron density at N, and increase electron density at Np. 

Consequently, the chemical shift of Np is always located downfield relative to 

that of N,. Interestingly, therefore, the difference of chemical shifts of N, and Np. 

86 ,  in the terminaliy coordinated dinitrogen ligand, may also be used, in principle, 

to measure the relative position, in energy, of the corresponding metal dorbitals. 

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., CWK* and 

x e d  transitions, is relatively small in contributing to the chemical shift change, 

by comparison with that in the direction parallel to this axis, ie., m-m* 

transitions, if they are allowed by the molecular symmetry. For the free 

aryldiazenido ligand, a substantial electron density difference in the two x 

bonding directions, as we have seen earlier, makes the charge circulation of the 

KWZ* transitions a significant component in the paramagnetic shielding tensors. 

Therefore, changes in the chemical shift of N, and Np of this ligand upon 

coordination will be expected to be largely related to the changes of this 

component in the x bonding interactions with the metal centres. Therefore, in 

order to understand the magnitude of the coordination shifts of the singly bent 

aryfdiazenido ligand, the changes of the charge density in the ligand a orbitals 

upon the coordination must be taken into account. 

The different geometries adopted by N2Ar in its free and co~irdinated 

states make a direct comparison of the shieldings of this ligand meaningless, 

but, the large number of the wide!y spresd chsmica! shifts of this ligznd in 

complexes stilt aiiows us to analyze the trend of the csordinaticzn shifts- 

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

character for a singly bent diazenido ligand is such as to accept x back bonding 



strongly from the metaE cenxe in a single-faced fashion, that is, in the molecular 

plane, due to its low-Eying LUMO in this direction (refer to Figure 1.2). So, 

coordination to a transition metal centre wilf cause an increase of the ligand" x 

electron density In this direction, and consequently, an increase of the CQ term 

in the Popfe equation 1,13, which, in turn, will cause a deskelding for both 

nitrogen nuclei of the ligand, but especially for N, . 

In a fourcoordinate compound, such as [tran~-lrCICsN~Ph)(~~h~)~]+ or 

[irans-~hC1(~5N~Ph){PPh~)~ If listed in fable 1.6, the a type of LUMO of the 

singly bent aryldiazenido rigand is located in the plane perpendicuiar to the P-M- 

P axis- In other words, the 3i back bonding into the LUMO of the diazenido Iigand 

is only enhanced oy the f Fans chloro ligand. However, in a six-coordinate 

octahedra! complex, the LUMO of the singly bent diazenido ligand always tends 

to be in the plane which wntains the metal and more 1.; basic Jigands (including 

the trans K basic hgandf, due to the inherent orientation selectivity sf this figand, 

which has been discussed in section 1.3.2,l). Therefore, in !his case, the n back 

bonding between the metal and the LUMO of the dimenido ligand is such that it 

is enhanced not only by the trans a base ligand, but also by either or both of hivo 

cis n base iigands. in other words, more charge de~sity is expected to have 

been pushed from the metal centre to the diarenido ligand in six coordinate 

compounds than in the mnrparabk four mrdinate ones. C~nsequentiy, in a six- 

mrbinaie compfex, the paramagnetic deshildings at both nitrogen nuclei will be 

expected to increase and resuR in a downfiefd shift of the cbemical shifts for both 

nitragens of the sin& bent diaenidet Egand. This can be seen ckrdy frnm the 

experimental data iistecf in Tabrie l-6. R is atso worthy to note that in both the six- 

acrd fwr-coordinate complexes, ligand field splittings, respective to the singly 



paramagnetic deshiefdings fmm the perpendicular circufations of o e x "  and xt-+ 

G* of tire diazenido Iigand wauki, kn principie, be same for both cases. 

From the discussion in s e d h  5 3.2, we know that for t h e  singly bent 

diazenido compounds, there is a subs:aniial difference of x-back bonding 

strengths between cdahedrai geometry (incfuding the related square planar 

geometry) and triganaf bipyramidaf geometry. A trigonai bipyranidal complex 

with the singly beet dfzenidr: Figand in the unique equatonai position has been 

faund to have the Swngast x back Sonding strength. Cairespsndingty, these 

give the Iowest fiefo chemical shifts for the nitrogen nuclei among the singly bent 

aryMiazenido comgounda, and the deshieldings observed for the nitrogen nuclei, 

espxiatfy N,, in such trigcnai hipyramidal compIexes span a wide range, of ca. 

120 ppm (see Table 1.16)- Motabify, the diazenido ligand in 

[RhQ(25N2Ph)(Ph~([C~2)3~~f-t2_;i)]-Is7 which has the highest deshiekling 

amng such compounds, in fact, has been characterized in the solid state to 

have a doubly bent geornet~ .~m~ T,?is could be understood in that the n 

back acceptance by the diazenido figand in this compound is very strung, and a 

faMy weak interaction exists in ifs solid together these two effects 

haw promuted a charge tt-atnsfei from the rnefal centre to this ligand resulting a 

farm& I&? meta! centre- 

For the t Riee- ged piano s1;tooi t g r p  of wmp~unds,  atthough they have 

n often cansidered as hautng a six-aordinate environment, (so they are 

unds in Table I ,6j, ?he frontier o&ital 



compounds. The r e z s ~ n  for the lawer deshieldings than in trigonai bipyramidal 

compounds can be fairly well understood in terms of Ihe insufficient overlap of 

the fiHd metali o&fiai and the LUMO uf the ligand in such compounds by 

mmparfson with that in %igonaE bipyramidal cumpocrnds. 

The impoaance of such  correiaiions between the nitrogen chemical shifts 

ef t he  singly dizenido h n f  @and and the x back bonding strength in the M-N- 

MAr finkage is that n & ~ e r i  NMR measurements may provide u s  with a usefuf 

c&e&m of the ~~~~f ?E back bnding strmgtli in the si'~difiS systsrns. In iaci, 

such correia:ions show exe:lent agreement with v(fiCh) !R stretching 

f r q u e n d e s ,  the  ttsrtai criterion for determining the  n back bunding in diazenido 

compounds. The IR freqerencgr d v(NM) tor a singly bent diazenidu ligand in 

nonal  octahedraf or square  ptanar rnoXecules is in the  range of 1000 - 1900 

cm-1. bttf it shifts n bo a range of 3700 - 1800 cn-1 with a Cp or Cp* tigand 

present in the  system.. The lawesf !R Sfretching frequencies for this ligand have 

k e n  fsund in the trigarral bipyramidat moiecules, and range from 1500 cm-I to 

1 700 cm-3. 

Finally, the effect of substituenfs attached t o  the phenyl ring appears  to be 

smalli by comparison with the cwrdinafim effect. For example, in Table 1.6, the 

un&, RtrCb(N2g(PPh3)2 {R=pC6H4X; X=Me, H or NO& show only a 

negliQiblie difference in their N, chemicat shifts- 

e paramagnetic deshielding found for 

ads@,s faom the smaller AE t e r n  between the  HOMO (lone 

il), (refer to Figure 1 21, of this ligand. 



Tabk 1.7 Nitrogen Chemica! Shifts and 1J (N, Nf \.Jalues of Doubly Ben: 

Aryldiazenido Complexes 

Complex l l ~ ( ~ ,  N ) I  ref. 

Hz 

In fact, the Gvafue for N, is even greater than that of simple trans-RN=NR (R = 

Aryl) mrnpounds, which generally resonate in the range 120 -1 70 ppm.g7 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 

7 -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 



bent diazenido ligand always tends to decrease, and this, in turn, will lead to a 

izrge deshieioing for the nitrogens of this ligand. 

Bridging Aryldiazenido Complexes: 

f5N 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 

invol~ed. 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 I l l  when we start to deal with those 

bridging diazenido compounds made in this work. 

Table ? -8 Nitrogen Chemical Shifts of Bridging Aryldiazenido Complexes 

Complex m a )  Ref. 



/continue Table 1-81 

a: f his work 



Syntheses, Dynamic NMR and X-ray Structures of [Cp*1r(C2H4)NO]BF4 and 

[C~*lr(C2H4)(~N2C6H4oMe11 BF4 - A comparison of the n: acidity of 

iigands NO+ and N2AP 

2.5 Introduction 

In transition metal nitrosyi and diazenido complexes, the anaiogous 

duality of the bonding modes of these two ligands characterized by linear and 

bent M-N-0 and M-N-N structure skeletons has been recognized for many 

years.q4> 34 This analogy, as we mentioned in Chapter I, facilitated the early 

development of transition metal diazenido and nitrosyl chemistry. However, it is 

also evident that there exist some differences between NO and N2Ar in their 

complexes with regard to their syntheses and chemical reactivities.34 For 

example, neutral [Mn(C0)4NO] with a hear  NO ligand can be readily formed by 

the reaction of basic [Mn(COfS]- or [Mn(CO)5H] precursors with nitrosonium ion, 

NO+.142 In contrast to this, no complex with a secured aryldiazenido ligand can 

be obtained even at -?U•‹C by the similar reaction with N2Ar+?3 Protonation of 

the doubly bent aryldiazenido ligand at the N, position is commonly observed,'3. 

34 and occurs also for the singly bent diazenido ligand in some five-coordinate 

cornplexes.~ However, protonation of the linear nitr~syl ligand has not been 

seen. 

In order to understand this diversity between NO and N2Ar ligands, a 

knmiedge oi the eiectronic stmdure of tne bonding between the metal and 

these Wo tigands is required. f here have been several previous studies 

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



bonding in analogous NO and N2Ar ~ r>mpounds .~6 -~~~  711 144-149 However, the 

chemical and spectroscopic results advanced from these studies have shown an 

uncertainty in this aspect. Some of them suggest N2Ar+ to be the stronger n- 

acceptor of the two,71, 74A, 145 but athers support the reverse.l6. 171 145-149 This 

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 .I of this Thesis, stimulated our 

interest in reassessing the bonding characteristics of a transition metal to NO+ 

and N2Ar" 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 N2Ar+ compounds may be illustrated by using the concepts 

of "single-faced" and "cylinder-type" x-bonding ability for N2Ar+ and NO+, 

respectively. For a highly symmetric molecule, such as octahedral, the metal 

centre has equal ability to donate its 3~ electrons in all possible coordination 

directions due to its isotropically distributed dn electrons. So, it would be 

expected that the NO+ ligand might accept n Sack-donation from the metal 

centre more effectively by using its doubly degenerate or the "cylinder-type" n' 

orbitals than the N2Art ligand which only has its intrinsic "single-faced" n- 

accepting ability. This would possibly account for the observations that NO+ was 

the better x-acceptor of these two ligands. However, for a complex with low 

symmetry, the x back-bonding potential of the metal centre could well be 

anisotropic. So a 7~-x id  figand in this complex can get the efficieiii .n back- 

donation imm the meta! centre only in one direction no matter v~t-tettther the figand 

has a ffcylinder-type" or "single-facedw n* orbitals. Since the N2Ar+ ligand has 



lower LUMO than NO+, {refer to Section 1 -2.2.1 and 1 -2.2.1 ), it will be expected 

that N2Ar+ ligand in this latter case becomes the better n-acceptor. 

O,le of the chal tenges generally associated with modeling the electronic 

structure of a molecule is to design a new molecule strictly according to the 

modef 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 n: back-bonding for NO+ and N2ArS. iigands, a convincing 

target molecule, we believe, should have low symmetry, because the results 

obtained from the low symmetry moiecule 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 

distiiled under nitrogen immediately before use. All reactions and manipulations 

were carried out in standard Schienk ware, connected to a switchable double 

manifold providing vacuum and nitrogen. 

Infrared spectra were measured for solutions in CaF2 cells 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. Dynamic proton NMR and l3CY %I, and 1 5 ~  NMR spectra were 



obtained by Mrs. M. Tracey of the NMR service of Simon Fraser University on a 

Bnrker AMX-400 Fourier Transform instrument at operating frequencies of 

406.1, 100.6, 28.9 and 40.5 MHz for IH, l3C, 141\1 and 15N respectively. 

Chemical shifts (6) are reported in ppm, downfield positive, relative to 

tetramethylsilane (TMS) for 'H and j3C spectra, and relative to MeN02 and 

NOelsNQ2 for 14N and 1 5 ~  spectra respectively. 

Temperatures of the samples used in the dynamic NMR studies were 

obtained from the temperature controller of the AMX-400 spectrometer. The 

thermocouple of the temperature controller had been previously calibrated with 

an accuracy f 0.2 "C in the temperature range concerned. Free energies of 

activation were calculated from the Eyring equation (Eqn.2.1 )I50 

(Eqn. 2.1) 

Tc 
= a Tc [ 9.972 + log ( - )I 

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 4  -91 4 x 10-2 

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, 

f he masses are quoted for the 1931r isotope. Microanalyses for elements C, H 



and N were performed by Mr M-K. Yang of the Microanalytical Laboratory of 

Simon Frase: University. 

Starting Materials 

Bisethylene pentamethyicyclopentadienyl iridium was synthesized 

according to the method provided in reference [I 511. Paramethoxyphenyf- 

diazoniurn tetrafluoroborate was prepared by the standard procedures from 

para-methoxyaniline (Aidrich) and sodium nitrite, and purified periodically by 

recrystallization from acetone and diethyl ether. The diazoniurn salt substituted 

with at the terminal nitrogen (N,) was prepared by using N ~ ~ S N O ~  (95% 

1 5 ~ ,  MSD Isotopes). 

Preparation of [Cp*lr(C2H4)(pN2C6Hfle)JBF4 (1) 

C ~ * I T ( C ~ H ~ ) ~  (1 00 mg, 0.26 mmol.) was dissolveu into 5 mL acetone in a 

100 mL Schlenk tube equipped with a magnetic stirring bar. The solution was 

cooled for 15 minutes at -78 'c, (dry ice I ethanol bath), by immersing at least 

213 length of the Schlenk tube into the bath, then [(pN2GGH40Me)] BF4 (1 8 mg, 

0.26 mmol) pre-dissolved in 5 mL acetone was added dropwise by pipette in 

such a way that the drops of the diazoniurn salt solution first touched the upper 

part of the Schlenk 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 soltQion for about one hour 

at -78 'c. The colour of the reaction solution changed from colouriess to yellow 

then to orange-red. When the reaction had finished (IR monitoring the 

disappearance of the band at 2253 cm-I 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 m l  of hexane affording the analytically 

pure product (I) almost quantitatively. Recrystallization of the product (1) from 

acetone / hexane at -10 OC (in the refrigerator) gave dark red crystals of 

compound (1) in greater than 90% yield. More product could be recovered as 

fine crystals by evaporation of the supernatant solution. M. P. 150 - 155 oC. IR 

v(NN) 1710 cm-I (KBr), 1724 cm-I (EtOH); 1H NMR (400 MHz, CDCI3): 6 2.25s 

(?5H, G5Me5), 3.25srb (4H, C2H4), 3.91 s (3H, OMe), 7.23q (4H, C6H4); 13C{1H) 

b.lMR (cDC13): 6 9-61 (6&k5), 49.32 (G2H4)* 56.01 (Om),  100.89 (c5Me5), 

11 1.77, 1 17.08, 125.21 and 164.09 (GH4); 14PJ NMR (MeN02-d3): F -1 O7s,b 

(Np), -2.86s,b (N,), FABMS (m/z): 491 (M+), 463 (M+-C2H4), 433 (M+-C2H4- 

OMe), 405 (M+-C2H4-N2-OMe), 354 (M+-N2C6H40Me-2H); Anal. (Calcd):C, 

39.52; H, 454; N, 4.85. (Found): C, 39.11; HI 4.53; N, 4.84. 

Preparation of [ C P * ~ ~ ( C ~ H ~ ) ( ~ ' ~ N N C ~ H ~ O M ~ ) ~ B F ,  (la)' 

The l5Na isotope substituted complex (1 a) was synthesized analogous 

to compound (I),  by using (~ '~NNC~H~OM~) ]BF, .  IR v ( ~ ~ N N ) :  1675 cm-I 

(KBr); 'SN NMR (acetone-d6): -2.26s (N,). 

Preparation of [Cp*lr(C2H4)(rJO)]Br=j (2) 
To a solution of Cp*lr(C2H& (700 mg, 0.26 mmol.) in 10 mi- acetone at a 

temperature 'e -1 0 OC was slowly added an equimolar amount of [NO][BF4J 

': The nrrrnkr foliowed by a ieiier a denores a I5N, enriched sample. This convention 

will be used throughout this Thesis. 



(freshly washed with Cii2Ci2f and the reaction mixture was stirred for one hour 

at this temperature. The cofour changed fmm colourlsss to grey-green in the first 

5 minutes after the addition and remained the same until the reaction finished 

(monitored 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/diethyl ether afforded the dark-brown crystalline 

product in ca. 90% yield. 1R v(N0): 1 822 cm-I (acetone), 1 820 cm-I (EtOH); 4H 

NMR (100 MHz. CDCI,): 6 2.34s (15Hl C5Me3, 3.479 (4HlC2H4); 13C(1~) NMR 

(IOOMHz, CDC13): 6 9.82 (G&k5), 47.06 (&&) and 105.16 (c5Me5); FABMS 

(m/z): 386 (Mf), 358 (M+-C2H4), 356 (M+-NO); Anal. (Calcd.): C, 30.52; HI 4.05; 

N, 2.97. (Found): C, 30.79; H, 4.03; N, 2.91. 

X-ray crystal structure determination of [Cp*lr(C2H4)(pN2C6Hfle)]BF4 (1) 

Crystals suitable for X-ray structure analysis were obtained by 

recrystallization of compound (1) from acetone and diethyl ether at -1 0 QC. After 

examination by microscopy with polarized light, a large brown single crystal was 

slowly 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 diffractorneter equipped with graphite monochromatized MoKa radiation. 

Intensity data were collected at -40 21 OC. A final unit cell was determined 

by least squares procedures from the setting angles of 25 well-centered 

reflections (with 90 1 6 5 220 ) chosen from a random variety of points in 

reciprocai space. A monoclinic unit cell was first assumed and then proven by 
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investigation of symmetry-re!ated reflections from the intensity data file. Selected 

crystafkgraphic and experimental parameters are given in Table 2.1. 

A total of 371 6 independent reflections were measured, of which 261 1 

reflections were classed as observed (I, 2 2.50(1,)) and used in the structure 

calculation and refinement. Three intensity standards were measured every one 

and hat: hour of aquisiiion time, and showed no significant change in intensity 

during the data collection. 

Lorentm, polarization and spherical absorption corre~tions152~ I53 were 

applied to convert the 261 1 intensity data into the relative structure fdctor 

amplitudes and their esds. 

The structure was solved by Patterson and conventional Fourier methods 

and refined by using fuil matrix least-squares procedures. The assumption that 

the space group was centrosymmetric P21/n * was confirmed by the successful 

solution and refinement of the structure. Anisotropic thermal parameters for Ir, F 

and 0 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 i\ by the computer pr0gram.15~ A total of 54 atoms and 183 variables 

against 261 1 observations were involved in the final refinement. The quantity 

minimized by the least-squares program was Z 4 I Fo I - I Fc 1 )2, where w is the 

unit weight. The analytical forms of the scattering factors for neutral atoms were 

used.lS5 

- - - - - - - - - - - - - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ~ -  

": The standard space group symbol of P211n is P21/c, which could be obtained 
by a rotation of a, c axes into the diagonal positions. 

1% 



Inspection of the residuals ordered in the ranges of sinehi, Fo and the 

values of individuaf 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-fA3 and was located at 0.94 A from the Ir atom. Positional 

parmeters and thermal parameters of nun-hydrogen atoms are fisted in Table 

2.2 and selected bond distances and angles are given in Table 2.3. The 

computing programs used for data reduction, struelure solution and refinement 

were from NRC. VAX Crystal Structure System.lM Ail computations were carried 

out on an in-house Micro VAX-it computer. A perspective view of the rnofecular 

cation of (1) is given in Figure 2.1. 

X-ray Crystal Structure Determination of fCp*ir(C2H4)(WU)jBF4 (2) 

Dark brown crystals of (2) were obtained from acetone and diethyl ether. 

Most of the crystais were found to be perfectly twinned by examination under the 

poian'zing microscope. A tetragonal-shaped crystal was carefully cut from a 

twinned crystal and mounted on a glass fibre. Intensity data were collected at 23 

lfrl OC with an Enraf-Nonius CAD-4F difiractometer using graphite 

monochromatized Mo Ilar radiation. Lattice parameters were determined as 

above from 25 reflections (1 4% 8 c 209). A total of 2922 reflections were 

measured; 1923 of the 2706 unique reflections were classed as observed with 

I, <2a(i,)- The scan range was 0.85 + 0.35tan0 and scan speed 0.72-2.75 

deg-lmin. The intensities of two standards (O,O, -2; 1, -4, 0) were measured 

every hour of acquisition time, showed no long term change and had a RMS 

deviation of 1.4%. f h e  data reduction induded Lorentz and polarization 

mrrections and an anatyticaf absorption corre~tion~52~ based on the psi- 

scan data of two reflections (with K > 820); transmission was 0.355 - 0.648. The 
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struc!rrre was solved by Patterson synthesis and refined by ful I matrix least- 

squares ar;d Fourier methods. The assumption that the space group is centric 

P2$in: was confirnd by the foliowing successfuf refinement. Calculated 

hydrogen positions (dJC-HI= 0.35 A) were used in the final model. Disc shaped 

thermal vibration eftipsoids of F atoms in the anion 6F4 indicated a spbericatly 

disordered BF4-, which vvas successfuffy modelled by three BF4-s with a total 

tmxpartcy quai to one. The F atoms, given the same anisotropic thermal 

parameter, were aifowed to rjde on the conespcrnding B atom in each SF[. Final 

refinement incferdd aniwtrspie thermal parameters for tr, 0, C and N and 

isotropic thermaf parameters for other non-hydrogen atoms. Hydrogen atoms 

were incfuded in f ixed psitions in structure factor calculations, Refinement was 

considered complete when the shifUerrcrr ratio was less than 0.002; 161 

parameters againsf 30 atoms were varied. Counter weights w were used 

(~14kF9 t cr2Fo) and k= 0.0003j. The targest positive peak Tn the final electron 

density map was t -1 (2) eA-3 and was located 0.88 A from the fr  atom, and the 

largest negative peak was -0.87 ei\-3. The analytical form of scattering factors 

far the neutral atoms was used,:= and all non-hydrogen scattering factors were 

mrrecled for real and imaginary components of anomalous dispersion. 

Inspection of W A ~  as a fundion of sineh, f o  and values of h, k, t showed no 

unusuaI features of- trends Selected crgtstail~raphic and experirnenlat 

parameters are given in Tabfie 2-3 + Positional thermal parameters are listed in 

Table 2.4., and bond diis&mxs and angles are listed in Table 2.5. Programs 

used for data wdndion were from the NRC VAX Crystal Stfuctufe System 

and for stnrdure solution were from Crystals 1% and run on a micro VAX-II 

computerw The diagram was generated with the program ORTEP- A perspective 

view of the cation [wlr(C2H4f(NO)]+ is given in Figure 2.2- 



TaMe 2-1. Crystalfographic Data !or the Structure Determinations of (1) and (2) 

Monoclinic 

P21/n (Mo.14)a 



Figure 2 1  A perspective view of the cation [Cp*lr(C2H4)@-N2C6H40Me)]+ of 

(I). (The %hem& ellipsoids represent 50 % pmbability contours). 



Figure 2.2 A perspective view of the cation [ C ~ * I ~ ( C ~ H ~ ) ( N O ) ] +  of (2). 

(The thermal ellipsoids represent 50 % probability contours). 



Table 2.2 Positional and Thermal Parameters for Compound (1) a 

Atom x/a ~ / b  zlc Biso 

I r 0.21 1 20(3) 0.1 1305(2) 0.09575(3) 

F 1 0.1 820 (8) 0.2909(3) 0.6869(6) 

F2 0.2383(11) 0.2333(5) 0.5402(6) 

F3 0.31 34(10) 0.201 (4) 0.7052(8) 

F4 0.0674(10) 0.1970(4) 0.6485(9) 

0 0.8281 (7) 0.0063(3) 0.5538(5) 



Continue Table 22 

C2 0.5372(9) 0.0637(4) 0.3401 (7) 4.07(i 5) 

Atom Utl U22 U33 U12 Uf 3 U23 

a: Thermal parameters ( x i  00). 



Table 2.3. Selected Bond Lengths (A) and Inter-Bond Angles (deg.) of (1) 

______-------------------------------------------------------- 

(a) Bond Lenaths 

(b) inter-Bond Anale3 

C(1O)-ir-C(20) 37.1 (4) C(10)-lr-N (1 ) 91.3(3) 

C(20)-11-N(1) 89.3(3) lr-N(l )-N(2) 176.2(6) 

N(l )-N(2)-C(1) 120.4(6) kC(11 )-C(21) 7 27.3(6) 

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



Continue Table 2.3 

( I  2 )  7 - 1  5) I 07.8(7) C(22)-C(12)-C(11) 1 25.3(8) 

C(22)-C(12)-C(13) 126.3(8) C(23)-C(13)-C(l2) 125.2(8) 

C(23)-C(13)-C(14) 126.6(8) C(24)-C(14)-C(13) 1 25.6(8) 

C(24)-C(14)-C(15) 126.5(8) C(25)-C(15)-C(11) 126.1 (7) 

C(25)-C(15)-C(14) 125.5(7) C-0-C(4) 1 16.8(7) 

N(2)-C(1 )-C(2) 123.5(7) N(2)-C(l )-C(6) 11 6.0(7) 

Table 2.4 Positional and Thermal Parameters for (2) b 

Atom x/a ~ / b  Z/C Biso 

Ir 0.24892(5) 0.391 46(1) 0.43954(4) 





Continue Table 2.4 

W 101 O(93) 507(61) 737(79) 201 (60) -350(59) 8(6O) 

C(2) 1 049198) 1 OOO(106) 551 (72) 332(61) -1 72(59) -320(84) 

C(l0) 538(55) 574(50) 364(50) 51 (40) -1 Z(38) 54(40) 

C(l1) 446(47) 61 5(49) 397(48) -0(43) -89(36) 1 2(4O) 

Bond lenaths - 

Ir-N 1.762(9) Ir-C(1) 2.19(1) 1 r-C (2) 2.17(1) 

!r-Cp* centroid 1-89 Ir-C(l0) 2.239(9) lr-C(11) 2.255(3) 



n
 

0
 

T
 

q n 
TI- 
T
- 

q n 
c9 
P

 

5
 

n
 

TI- 
w

 
L

L
 

n
 

.r
 

w
 

m
 
n
 

CV 
w

 
U, 



Confinue Table 2.5 

2.3. Syntheses and Characterization 

Synthesis and Characterization of I[Cp'lr(C2H4)(pN2C6H40Me)]BF4 (1) 

The careful, slow addition of a solution of para-methoxyphenyldiazonium 

tetrafluoroborate in acetone to a colouriess solution of Cp*lr(C2H4)2 in acetone 

at -78 OC produced the corresponding mono-ethylene diazenido complex (1) in 

good isolated yield (typically > 90% after recrystallization)(Eqn.2.2) 

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

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

complex (1) can be isofated by recrystallization from acetone/hexanes at -1 0 OC. 



Fast addition of the diazonium solution into the C P * I ~ ( C ~ H ~ ) ~  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 species. This indicated 

that the red oil could be an ionic decomposition product of compound (I) .  The iR 

spectrum of a thin film of this mixture on a KBr disc showed only the absorption 

at 171 0 cm-1 due to complex (I )  in the range of 1600 - 2300 cm-I. However, its 

1H NMR (in acetone-d6) showed that beside resonances for compound ( I ) ,  there 

were several other broad and featureless signals at 6 ca. 1.2 - 1.8 ppm. 

Compound (I)  is a relatively high melting solid. It is very soluble in most 

common polar solvents, such as acetone, CHCI3, CH2CI2, MeN02 and MeCN, 

but insoluble in non-polar solvents such as hexanes and diethyl 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 

observed. However, in solutien this compound exhibits only limited stability. 

There is no observable change in crjlour of the orange-yellow solution of 

compound (1) in non-halogenated solvents over a period of hours at. room 

temperature, but it slowly changes to orange-red In days. In halogenated 

solvents, compound (I) decomposes rapidly; for instance in CHC13 solution, it 

reads with the sotvent to produce the corresponding dichloro dirner cornptex, 

fWlCI2)z- 

Compound (1) has been fully characterized by analysis and spectroscopy. 

Signals due to the parent ion, [Cp'lr(C2H4)fN2C6H40Me)]+, the fragments 



formed by loss of the C2H4 figand, fCp*Ir((N2C6H40Me)]+, and the aryldiazenjdo 

ligand, fCp*lr(C2H4)]+, as wet1 as others are observable in the FABMS spectrum 

of (7). Compound (1) displays a single v(NN) absorption in its fR spectrum at 

1724 cm-1 (EtOH) that falls within the range generally associated with the 

presence of a terminally coordinated ary!diazenido ligand. The assignment was 

confirmed by an isotopic shift of 35 ern-' to lower wavenumber in a '%ld 

enriched sample. The 7H NMR spectrum of (1) shows clearly the presence of the 

aryi group, which occurs as a typical AA'BB' pattern in the aromatic region and a 

singlet at 3.91 pprn for the OMe protons of the pmethoxyphenyldiazenido group. 

A strong singlet was assigned to the methyl groups of the Cp* ligand at 2.25 pprn 

(intergral 15H), and a broad singlet at 3.25 ppm, (intergral 4H) could be assigned 

to four equivalent protons in the C2H4 iigand. The feature of this peak merits 

some discussion in light of the dynamic mofecular behavior of (I), which will be 

given in the next section. The 1% NMR spectrum of (1) is consistent with its IH 

NMR spectrum. it is worth mentioning that only a single C2H4 resonance was 

observed in the '3C NMR spectrum. Two broad peaks at -2.86 and -1 07 ppm in 

the I4N NMR spectiurn 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 (Nd which has been confirmed by lsP1 NMR of 

the compound (la). The motecular stntdure of (1) has k e n  unequivocally 

established by a single crystal X-ray crystallographic analysis, which reveals that 

it possesses a two-tegged piano-stoot molecular structure in the solid state. 



produa was obtained, which anaiysis indicated to be fCp"lr(C2H4)(NO)]BF4 (2). 

(Eqn. 2.3) 

(Eqn. 2.3) 

Compound (2) could atso be obtained at an even lower temperature. But, at a 

higher temperature, such as room temperature, an orange-red oil was produced, 

from wnich no tradabie organornetaiiic complexes were isolabie. Solid (2) can 

be recrystalked from acetoneibiethyl ether. Its solubility properties are similar to 

compound (I) ,  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 

days was observed. 

In its IR spectrum, compound (2) shows a very strong v(NO) absorption 

near 1820 cm-f in solution indicating a linear terminal NO figand. The FABMS 

clearly exhibits peaks due to the rnofecufar ion, fCp*lr(C2H4)(NO)j+, and 

fragments resuliing from the loss of NO and CzH4 figands. In its 1H NMR 

spectrum, a strong singlet at 2-34 ppm is attributed to Cp" protons, and a typical 

AA'XX' pattern at cia 3.47 ppn is attributed to a rotation-free ethylene ligand that 

must be orientated with the C-C axis normal or paraflet to the Cp* plane. A 

singlet observed; at 47.06 ppm for the ethylene ligand in a proton-decoupled 

NMR spectrum indicates Wo equivalient: carbon atoms for this ligand in (2), and 

therefore, vrnequivwl8y establishes that the coordinated ethyiene figand is 

p m k l  to the Cp" pkne.. Consistent wi!h this spectroscopic evidence, a single- 

crystal X-ray diBralal~ study oii compound (2) has unambiguousfy demonstrated 



(2) can  be readify obtained by the substitution of an ethylene ligand in 

nitrosonium, NO* fEqn 2-31. The susceptibility of Cpilr(C2H& to undergo these 

recognized as the most ined to substiiution among a series of compounds with 

similar structureZf~ ie, Cp'Mt;(. (CpY= Cp or Cp', M= Co, Rh or ir, L= CO or 

C2H4f. So far, no dtrm2 srrbstiturian sf an ethylene ligand in CpWfr(C2H& to form 

has been synthesized in an aiternative way by ~ergrnan.'s Attempts to obtain 

Cpefrt(C2H4) (L= CO a& PPh3")in ihas research w o k  by stirring a hexane 

dtrtion of Cp"irfC2H& saturated winfa C O  gas, as well as by refluxing 

Cp*fr(C2M4)2 with PPh3 in ethanol for days have failed to resuft in any 

aarwersian of the Cp*k(.C2H,& Obviousty, the inertness of Cp*tr(C2W& toward 

ophilirz tigand subsltitdiian readians reflects the highty electron-rich metal 

9a04 in this wrk. i !&at- that a different mechanism is likely to be involved in 



a 'rwo eiectron donor suchas CO o r  PR3 by N2Ar+. Sucn a process is favoured 

by attack at an etedtofi-rich metal site - -  - ." I 3  Accordingly, a suggested 

mechanism involving an initial electrophilic at tack by the N2AV group at 

Gp"ir(C2H4)2 is summarized in Scheme 2.1. 

CpL l r  :" NEN - Ar - LFc. 
Gp- Ir - N' 

'\N-Ar 

Scheme 2.1 

A similar mechanism is also expected in the reaction of Cp'Ir(C2H4)2 with NO+- 

To be invoived in such eIeCtropAiIic substitution, the incoming ligand 

should have a Eow-lying empty orbitat Iargely located at the ligating atom, and the 

metal fragment shouErd hawe a high-lying filled orbtat pointing to the coordination 

direction, %he low-lying LUMO of the aryibiazenidof+'l j ligand has been well 

discussed in Chapter I (refer to Figure 1-21 and is shown on the right hand side 



with the four carbon atoms of the two ethylene ligands located in a plane below 

the iridium atom and parallel to the Cp* p1ane.~59 The frontier orbitals of 

C P * / ~ ( C ~ H ~ ) ~  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 C2H4 ligands, 

ie., in the direction along the y axis of the coordinate system illustrated. 

Amrdingiy, the frontier orbital interactions between the fragments Cp*lr(C2H4)2 

and N2Ar+ are shown qualitatively in the centre of Figure 2.3. With the approach 

of the N2Ar+ fragment toward to the metal centre, the HOMO of N2AP will push 

the 1 a' and 2at higher in energy, (shown in Figure 2.3 as dotted lines), which will 

enhance the antibonding character between iridium and the two ethylene 

tigands. Furthermore, the interaction between the LUMO of N2Ar+ and the 

HOMO of C P * I ~ ( C ~ H ~ ) ~ ,  (shown as the dashed line in Figure 2.3) will remove 

electron density from the HOMO of Cp*fr(C2H4)2, which wiil weaken the back- 

bonding of the metal to ethylene ligands. The total effect of these orbital 

interactions between the N2Ar+ and the Cpflr(C2H& wiil 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 shoufd be 

emphasized that the interaction between the LUMO of N2Ar+ and the HOMO of 

Cp*ir(C2H4f2 is the driving force for this process due to the relatively low-lying 

LUMO of N2Ar+ and high-lying HOMO of Cp*Ir(C2H&. 

Another interesting feature is the critical temperatures used in the 

temperatures prevents a full undeManding, the fact that the trend of 
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Figure 23 Qtraliiitative orbital interactions of electrapbilic attack af N2Ar+ 



these critical temperatures, (< -78 'C  for (1) and < -1 0 "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 

iow temperatures, the rigid ethylene ligand would be expected to lie in a position 

with its C-C bond parallel to Gp' plane. This cogid leave the HOMO of compound 

(1) at a low energy level, shown as a in 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 O 

rotation of the ethylene Iigand 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 N2Ar+ , C ~ * l r ( C ~ t i ~ ) ~  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 df the HOMQ 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 

ztso appiy to the corresponding nitrosyl compound (21, but the charge transfer 

would be expected to be much more difficult in this case, due to the rather high 

LUMO of NO* liganff. This could m t  only fay down an explanation for the critical 

temperatures to achieve better synthesis yields for (1) and (Z),  but it could also 

expiah why (2) was experimentalty observed to be more stable than (I). 



Scheme 2.2 

Variable-Temperature NMR Studies of the Hindered Rotation of the 

Ethylene Ligand in Complex (1) 

The ambient-temperature 1H NMR spectrum of the ethylene aryldiazenido 

complex (1) displays, in addition to the proton resonances due to the Cp* ligand 

and the aryldiazenido rigand, a broad singlet for the four protons of the ethylene 

ligand at 3.25 ppm. For a two-legged piano stool compound (I) ,  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 :ire NMR time scale, and so a time-averaged 1H 

spectrum is obtained. Fluxional behavior c~ f  the coordinated ethylene ligand in 

haff-sandwich complexes of this kind has been wsil documented as a hindered, 

or restrictive, rotation about the axis relating the meta! to the midpoint of the 

double bond of the ethy1ene.~5~~ - %4 However, for a rapidly rotating 

ethyfene figand to give a limiting singlet absorption, the molecule (1) must have 

mirror symmetry in soktion; :hat is, the molecule belongs to the point group Cs, 

in order for this to occur, the singly bent diazenido figand has to be either Jocated 

in the minor plane or, if not, must be involved in a fast dynamic process which is 



also related by this mirror symmetry. Since the Cp* ligand can be considered to 

be bisected by the mirror piane, the remaining task is to determine the reiative 

orientation of the coordinated aryldiazenido iigand. Accordingly, a series of 1H 

NMR spectra have been measured for compound (1) in acetone-d6 solution from 

-64 to 2Z•‹C (Figure 2.4). As the solution is cooled to O•‹C, the single absorption 

at 3.68 ppm for the ethylene protons broadens. At -20aC, 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 repi-oduced 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* piane (simply because the TE 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; ie., with a rigid, coordinated aryldiazenido 

ligand with the a~yf  group not in the plane defined by the centroid of the Cp*, Ir 

and the centre of the ethylene ligand. Inieresfingly, to account for a singlet C2H4 

resonance at 22 '"C exchange between the two orientations of the aryldiazenido 



Figure 2-4 Variable-temperature 'H NMR spectra for (1) 

1% 
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3.79 3.73 3.68 ppm 3.62 3.57 3.51 

Figure 2.5 A comparison of the low-limit IH NMR spectrum of (1) (top) 

with the sirnufated spectrum (bottom) 



ligand (refer to Figure 2.6) must be fast; but the ABCD pattern observed at 

-64 OC requires that this exmange 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 fluxicnal 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 Ng, which would involve a 

bent-linear-bent geometric change of the diazenido ligand. These two 

hypothetical mechanisms are shown ia 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: (I) The rotation of the ethylene may become slow at this temperature 

range, while the flippins af the diazenido ligand may stili 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 

slawed down below the NMR time scale at this temperature range. 

These mechanisms have been carefully assessed based on the 

exprimerrtai data, especialiy the spectrum at -20 %, and the first two are 

excfuded. It. appears to us bath the ethyiene rotation and the diazenido flipping 

are slowed at the temperature cta. -20 "C in the IH NMR spectra. 



(a) " flip " mechanism (I* 1' and 2*2' ) 

(5) '"inversion " mechanism (1- 1' and 2-2' ) 

Figure 26 Hypothetical rnecbartisms of the fluxional process of the singly bent 

awistzenido Egand (viewed down from the centroid of Cp*) 



For the mechanism (I) ,  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'lr(N2Ar) 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 ethyiene protons at the coalescence 

temperature. This has not been observed in the 'H NMR spectra. 

lf it were true that flipping of the diazenido iigand sfowed first at -20 "C, 

while the rotation process of the ethyiene were still fast, (mechanism (2)),  

relative to the rotating ethylene the fragment Cp*lr(N2Ar) would be in a C1 

symmetry and consequently. the four protons of the ethylene ligand would be 

split to an AA'BB' patfern. Since this AA'BB' pattern should also be a symmetric 

one which nas cot been observed from the spectra, the mechanism (2) is ruled 

out. 

These eliminations leave us with a mechanism that at the temperature ca. 

-28 "C, both fluxional processes have been slowed down below the NMR time 

scale. in fact, this mechanism shows a good consistency with the experimentally 

observed 'I-! NMR sgectra. At room temperature, both of the fluxional processes 

are fast, however, at the coalescence temperature of ca. -20 "C, both of them 

have been slol~ed down to conparabfe rates which are sfower than the NMR 

time scale. f hat is, at any temperature lower than the coalescence temperature, 

the fragment Cp*Ir(N2Ar) is always in Cl symmetry relative to the ethylene 

iigand. So the four protons of the efihylerre ?re neither chemically nor 

magnefteally identical tir one mother. Therefore, an ABCD pattern is observed. 

The resokiticrn of this paBern is improved with decrease of temperature; and the 

fav rimit spectrum is clManed at -63 %. This trend is clear from the spedra 



obtained in the  temperature range -20 to  -64 "C ( s ee  Figure 2.4). 

Of a special interest in the  hindered rotation of the ethylene ligand is to  

evafuate the  activation energy for this rotation. Obviously, the  mixing of the 

fluxional prGcess of the singly bent diazenido ligand with this ethylene rotation in 

compound (I) compficates such a n  evafuation, However, from the above 

discussion, both ffirxiona4 processes decmtesced at ea- -20 "C and froze a t  

-64 'C. So, in pi-;ilcipie, an =change barrier could be cafcirfated from these data. 

importantly, this caku!afed energy would be one  of the upper-limits for the both 

exchange processes- That is, the activation energy for the rotation of the 

ethytene ligand o r  the inversion of the diazenido ligand must be smailer, or  equal 

to this calculated energy. Howevert an ABCD pattern for a four  spin system 

obtained for the ethylene pmtons in the low firnit NMR spectrum also makes 

such a calculation not trlviaf- Thet-eiore, in order to  simplify this, a series of 

pmton-decoupfed variabie-temperature j3C NMR spectra were  measured for (1). 

The observed carban resonances for the ethyfene ligand En (1)- compared with 

the  signal for the OMe group, a r e  shown in Figure 2.7. 

At the ambient temperatures 22%, a broad peak at ca. 50 ppm arises 

from the equivaienf ethylene carbons of 61). When ttte solution is cooled down to 

0 'C,  this signaf is collapsed E2to the base line* Finally, at -64 ""C, the Iow limit 

rum is obtained, a n d  ?inher confirmed by the  s a m e  haff-height widths of 

these peaks abtiained a3 -84 'C. 



spectra for (I ) 



caktttated from the Eying equation may consist of contributions from both 

prxesses and it canno? be unambiguously assigned te !he indvidual exchange 

process. This strspieion is s q p m e d  by $he observation that the weight-centre of 

the OWC) peaks in the iow 5mEn ISG NMR spectrum is not coincident with the  

chremicaf shif+r ~t the time-averaged siriglef observed in the high temperature 

specfrrurn. So, the barfie:: caDeula$ed fmm the Eyring equation is, tnerefore, the  

uppr-rimit of the at;"iivatisn energy far either of the two exchange processes. 





Energy Barrier of Ethylene Rotatian as the Criterion of the x-Acidities of 

MO+ and M2Af+ tigands 

The free energies of acfivat'ion (dG*j for the ethylene rotation at 

coalescence for (1) and (29 were calculated by using the temperature of the 

coalescence (Tc) of ?he ethyfene resonances and the chemical shift difference of 

these resonances @v,j in the low-limit 1% and I H  NMR spectra respectively. 

The resulking values, fisted In TaMe 2.6, show that the energy barriers of the 

ethylene rotation for 'the diazenia'o compound (1)  is about 20 kJffflol lower than 

for the nitrusyt compcund [2), As we have mentioned in the fast section, this BG+ 

derived from the T, and 4rG o! the "3C: NMR spectra d cornpc3'mb (3 f Is the 

marrimurn possibh wake for the energy barfie; of the m:o!atian of the ethylene 

figand.. Namely, the  true vake of the AGf for compound {I) could be even 

smakr. 



Figure 2.9.), (a) a is=-bznd, corresponding to the classical coordination bond, 

farmed by overfzp of the  filled x orbital of the clefin with a vacant metal orbital; 

and (b) a a-bond obtained throsgh overlap of the vacstn~ jr' oibiial of the olefin 

with a fillEed & osEtaE of "re met&. 

Back-bonding from 
filled metal orbital 
to acceptor K' 
orbital 

@I 



favorable than others for overiap with the empty x* ethylene orbital. However, 

this favorable interaction can unfy occur when the C-C bond is parallel to  the Cp* 

pfane as in its ground state. This favorable interaction will decrease  dramatically 

with a rotation of the  ethylene tigand from this position, and  it reaches  its 

minimum upon a 90 "C rotation angfe (the transition state), which brings t he  n* 

o&ital of the ethylene in t h e  nodal pfane of the filled metal d.lr orbital. (refer to  

Scheme 2.2). Consequentfy this also indicates that the ratation barrier of the 

ethylene ligand in this type of two legged piano-stool complex is attributable to  

t he  etetronic effect, 

The  ethylene rotation oarriers for compounds (1) and (21 have been found 

as r 51,1 and 68-7 Wbrnof-, respectively. The greater restriction of the  ethylene 

rutation in (25 than  in (1) cb i ty  intJC~ates stronger &-A* back-bonding in the  

metal-ethyfene linkage of comwuncf [2) than in (1). Simila:iy, in the NMR 

spectra, the observed chemi-f shifts of the Cp* ligand in (2) and (1) at 2.34 and  

2-25 ppm also indicate mare eieGrc3n density located on the k(f) netaf centre for 

f2) than for fl).. Since the influence of the Cp' iigand on the metal's electronic 

configurtlon in both compurrds shrpufd be similar, so, in seeking a reason 



Thus, the different values of the ethylerfe rotation barriers in compounds (If and 

(2) provide a measurement of the refalive a acidities of NO+ and N2AP ligands. 

In other words, the tower ethylene rotation barrier found in compound (1) than in 

{2) is attributed to relatively stronger K acidity of the N2Ar~ figand compared to 

NO+. Further, for C ~ " i r ( C ~ l i ~ ! ~  itself, there is no coalescence of the CzH4 proton 

resonances up $3 f 10 "6, indica~ing a much higher ethylene rulation barrier in 

this mmpurib.!B This a r t  be attributed io the presence of the weak ar acid 

ligastd C2H4 in the position wtrans" to the other. 

These resuEEs, therefore, have provided us with experimental support of 

the tineoreticat prediction we have made in Chapter I, that the singly bent 

aryMiazenido tigand. on an absolute scaie, is a better a acid than the nitrosyl 

the gtane defined Iby Zr, the centroid of Cp* and the centroid of the ethylene 

ligand (refer to Scheme 2-2)- This has k e n  unambiguously observed in solution 



[Zp4Ir~C2H4j~N2CFtH4OMefj+~ has a five coordinated, pseudo two-legged piano- 

sioof geometry. A perspeesive view of this cation together with the numbering 

scheme is given In Fngure 2-2. 

The Cp* ligand is bonded to the iridium in a q5- courdination mode. The 

simifar bond lengths from the five cartton atoms in the Cp" ring to iridium, from 

2.204(8) through 2.238(7) indicate a regular C5, symmetry for the q5-C51r 

moiety. Thus, the two d:fferen: iigands, C2H4 and [N&G)f4f)Mej+l f.mnsi&iliing 

the legs for this ccrmpound appears to have no measmibie differentiat influence 

on the coardjnation geomeSy of the Cp' Iigand- 

The similar drstasrces of ihe two carbon atoms of the ethylene to the 

iridium of 2.1 90 (8) A lor k-C(lQ'j. and 2.1 72(9) A for IT-C(20), shows that the 

ethylene ligand is symmetricaffy coordinated to the iridium centre. f he ethylene 

iigand has a cabncarbon bond length of 1.38?(16) A which indicates this bond 

80 be lengthened sgnificantiy relaive to the typical uncoordinated C=C distances 

of ?.335(5) AS expected, the ethylene iigand is found to be coordinated in 

an oiientaficzn parafie9 la the Cp" plane, 



The most striising fealore %F the diarenido Iigand is the orien!ation of the 

aryt ring in the cornpkx. f he  aryl ring of the dazenida @and indeed bends away 

from the ptane containing li; the centroid of Cp* and the centre of the ethylene 

which is, as described earlier, consistent with the ground-state motecular 

structure in soirirfion. 



Cp'(centruid)-lr-fitf comparing with the angles of Cp*(centrsid)-lr-C(1) and 

Cp'[centroid)-fr-C(2), may indiczte that some degree of secondary ~r: bonding 

could be exerted by the nifrosyi ligand. Since the nitrosyl ligand has "cylinaer- 

type" K" orbitals, in addition to the r;' orbital that primarily overlaps with the 

metal-cenired HOMO resuiting in the effective single-faced back-bonding , the 

remaining orthogonal .te" orbitat coufd also overlap with fhe metal-cenired SUMO 

giving additionaf partiat back-bonding. These two K interactions are shown in 

Figure 2- 10. 

Figure 2-1 0 TE back-bondng from Cp'lr(C2H4) to NO+ 

Since the S O M  is kqefy bcated in the direction opposi:e to the Cp", the larger 

Gp"[entra"t)-lr-M angfe mdd be the resutS of the nifrosyl belidi~g away !ram the 

Gp' Xo obtain a better overlap wijh $he: i~ SQMO, On the other hand, this 

ry eflect wouM n d  be expWted tto involve the 12C2H4 !@and because it 

on& has *sEng!e-da~&~ x bondng zriziltw, The C2H4 figand is mordinated to the 

iPtdatlrsr atam in a narrn& T$ fasRI3n similar t= that in c m p u n d  (1). The 

dimensic= of the t ~hnguhr qcfoprcpene-type skeletcms of ir and q2-C2H4 in (1 ) 

a& f2; are sirrikar: Ir-C&10] = 2.1 gO(8) A. IC(20) = 2.172(9) A and C(10)-C(20) 



= 1.387(16) A for ( l j  and bC(1) = 2.1 9(1) A, I:-C(2) = 2.1 7(1) A and C(1)-C(2) = 

I .37{2j 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 compo~nds.~68.lf;g A 

comparison of bond distances and angles of the nitrosyf ligand for these 

eomplexes, together with their tR data, are fisted in Table 2B. The shorter N-0 

and longer Ir-N distances observed for (2) are indicative that the characteristic 

"stngfe-faced x back-banding leature dominates :he primary tronding interaction 

of iridium atom and the niixasyt. By contrast, the compounds flrHfNO)(PPhg)g]-' 

and lr(NO)(PPh3j3 both have a metal centre with the "cylinder-type" of sc back- 

banding ability, and so, as the linear nitrosyi ligand coordinates to such metal 

cantre, it wilt exe;Z the n back-bonding from the bath directions. The trend of IR 

absorptions v(WO) Wed for these three compounds is aka consistent with this 

mtionaliization. 



The anion BF4- was found to occur in a spherically disordered fashion in 

which the disc-shaped erlipsoids for the four fluorine atoms were satisfactority 

modefed by three BF4-'s with the total occupancy equaf to one. 

2.5. Concllusion 

f he monoelthytene pentamethytcyctopentadienyf iridium complexes, 

fCp":r(C2H4)fN2C6H40Mejj[Bf4f (1 ) and fCp't r(C2H4)(NPao>IEBF4J (21, have been 

synthesized in high yieH i> 90%) by the reaction sf Cp'ir(C2H4>2 d n  jNOj[BF4f 

and EpN2C6H40Me][BF4j in acetone, respectively.. A mechanism involving an 

initial eiectrophific &lack of the incoming @and NO+, or N2Ar+ at the rnetai 

centre of the Cp'tr(C2H4)2, toifowed by extrusion of C2H4 is poslulated to 

account for the mild conditiuns the reactions required, which is in sharp contrast 

wSth the n o r m  figand subsfitution behavior of CP*!T(C~H~)~ -  The 7% enriched 

mrnpounb ff a) has also h e n  made, and its lR and  nitrogen (both I4N and f%l) 

NMR data have unambiguously estabfished that the ar)tHiazenido ligand is in a 

singly bent geometry. Ibi and " 3 C E F ~ )  MMR spectra of b i t r  mpounds  show 

that Ithey are stereochemicailgr nonrigid in solutions at ambient temperatures, the 

pfindpal filrxionafities inwiving the restricted rotation of the ethylene @and in 

bath compounds, bug aiss a! fast exchange of position of the aryi group in (1). 

This k@er fluxional prmess the singly bent diazenido tigand is the firsf to be 

~bsnred  and repfled. The r.rzSdc;.& iotation of the coordinated ethylene ligand 

Pi 7-31 and (2) has n studied by the variable-temperature NMR 

twianique. from which energies 09 activation for this process have been 

esliimaaeep Icr be 551 -5 -E- 0-2 Mlmd for (1) and 68.7 f 0.1 Wmot far 52). Tihe X- 

ray cystah stmdarres af (1) and 921 haw k e n  determined- Compound 911) 



20.533 O(Z3) A. el 2.032 011 5) A. o= S3.!iOO(I 0)" and Z= 4; the structure was 

solved by conventionai heavy-atom methods and was refined by full-matrix least- 

squares procedftres to R= 0-028 and &= 0.031 for 261 1 absorption-corrected 

reflections with i > 2.5crEf). Crystats of compound (2) are monoclinic, space group 

PZ?/n, with a= 7.4540(10j A, b- 24.381 (3) A, ch8.5360(10/ A, 93.85O(lO)" 

and Z= 4; R= 0.034 and RH= 0.04: 50: 1923 absorption-corrected reflections 

with ! > 2.0~Cf). f he most chemicaiiy interesting fefezture crf these two mrnpounds 

is :h;i: the differmt rcMiori "uaniers of their ethylene figands provide u s  with a 

direct comparison of the a acidity of NO+ and N2Ar+ on an absolute, or single- 

faced, scale. The singly k n i  N2Ar+ figand is found to be a stronger x acid than 

No+. 



CHAPTER ill 

Penfamethytcyclopndlenyf Mano- and Di-iridium Aryidiazenido 

Complexes and Their 1; :rivatives- Anciltary iigand effect on the 

geometrical preference of the diarenido ligand 

A wide range of coordination geometries adopted by the aryidiazenido 

figands in their cornpiexes (figure 1 -27) has stimulated great interest in the 

structural study of these compfexes. Of key importance in this study is an 

understanding of she: different electronic interactions involved in the various 

geometrically different diazenid~ complexes. Some effori has been devoted to 

crbtaining a detailed description of the eiectronic structure of the bonding in 

transition metal aryldiazenido conpie~es.2~. 2-6 However, little is knwm about 

the infiuence that the mciecuiar geometry and the ancilfary tigands have on the 

metaf-cliazenido bonding. We have been concerned with such quest i~ns ,  both in 

the experimentat arena and in the theoretical: domain. These concerns have 

k e n  discussed rather extensively in Chapter t of this Thesis where an amount 

of the different interadions invclvedE in mmptexes with different coordinated 

iareni-do figan& has k e n  given in terns of f ie fragment molecular orbital 

interaction arnalysrs. 

From the preuiaus aisctrssiions [Chapter I) the anc2flar-y iigands have been 

isnpoflant Esr setting the energy of the metat-centrd omitak and in tailoring 

them ta specfflc: shapes which may, or may not, be davor&le fox the metal centre 

geometry. So Ihe nature, the number 



the stability and t h e  gaometricaf preference of a diazenido iigand in the 

carnplexes. fn "his chapter. a systemalic m d y  of the ligand effect on the metal- 

diazenido bonding Mil be described in the case of the  Cp*lrfL)(N2Ar) sys tem,  

where I. is the  atlcifkxy figad. This study is motivated by the hope that 

conversion oi t h e  sEsrgEy bent diazenido ligarld to other geometries can be 

observe6 in t he  rather simple Cp"lrfl)(N2Ar) system by changirq the relative rc 

acidity, or basicity, d t h e  ancilkrj figand L. in fact, we have observed that when 

i is a strong x-acid, such as Ct3, RO siable aryldiarenido c=umpounds could be 

Isolated; when L is a weak x-acid, C2Hd or PR3, the singly bent afyEdiazenido 

cemplexes are prod~ced, md when L is a strong E-base(1'. Br or the metal base 

CpktrfCOj2), comp6exss -with ;:Re douibfy bent aryldiazenibo groups occurring as 

different bridging Iigancfs am itbtaifaesi. Furfher, the system Cp'lrfF;Ph3)(L)fN2Ar) 

which has a daub$ hen: aryfdiaenidc figarzd can only be observed for particular 

kinds or ancillary iigad L. 

Syntheses, cf-aar~,ng?rizai,40nsf zpec;lroscspic studies and seiected 

ehemlcd r~acticms of the new pontamerthytr=)rcfopentxfienyi iridium aryldiazenido 

cornpiexes and their derivatives are aiso described- 

Find&, desfr%s ntinsfous trnsuxessfoi attempts to synthesize 

[Cp"fr[66)tN2A~j]BF, these aWe3mipr-s kdve yTefCfed resulfs !hat are also Smpoaant 

in ur,berstznding the chemist% of srgaxlometaitic aryldizenido campiema;; 

irnporfa~t enough gar a eSi2rmssi~1~n their own right. f his pas of the sltrdy, 

Invakng CD as the andti29 llrgand wi%* therefore. be presented En Ifre ned 

chapzer. Haiwearer, k sh.rovM be mted that There is a ctose re!a$ionship between 

Fa8 this 30d the sex! chapters. 



3-2, Experimelclbl Section 

Generafi Procedurw 

Solvents were dried p:ix To use and freshly distilled under nitrogen from 

scdietnz.ibenzo?hensne (diefhyt ejher), calcium hydride fdichloromethane), 

sadiun; (hexanesb predried anhydrous calcium sulfate fabsoftrte ethanol]. A 

srnaEI amount of GCt4 was dried by passing through a coitrmn packed with 

predried neutrai atrrmina. Afi preparations or reactions and manipulations were 

carried out in standard Schfenk ware, connected to a switchable double manifold 

pmviding vacuum and nitrogen, unless otherwise noted. 

infrared specti2 for sofutions were measured in CaF2 cefls, and solid 

samples were measured as either KBr petlets or thin film on a KBr disc by using 

a Bomem Michelsora 120 F f f R  instrument. Some of the routine I H  NMR spectra 

were recorded at f 00 MHz by tising a Varian SY-I 00 Fourier Transform 

Spectrometer. The remaining 'H NMR and 1sN NMR spectra were obtained in 

the NMR service of Simon Fraser University by Mrs* M. T racey on a 3ruker 

AMX-400 instrument st operating fiequendes of 400.1 and 40.5 MHz for 'H, and 

1% respectively. Chemicaf shifts (6) are regofled in ppm, downfield positive, 

reiative to tetramethylsilane (TMS) for 1H, and relative to external Meq5~02 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 born bardment (FAB) probe 

{xenon source, Phrasor Scientific, Inc., accessory), and utilized samples 

dispersed or dissolved in thioglycerof, sulfolane or m-nitrobenzyf alcohol 

{F\SOBA)+ C.i. MS were obtained by using isobutane as the chemical ionization 

reagent. The patiern of the envefopes of the fragment ions were matched with 

that simulated by computer for the species in question and are referred lo  lg31r 



for mono-iridium species, or ahe highesl intensity peak (?g%r + f" 70 for the di- 

iridium species. Micr~anziyses for eternents C, H, N were performed by Mr. M-K, 

Yang of the Micruanalflical Laboratory of Simon Fraser University. 

The author is gratefuf to Dr. R- J. Batchefor for the X-ray crystalfographic 

anafysis of the singte cryslat stmctwe of compound (7). 

Starting Materials 

Bisethylene pesttam@hyfcyclopentadienyf iridium was synthesized 

according to the literature rneth0d.15~ Pentamethylcyclopentadienyl iridium 

dicarbonyi was synthesized either by the Mait'ris' nelbodlfO or by i h e  method 

developed by us,  which wig: be discussed in Chapter IV. Para-methoxyphenyl- 

diazonium tetrafluoroborate was prepared by the standard procedure from 

para-rnethoxyanifine (Atdrichj and sodium nitrite, and purified periodically by 

recrystallization from acetone and dietby1 ether. The diaroniurn salt substituted 

with at the terminal nitrogen (N,) was prepared by using N ~ ~ S P J O ~  (95% 

I5N, MSD fsotopes). 

Preparation of fCp*l;r(PPh3)(pN2C6H40Me)JBFg (3) or (3a) 

Method 1: To a I0  mL ethanol solution containing equimolar quantities of 

Cp*tr(C2H4f2 (30 mg, 0.078 mmol) and PPh3 (21 mg, 0.080 mrnol) was added 

[pN2CgH40Me] [BFA or [p1SNNCGH40~e][~~4] (1 7 mg, 0.077 mrnol). 

Following the addition of the dimmiurn salt, the colorless solution immediately 

changed to orange red- A?ter the soflttion was stirred for i t-l0lir7 t h e  soiuiion was 

taken to dryness which gave cornpomd (3) or (3aj quzntitstb~ely as an orange- 

red oil. IR v(NN): 1701 cm-' (ethanol), 1710 cm-1 (CH2Ci2), v(15NN) for (3a): 

1676 cm-I (ethanol), 'H NMR (100 MHz): s(acetone-d6) 



Method 2: To a soltition of [I j or [la) (30 mg, 0.052 rnrnol) in 10 mL ethanol 

was slowly added sofid PPh3 (14 mg, 0.053 mmol), and the reaction mixture was 

stirred at room ternperatttre far about one hour* The color changed from yellow 

to orange red. The sofution was then evaporated to dryness in vacuo, affording 

analytically pim product (3) or (3a) as an orange red oil- 

Preparation of Cp'ir(PPh3)fH)(pN2C6H40Me) (4) or f4a) 

An excess of NaBH4 was added to an acetone solution (5 mL) of 

[Cp*lr(PPh3)(p-N2C6H40Me)]BF4 (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 sotvent was removed in 

vacuo. To the solid residue was added excess hexanes (1 5 mL) and the mixture 

was stirred vigorously for 15 minutes. The peach red solution was filterec! 

through a Ceiite filter to remove the insoluble salts (NaBF4 and NaE3H4) and 

evaporated to dryness in vacuo to give a rose purple oily product (4) or (4a) in 

89% yiefd. IR vftr-H): 2133 br. cm-1 (hexanes). 'H NMR (1 00 MHz, acetone-dsf 

6: -1 5-9d, (1 H, JpH = 33-5•÷ Ir-H), 1-51 dd (ISH, JP-Me = 1-8, JHeH = 0-7, CP*), 

3.57s (3H, OMe), 6.584(4H, J= 1.7, C6H4)•÷ 7.10 - 7.6Om (15H, Ph), ISN N M R  

for (4a) (acetone-d6) 6: 271 -89s j lS~u) ,  CIMS, (m/z): 590 ([Cp*lr(PPh3)j+). 464 



Preparation of f6p*lrfPPh3)(Ci)(pNHNC6H40Me)]BF4 (6) or (6a) 

Method 3 :  Fieshiy s.yfn:hesired (3j or pa) (42 mg, 0,052 mmoi) in 5ml 

ethanol solution was sfowfy purged by HG1 gas for 5 minutes at room 

temperature. A co:d water bar5 f- 10 'C] was used to absorb the heat released 

from the sotvation of ftre HCI gas in ethanol. The cofor of the reaction solution 

changed from orange red to dark green. After stirring foi  another 5 minutes, the 

votafiies were ;ernwed ii; mnro leaving dark yeffow sotid residue, This solid was 

then re-dissolved in a minimum amuunt of acetone, and excess diethyl ether was 

added slowly with vigorous stirring untii no further solid precipitated. The yellow 

supernatant sofution was carefutfy removed by pipette 2nd the remaining yellow 

solid was washed twice with 20 mL portions of diethyl ether. This gave (6) or (6a) 

as the diethyt ether sotvated product, fCpyIr(PPh3)(CI)(pNHNC6H40Me)JBF4(6)- 

112 Et20 or (6a)-1i2 Et201 as a fine yellow powder, in 92% yield. Morz product 

can be recovered from the supernatant solution and the diethyl ether washing 

solution. IR v(N-N): 1483 cm-I (KBr), and 1460 ern-' (KBr) for (6a), 1H NMR 

(1 00 MHz): &(acetone-d6) 1 54d, (1 5H, JpMe = 2.2, Cp*), 3.93s (3H, OMe)l 

?.OEid and 7.40d (4H, AABB' pattern, G6H4), 7.52s and 7.58s f 1 5H,  Ph) and 

13.736(1 Hz J I S ~ - ~  = 70 i~ (6a)f; G(CDCI3) 1 .52d1 (15H, Jp-Me = 2.2* Cp*), 

3.92s (3H, OMe), 6.Wd and T W d  (4H, AA'BB' pattern, CsH4), 7.45s and 7.50s 

(1 5H. Ph) and 13.01 d (I H, JjsN-H = 69 for @a)); 1 5 ~  NMR for (68): 6(acetone-d6) 

-64.24d  IS^;.,^ = 70); FARMS (MOB& Xenon) (mm: 761 (M+), 625 (?A+- 

NMNC6H40Me), 589 (M+- N2C6H40Me - Cl ), 51 1 (M+- NHNC6H40Me - Cl- 



Method 2: Fresh@ s y n l h r t s . 3 ~ ~  (41 or f4a) (22 mg, 0.031 mrnol] in 3 mL 

predried CGi4 was sikreb rigorwsitj in the dark at -"I '"C. A3er 20 minutes, still 

in the  dark a n d  a1 -iO "C,  the soivent ftms removed in mcm, resulting in a red 

solid product. Redissol.irEng rhis soEd Into the minimum amount of acetone gave a 

red sofufion. To this s ~ k t i o n  was slowly added 2 drops of HSF4/diethyl ether 

solution, which aiiordeb an Emmediate brownish precipitate. The supernatant 

sofution was then caref~fiy removed by pipette and the  remaining dark yeiiiow 

sotid was pumped in vacuo avernight. H NMR spectroscopy of this sofid 

indicated that (6)  or (6a) was t he  major product, but was contaminated with 

variable amounts of the known axnpound, Cp'lrf PPh3)Cb 75' (I H NMR, 6:1.34d, 

Jp-Me = 2, (Cp*} and 7.35 - 7.75~1 (aromatic}). 

Attempts to synthesize Cp*frf PPh3)(@i)(pN2C6H40Mef (5) 

f ). By deprotonation of [Cp'lr(PPh3)(Ci)(pNHNC6H40Me)f BF4 (6) 

To a yellow solutim of (6) (44 mg, 0.052 mmol) in 5 mL acetone was  

added 2 drops of NEt3. The color of the reaction solution immediately changed 

to red* Diethyl ether (m. 2 mL) was added carefully to  precipitate pale gray 

NHEt3-BF4. After filtering, the fi3trate was concentrated to 2 mL in vacuo and  

excess diethyl ether was aaded sfowIy until no further solid precipitated. The 

supernatant was rem~soved by pipette and  the solid remaining was washed twice 

with diethyk ether t o  yietd t h e  prrduct as an orange powder. IF? and  proton NMR 

of this sofid indicated that it was a mixture of the known compound, 



2)- By exchange of hydride figand in (43 with chlorine 

Freshly synthesized %4] [22 mg, 0.031 mmolj in 3mL predried CCl4 was 

in vacuo to give a red pwdei. The fR spectrum of this red soiid in the range of 

2300 - 7 600 cm-I showed only a band at 171 1 cm-I in CH2CI2, and 1717 cm-1 

in CGI,. The f~ NMR spectra of this solid in either C-DCf3 or acetone-dgclearly 

showed the expected resonances due to the protons of the Cp* group, OMe 

group and the aromatic groups. Howetrer, no reproducibk, or recognizable 

paeans coufd be assigned to each group of these resonances. The fsN NMR 

spectrum [by using (4a)f in acetone-d'showed, in addition to a rather large peak 

at -73 ppm for free j 5 N ~ ,  a medium intensity resonance at -89.20 pprn. No free 

T s ~ ~ A r + .  which generalfy occurs in the range of -65 - -70 ppm, was observed in 

the NMR spectrum. Microanalysis gave 2.77% nitrogen content in the red 

solid, which was hwer than the cakufated 3.68% of nitrogen for 

Cp*frjPPii3)~Cij(piu'2Cf;H4i3Me). AtfernpZs to iuriner purify this materid faifed 

due 20 its facite dwompsi2ion ti3 y"z'te C~*3i[r>f)h~)CI~ as the ma.h isoiatferl 

probud. However, a hrrther pl-otonatian of this mixture in solution by 



Preparation of (7) or 

4-1 
Tu a sobtian of ~CD"I~[C~H~){~N~C~H~QM~)]BF, (I) or (la) (50 mg, 

0.061 mmof) in :O mk elhznof was added an equivafeni of ground precfried Ki .  

The reaction mixkre was vigo:=tusf.; stirred for ca. 2 h at morn temperature. f h e  

colocrr of the solution change5 from yeflow to brown and a farge amount of fine 

dark brown precipitate was produced- After removing tha solvent in vacuo at 

rmm temperature, the sofid residge was re-dissolved in ca. 10 rnL CW& giving 

a brownish green soitziitin and some fine white precipitate (NaSF4j. f oliowing 

fiRratian, the iiitrsfCe was evaporated to dryness affording analytically pure 

campound (7) or pa) quantilativefy. RecrystaHizatim of (7) or [?a) from 

CWfil$hexanes at -3 O 'C gave cuboid-shaped dark brown crystals in higher 

than 90% yield. M.P. 224 'C jdecomposition), 1 H NMR ( 3  00 MHz): 6(CDCJ3) 

1-29s [15H, C5Me5f;t 3.37s (15Wi, C5Me5j, 3.84s (6H, 20Nle), 6.85d (ZH, J = 9, 

aromatic), 6,96c!(2H, J = 9. arcmatic] and d7.f4d (4H, J = 9, aromatic), (see 

Figure 3.1 ), " 5 ~  NMR for [?a): 6[CDCi3] 64.12 (Nu) and 300.03 (Na), ElMS 

(rmi~): 590 fM++) . An& [caicdj- C, 34-64; H, 3.76; id, 4.75, {found); 2, 34.54; 

H, 3.77 N, 4-73 





J = 9, aromatic) and 7.796 (4H, J = 9, aromatic), '5P.J NMR for pa): G(CDCi3) 

69-84 (Na) and 303.44 (Ncr"), MS (El)(mi'z): 542 (Mi+), 463 (M++-Br), 407 (M++- 

N2C6H40Me), Anak [calc6.>: C, 31-64; H, 4.09; N, 5.1 6, (found): C, 38.08; H, 

4.1 t ; N, 5.09 

To a solution of (?a) f3Q mg, 0.025 mrnol) in I mL CDCI3 in a ($2.5 mm 

NMR tube was added 0.3 mL 62 drops) HBF4/ft20 at room temperature. The 

solution became sfigh;ly cloudy. A '%4 NMR measurement following by a 1H 

NMR measurement were immediately carried out. lfl NMR (1 00 MHz): S(CDCI3) 

t -62s (i 5H, CSMe5), 2.00s (7 5H ,C5Me5), 3-84s (6H, ZUNIe), 7.06m j6H, 

aromatic), 8.20d (1 H, J = 9, aromatic), 8-330' (1 H, J = 9, aromatic) and 1 5.20d 

(1 H. J I S ~ . ~  =79, :5Na-H), NMR: G(CDCI3) 65.1 5 (15Nu) and -1 1 O.7s, b 

{'~NCX-H). 

To a sokition of (8aj (30 mg, 0-028 mmol) in ca. 2 rnL CDCi3 was added 

0.1 m t  (2 drops) HBF4/Et20 at room temperature. Some precipitate v.as f~rrned 



and :iflei& off. The fi!tra;e was coilected in a $2.5 mrn NMR tube for NMR 

measurements. I H  NMR [I 00 MHz): 6(CDCI3) 1 -51 s ( 7  5 H ,  C5Me5j, 1 -90s 

(ISH,C5Me5js 3.84s (fiti, 20Me1, 6.89-7.41 m (6H, aromatic), 8-20d (1 H, J = 9, 

aromatic), 8.432 f f  H, J = 9, aroma;icj and 15.32d (1 H, J I ~ ~ - ~  =79, ~ ~ N z - H ) .  

Preparation of g~p*lr(C0)$~(~*-qzp~~C~~~O~e)]~~~ (11) 

A yellow efhancf softliion (I 0 ml j  of fCp*Ir(C2H4)(pN2C6X40Me)jEF4 (I) 

(20 mg, 0.035 rnrnoi) and Cp'lr(C0)2 (13 mg,0.035 mmol) in a 50 mt pear- 

shaped flask equipped with a condenser was refluxed under a nitrogen 

atmosphere. IR monitoring the  readton indicsted that (1) was completely 

consumed in about 12 hours. The dark red solution was cooled to room 

temperature, transferred to a Schlenk tube and concentrated in vacuo to about 3 

mL, then excess dielhyf ether was added to precipitate the brownish product. 

Recrystallization of this product from acetoneidiethyl ether gave ruby red crystals 

of compound (1 1 ) in less than 19% yieid. iR v(C0): 1922, 1970 ern-' (KBr); I H  

(1 00 MHz): 8[CDCl3) 2.1 3s (1 5H,  Cp*), 2.01 s (1 5H, Cp*), 3.89s (3H, 

OMe), 7.05q (4H, AA'BB' pattern, GCiH4); FABMS (Thioglycerol, Xenon) (m/z): 

847 (M+), 81 7 (M*- CO or - N2). 789 (Mi- 2CO or - CO - N2), 761 (M+- 2C0 - 

N2), 463 (fCp*trN2C6H40Mef+), Anal. (cared): C, 37.34; H, 4.00; N, 3.00, (found): 

C, 37.46, H, 4-06, N, 3.24- 

Single Crystal X-ray Crystallographic Arraiysjs of [{Cp'lr(CQ))2 (Cr%$ 

bkN2C61140Me)f ~ F L #  ("fl) 

Data were coffeded ai -40 "C on an Enraf-Nonius CAD4-F diffractorneter 

with graphite monochromatized Mo-Ka radiation. The final unit cell was 

determined by teast squares from the setiing angles of 25 carefully centred 



ref;ec%rss {with 2E' 128 I - L2  ') ch6sen %mm a variety oi viz& saaced pilints 13 

reeiprocai space. An i = C f ; r t s ~ ~ c  uni: ~ ~ 1 1  was iifst assumed and then 

confirmed by inves~lga6ors of :he symme.fy related reflections. Selected 

crystaflographic m d  experimentai parameters are given in Tabfe 3.1. 

A total of 3435 ~ n i q u e  r@i!edaons were measured. of which 1661 

reffeafctns were classed as cSst3wed {fa 2 2Scsflo)) and used in struciure 

cafcr_slations and refinements. Two Istensity standards were measured every one 

and half hour of acquisition time, and showed no significant change in intensity 

during the data ccEIecBion process. An analytical absorption correction based 

upon the crystal shape was csed and it was checked against t h e  measured 

absorption of psi-scan data based an four high angle reflectiom with > 84 '. 

Lorentz and polarization correc!ions1s3 were applied to convert the 181 7 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. Rf= 0.1 0. Significantly, the 

thermal motion parameters and some inter-atomic distances were physically 

unreasonable in this mode!. The structure was then refined in the noncentric 

space group Pc2@. A simple isotropic model gave Rf= 0-08, but had 4 intense 

electron density peaks in an eiectron 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 positiorf of each peak was approximately related to one of the Ir 

sbms in the main strxture by a pseudo-mirror normal to the a direction. 

Therefore, they are assigned to 4 disordered tr atoms. 

Refinement of this model commenced with one occtlpancy variable for the 

fr atoms and resukd in 4 5% occupancy for the smaller Ir sites and 85% for the 



The refinement of the &isodered structure in space group Pc2@ was  

initially carried out in steps using the "Crystais Crystallographic ~ackage"l9 

with iarge bicck-rm%k teas: squares. The first s tep  involved oniy the refinement 

of the 85% cornpcwni  (wTe5 sgme restraints on the rnolecuiar geometry) and the 

four fr a toms of the 15?& ccmwnent together with t h e  light atoms of this 

component in fixed positions. f his gave an agreement RF 0.0451- The second 

s tep  involved fixing the te:fned 85% component and  the four f r  atoms of the 15% 

component in the structure Sactor calcuiations and refining only the Iight a toms of 

the  15% componenf, which gave an agreement Rf= UB440. 

The final refinement incfuded both the  85% and  15% components. The 

fight a toms of the  15% component were treated as rigid groups and appropriate 

angles a n d  planes were used to  maintain the reasonabfeness of this model 

"iroughaut. 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 aiiawed, and chemically similar &oms were 

constrained to have simiiar motions." The refinement was considered complete 

when shiftiesd < OBI - in the  finat refinement, 305 a toms a n d  259 valiabfes were 

Included against 1661 observed independent reflections and gave final values of 

Rf= 0.0438, Rw= 0.0492- The Iargest peak in the final electron density differencs 

map was 1.2 e k s  at 0.96 A from ir(l). The BF,- ion w a s  also disordered, and  



diahenides, C ~3tm-t~ 06 fix r i ~ g  xe~bers  in each Cp* g m q ,  C atoms of methyl 

gro~ps in each Gp*, C a t ~ m  ci  ;he ring in each ptienyf group, fl atoms ot the  

methyl groups in Cp* cpzpsz  F-f aiciGs Sn the phenyi gradus, F atoms in BF4-, B 
. atoms in SF4- and tr akms rz a3;= mcupartcy with theis psegdo-image partners 

in f 5% ooccrrpancy. 



Sc { A ]  3-7 1 369 

Transmission 0-21 91 - 0,3759 



3.3 Resufts 

3- 3. f Syntheses and Characterizations 

3.3.1.1 The Singiy and Doubly Bent Aryldiazenido and Diarene 

Complexes Containing the Cpilr(PPh3) Core 

As mentioned in the previous chapter, in the complex lCp*lr(C2H4)(p 

N2CGH40Wlej]8F4 (I), the singly bent aryldiazenido ligand, as a strong n acid, 

weakens the bonding between the ethylene ligand and the iridium centre. This 

should ako infttrence the rsactivity of the compound; it will be expected that the 

singiy bent aryldiazenidc ligand may induce lability of the ethylene ligand in 

regard to ligand exchange reactions. ki agreement with this, treatment of (7)  

with an equimoiar amount of PPh3 in ethanol solution at room temperature 

affords quantitativety the corresponding triphenylphosphine aryldiazenido 

complex, [Cp*lr{PPh3)(pN2C6H40Me)~BF4 (3), (Equation 3.1) 

Alternatively, a direct reaction of the bisethylene compound Cp*lr(C2H&, 

in situs with eqiiirnofar amounts oi P f  h3 and ipN2CGH40Me)]BF4 also gives 

quantitatively the tzrget compound (3). (Equation 3-21 



Compound (3) is stable under a nitrogen atmosphere either as !he pure 

oii or as solutions in non-halogenated solvents. It decomposes slowly in 

halogenated solvents, for example CDCI3. 

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*lr(PPh3)(pN2C6H40Me)]BF4 (3) is that v(NN) at 171 0 cm-1 in EtOH, occurs 

at a lower wavenumber than that exhibited by its analogue, [Cp*lr(C2H4)- 

(pN2C6H40Me)]BF4 (I) ,  which has v(NN) at 1724 cm-I in EtOH. This indicates 

that the n: interaction is :he dominant component in causing the different NN 

bonding strengths in the two anabgous compounds. Considering only o type of 

interactions, PPh3 is generally expected to be a better cr donor than C2H4 due to 

its higher-lying HOMO, so the trans influence of PPh3 on the weakening of the Ir- 

N a  cr 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 sryldiazenido ligand in the phosphine compound, [Cp"lr(PPh3)- 

(pN2C6H40Me)]BF4 (31, by comparison with the corresponding ethylene 

compound (I). Obviously, this is contrary to what we have observed 

experimentally. However, considering now the n; interaction, C2H4 ligand is 

generally considered as a better K acid than PPh3 ligand, so there should be 

more electron density at the metal centre available for z-back-bonding to the 

antibonding x orbitals of the aryldiazenido ligand in [Cp*lr(PPh3)(pN2C6H40Me)] 

BF4, (31, than In [Cp'tr(C2X4j(pN2C5H40Me)]SF4 (1) and this amounts for the 

lower v(Nl\f) ua!w for (3)- Tho ! O W ~ T  field NMF? cherniczl shift f ~ :  No in (3) 

than in (1) also indicates greater anisotropy of the n: electron density at the N a  



position in (3) than in (I), which is also consistefit with the view that greater n 

electron density is back-bonded to the aryldiazenido Iigand from the metal centre 

in (3)- 

It is also interesting to note that the H NMR spectrum of compound (3) in 

CDCf3 shows a doublet rescnance (J= 1 Hz) for the aromatic protons in the 

paramethoxyphenyi group, but in acetone-d6, it shows the familar AA'BB' 

pattern. This difference suggests to us that the acetone solvent may be weakly 

involvec! 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 eiectron distribution in the molecule. 

The reaction of compound (3) with BH4- in acetone solution at -10 OC 

gives the corresponding hydrido complex, Cp*lr(PPh3)(H)(pN2~H40Me) (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 .132 34 The only 

other examples were reported by Haymore and 1bers.N These are the 

complexes M(H)(CU)* (PPh3)2(N2Ph) (M= Os, Ru), which were prepared by the 

deprotonation of the corresponding diazene complexes [M(H)(C0)2(PPh3)2- 

(NHNPh)]+. Haymore and lbers also attempted, without success, to obtain these 

compounds through a reaction of the corresponding five-coordinated singly bent 

diarenido compounds [M(C0)2fPPh3)2(N2Ph)1+ with ti-, apparently because the 

reducing conditions destroyed the arytdiazenido ligand. Therefore, it is significant 

that we have been able to achieve a similar reaction in high yield in our system. 

Cenveniently, this hydrido (dcubiy beg% ddizenidsf complex is relatively stable 

either in the solvent-free siate or in halogen-free solvents, so It has been fully 

characterized. Compound (4) gives peach red coioured solutions in acetone or 

hexane and is a beautiful rose-purple colour in the solvent-free state. 



8 H4- i , k-N 
\ acetone PPh3 1 N-Ar 

H 

4) 

! in dark 
I 

(compound in bracket is not observed) 

Scheme 3.1 



No fR band due vjFfNj of t h e  doubly bent aryldiazenido figand could be 

assigned, even with the aid of a l%&-enriched sample. A broad medium intensity 

band at 21 33 cm-r was observed in both the 14N sample and the 15~-enriched 

sample, and is assigned as v(lr-H). The proton NMR spectrum in acetone-% 

shows, in addition to the resonances for the aromatic and the methoxy protons, 

a sharp doublet, integrating for one hydrogen, in the hydride range (6: -15.9 ppm 

with %JpH = 33.5 Hz) and a well resolved doublet of doublets, integrating for 15 

hydrogens, in the Cp* methyi region (6: 1.51 ppm with JP-Me = 1.8 HZ and JH-Me 

= 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 arydiazefiido ligand in (4) has been 

unambiguously provided by the j5N NMR spectrum of (4a). The only resonance 

is a singlet at 6: 271.9 ppm, assigned to IsNcc, and this falls within the typical 

chemical shift range for a doubly bent aryidiazenido ligand, 6: 200 - 350 

ppm.3.971 Compared with the '5N NMR chemical shift values for the 

corresponding singly bent arydiazenido ligand in complexes (la) and (3a), 

jb: -2.Z ppm for jlaj, and 33.2 ppm for @a)), this shift indicates that there is a 

consistent, but dramatic increase of the deshielding for the Na nucleus in 

complex (4). This obviously resuits from the presence of a lone pair of electrons 

of: the N a  atom in (4). Another interesting feature exhibited by compound (4a) is 

that no l5N coupling to the hydridic proton or to the 3IP of tne phosphine could 

be observed in the 1H or I5N NMR spectrum of (4a). Since s1?-I5N coupling was 

easib recognized in the j5fij NMR specirm of compound pa), where ine 

phosphine !@and and the dlazenir?~ Iigand are trans to each other in a two- 

legged piano-stool structure, it seems that the molecular geometry and the 



Figure 3.2 ?H NMR spectrum of (4) in acetone-d6, in a wide window 

(more in next page) 



Figure 3.2 IH NMR spectrum of (4) in acetone-d6, (expansion of 

Cp*, OMe and C6H4 resonances) 



reiafi.tre positions of related iigartds are responsible for this difference here, but it 

is not immediately apparent how this is so. Note that the absence of '5Na-H 

coupling was also reported by Haymore and lbers for their complexes.~ 

An attempt to synthesize Cp*ir(PPhg)(Cl)(pN2CGH40Me) (5), the chloro 

anaiogue of compound (4), by a direct hydrido-chIoro exchange reaction of (4) 

with excess CC14 in the dark at -1 0 'C was not successful. However, a related 

compound, the salt [Cp*lr(PPh3)(pN2C6H40Me)]CI (57, toget her with a variable 

amount of the known complex C p ' l r ( ~ ~ h ~ ) C 1 ~ , ~ ~ 0  is believed to be produced. 

However in situ protonation of the products of this exchange with HBF4/OEt2 

resuits in the diazene complex fCp*ir(PPh3)(CI)(pNHNC6H40fviej]BF4 (6) and 

Cp*lr(PPh3)C12,'70 This diazene complex [Cp*ir(PPh3)(Ci)(pNHNG6H40Me)] 

BF4 (6), can be synthesized by an alternative way discussed in the next 

paragraph, and deprotonation of it gives only [Cp*l r(PP h3) (pN2C6H40Me)]CI 

(5'), instead of Cp*lr(PPh3)(CI)(pN2C6H40Me) (5), plus a trace of 

Cp*lr(PPh3)C12 (see Scheme 3.1). Further, the v(NN) value, (171 1 cm-1 in 

CH2CI2 and 1717 cm-I in CCI,), undoubtedly indicates a singly bent, and not a 

doubty bent aryldiazenido iigand as required for (5') and not (5). 

The aryldiazene complex [Cp*lr(PPh3)(Cl)(pNHNC6H40Me)]BF4 (6), or 

(6a) can be conveniently prepared in high yield (92%) in one synthetic step from 

the reaction of fCp*ir(PPh3j(pM2C6H40Mej]BF4 (3), or (3a) directly with HCI gas 

in ethanol solution. The iower v(NN) In the iR spectrum at 1483 cm-I, v(l5NN) at 

1460 cm-1 for (6a), is consistent with the presence of a diazene ligand. This has 

been further substantiated by the !H and NMR spectra for @a). A 

characterisiic doubiet (6: 13.73 ppm with JH-;sN= 70 Hz ir; acetofie-+) oSserved 

in the 'H NMR spectrum (Figure 3.3), together with a high field doublet (5: -64.24 



ppm with JI%-~= 70 ppm in acetone-d6) observed In the NMR spectrum 

(Figure 3.4) of (6af unambiguously establish the presence of a qi- coordinated 

diazene, -NHNC6t140Me, figand in complex (6), or (6a). Both the chemical shift 

and coupling constant are consistent with analogous data previously establisi-led 

for the aryfdiazene iigand in mono-nuclear complexes.172- 173, 174 Another 

spectral feature exhibited by (6a) in its I H  NMR spectrum is that the chemical 

shift of the NH observed in acetone-d6 is ca. 0.7 ppm downfield compared with 

that in CDC13. This suggests that weak hydrogen bonds could be formed 

between the oxygen atom of the solvent (acetone) and hydrogen of the diazene; 

this would decease the shielding at the proton of the diazene and cause its 

chemical shift to move downfield. This could also explain why compound (6 )  is 

isolated as the diethyi ether solvated form [Cp*lr(PPh3)(Cl)(p. 

NHNC6H40Me)fBF41/2(Et)20. 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 (5'1, instead of the desired compound 

Cp*lr(PPh3)(Cl)(pN2C6H40Me) (5). This compound shows identical IR and I H  

NMR spectra to compound (3). Therefore, it is believed that (5') contains the 

same cation as that in (3), namely, [Cp*lr(PPh3)(p-N2C6H40Me)]+, but a 

different anion. So, it is assigned as [Cp"Ir(PPh3)(pN2C6H40Me)]Cl (5'). 

However, the reprotonation of this compound with HE3F4/Et20 results in the 

corresponding diazene complex [Cp*ir(PPhg)(CI)(p-NHNC6H40Me)]BF4 (6)  

where now the CI group is coordinated. A mechanism involving a direct 

pmtonahi  of (5'1, and then immediaMy foliowed by ihe coordination of the Ct- 

counter ion is less pfausible, because the protonation of the positively 





Figure 3.4 NMR spectrum of (6a) in acetone-ds 



charged Na of the singfy befit ayidiazenido Iigand to resuft in a di-cation is 

expected io be difficuft. Therefore, we postulate an equilibrium between (5') and 

corresponding neutral species, Cpxir(PPh3>(C1)(pN2CGH40Me) (5) (Equation 

3.3) 

It is possible that the by-produd Gp*lr(PPh3)Cl2 formed during the purification of 

(5j, or (5') is further evidence for this. This can result Sf the doubly bent 

aryfdiazenido iigand in Cp"Ir[PPh3)(CI)(pN2C6H40Me) (5) is readily replaced by 

a Cf- ion, the counter ion ot (5'). 

3-3- 1.2 Complexes Containing Bridging Aryldiazenido and Aryldiazene 

3) -  Halides (I- or Br) as the Ancillary tigands 

Substitution of ethylene by I- in the reaction of (I) with an equirnoiar 

amount of Kt in ethancl quantitatively gives the di-iridium complex [Cprlr(!)jp(pz 

~ ~ P N ~ C ~ H ~ ~ M ~ ) ( ~ ~ ~ ~ - ~ N ~ C ~ H ~ O M ~ )  (71, [or (78) when (la) is used]. The 

mi7ssponbirrg brrsmo complex Q8j, [or @a)] has aiso been synthesized in a 

simikr way, !xq rqi.ti:ed a slfgMfy fanger reactieiii the  (bur  hours). The use of 

KX fX= li or Br), instead of other more soluble sources of X', in these reactions is 

to avoid creating a high initial cancentration of the X- ion in the reaction solution 





R a v e  seen that ir cafi be readiiy repfaced by PR3, DirneGzarim of this sing!y bent 

aryMiazenido internedrat~ ta give products (7)  or (8) is unrikeiy in view of the 

absence of a fone pair on Ntr and t h e  presence of a tow energy lone pair of 

eledrons on Np. On the other hand, however. there is expected to be a strong 

en the mutuafty trans X- and N2M+ 

lfgands in this intermdiate (a fusther discussion of this upon the molecular 

oh-taf interactions wiil $e given later in section 3.4.2). Thus it  woufd be expected 

thaf a rearrangement tlf tliis rrstermediate through a MLCT (Metal to Ligand 

Charge Transfer) cowid ~ X U F  readily to form a neutral 16-electron intermediate fl 

with a drtiibty Gent aqdzenibo iigano'. K is this Intermediate, (in which the 

&ubiy bent. diazenido iigmdi has a high-lying HOMO distributed almost equaify 

&Ween its Ma and Np positions, and the iridium centre is in a dS;eledronie 

mnS@uration) $ha& most Zikefy leads to the dimerization reaction to form (7) or (8). 

Far both cornptunds (7 1 and $8) crystals suitable for X-ray diffraction 

were obtained by cystatlirztion from CW2Cl;r(hexanes. Ctnpounds (7) 

and (8) are very slubfe in CH2CJT. CHCE3 and acetone, and are ssfightiy soluble 

in EtUH, Et20 and even hexanes. They are aabte as either solid or as solutions 

even in the halogenat& soiwnts. 

th of these cornpun& have hen fully characterized by analysis and 

fa of (71 and (8) show no bands assignable to 

r in the 16QO - 25W ern-' range, indicating the absence of a singly 

k n f  ayuimenao Egand, ar in the finger-print region, even by comparing with 



W B B '  paEerns in the aromatic profon range, (see Figure 3-31, indicative of two 

inequivalent Cp* groups, and two inequivalent -C6H40Me groups. Significantly, 

the NMR spectra of (2%) and (%a) unequivocally show the presence of two 

coordinztively distinct arytdiazefiido ligands, one of which gives a resonance at 

6: 64.3 2 pprn %or [7a), (6: 69.84 pprn for ($a)), and the other at 6: 300.03 pprn for 

(7a) .(&: 303.44 pprn for @a)). The dawnfield signal at 6 - 300 pprn indicates an 

anornafous deshiefding at this nitrogen nucleus, which cat, cnty be caused by 

presence of a high-lying, in energy, lone pair. Consequently, this nitrogen has 

been assigned as the Na of an qz- coordinated aryldiazenido ligand. The signal 

occurring at the rektive high field with S - 60 pprn clearly falls into the chemical 

shift range for an qt- coordinated aryldiazenido ligand. Since an ql-  terminal 

singly bent aryidiazenido tgand is chemically impossible in our system, an ql- 

bridging aryldiazenido is therefare concluded. 

Very few IsN chemical shift data are known for bridging aryldiazenido 

complexes (see Table 1.8 in section 1.4.4.5). Samkoff and Shapley have 

reported i%ia chemical shifts for ( ~ - H ) O S ~ ( C O ) ~ ~ ( ~ ~ - Q ~ - ~ N ~ C ~ H ~ M ~ )  

and ( ~ - H ) O S ~ ( C O ) ~ ~ ( ~ ~ ~ ~ - ~ N ~ C : ~ H ~ M ~ ) ~ ~ O  (see Figure 3.5). They found that 

the chemical shifts were 68 pprn and 31 3 pprn for the p2-ql- and the 

$-$- bridging aryldiazenido ligands, respectively. The two different 15Na 

chemical shifts observed in both (7a) and (8a) are closely parallel these data, 

ciearty indicating their stmcturai; similarity- 

Scr far, based on oniy the anafysis and the spectroscopic data, the 

mo!w!ar structures of the cotr;potiitbs (7j and (8) have been reasoned to be 

dmenfc with tso different Gp"fr{X) cores. This requires that they are linked by 

hnro different bridged (ia, ql- and q2- f aryldiazenido ligands. This molecular 



(W 

Figure 3.5 Molecular stuctures of (a) ( ~ - H ) O S ~ ( C O ) , ~ ( P ~ ~ ~ ~ P N ~ ~ ~ H ~ ~ ~ )  



structure was confirmed later by ar; X-ray crystal structure of (7) (see section 

3.3.2.1 ). Further, since (8) has similar spectroscopic properlies to (9).  we believe 

that compounds (7) and (8) have similar structures. 

Protonation of (7%) in CDC13 with a slight excess of HBF4/Et20 changes 

the coiour of the solution immediately to dark brown, accompanied by the 

formation of a precipitate. The l5bJ NMR spectrum of this protonated species 

observed in situ shows a sharp singlet at 6: 65.1 ppm, which is in a position 

almost identical to that for (7aj (at 6: 64.1 ppm), plus a broad resonance occurs 

at 6: -1 10.7 ppm. No resonance near 6: 300 ppm as was seen for the precursor 

@a) was observed in this spectrum. The NMR spectrum of the same sample 

showed, in addition to the resonances for the Cp* and -C6H40t\rle groups, a 

sharp doublet at 6: 15.2 ppm with JH-lsN= 79 HZ, which is undoubtedly assigned 

to K15Ncr. This NMR evidence clearly demonstrates that protonation of ( la )  

occurred only at the a nitrogen of the $- coordinated aryldiazenido ligand, as 

shown in Eqn. 3.3. A similar 'H NMR spectrum was observed for the formation 

of (10a) by protonating (%a), with resonances occurring at 6: 15.3 ppm and JH- 

1 5 ~ =  79 Hz. The pronounced upfield shift of the 15Na resonance upon 

protonation of the ~z-q*- coordinated aryldiazenido ligand clearly shows the 

sensitivity of the '5N chemical shift to the presence of lone pair of electrons on 

the nucleus in question. The same feature was also observed for the 

carresponding osmium compounds, where, upon a protonation of NU in 

( ~ - H ) ~ s ~ ( C ~ ) ~ ~ ( ~ ~ ~ ~ ~ N ~ C ~ H ~ M ~ ) ~  the ' 5 ~ u  chemical shift moved vpfield to 

-61 ppm, with hNd= 81 ~z.140 



(8a) with X=Br 

(9a) with X= I 

(1 0a) with X=Br 

(N*: 15N fabelied) 

3.3.1.3 Metal ~ase,'6 Cp*lr(CO)2, as the Ancillary Ligand 

Various electron-rich transition metal complexes have been often used in 

the preparation of dinuclear complexes. Since C~ ' l r (C0 )~  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 C~ ' l r (C0 )~  

and compound (1) in EtOH under reflux afforded the desired complex (11). 

(Equation 3.4). 

EtOH 
C~ ' l r (C0 )~  + [Cp'lr(C2H4)(pN2C6H,0Me)]BF, ----+ 

reilux 
(1) 

[(Cp*lr(CO)]n (s-q2-pN2C6H40Me)]BF4 + C2H4 (Eqn. 3.4) 

fw 



In this reaction, we believe that the metal base Cp'lr(CO)2 first 

coordinates to the iridium centre in (1) by replacing ethylene to give an 

unobserved intermediate (11-I), (Scheme 3.3), This intermediate is proposed to 

contain an lr(lll) metaf centre and a terminally coordinated doubly bent 

Scheme 3.3 

aryldiazenido ligand. This intermediate then rearranges rapidly by a pathway 

involving a terminal-bridging-terminal transfer of a GO group assisted by bridging 

of the N$r ligand to give the product (11). Support for this sugge- d o n  can be 

found in the related compound [C~*(CO)~~~+~~(CO)(CI)C~*]BF~~~ which is 



synthesized by Ag+ mediated dlsptacemrnt of one Cf figand from Cp*lr(CO)C12 

by the base Cp*lr(C0)2. The iridium of the Cp*lr(CO)Cl fragment in [Cp*(CO)$- 

+lr(CO)(CI)Cp']BF4 is also in an tr(ill) oxidation state. Furthermore, the @O 

groups in [Cp*(C0)2Jr+fr(CO)(CI)Cp*]BF4 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 n 

base ligands on the trans aryldiazenido ligand in our system. 

Compound (I 3 )  can be crystallized from acetonelhexanes. 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 ( I  I )  exhibits the expected two v(C0) bands at 

1922 and 1970 em-', 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 1H NMR spectrum of (11) in 

CDC13 shows the expected resonances for one -G6H40Me group in the normal 

region and with the normal pattern, and two different Cp* resonances at 6: 2,13 

and 2.01 ppm respectively. This indicates that in solution the aryldiazenido 

iigand is either coordinated to only one indium, or is asymmetrically coordinated 

to two iridium centres En the moiecule. 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 Crysfa!!ngraphic Analyses 

General Features 

The single crystal X-ray cry statlographic analysis of [{Cp'l r(C0)I2 (p2-qZ- 

p-N2C6H40Me)]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 

thermal parameters of the non-hydrogen atoms are listed in Table 3. 2. The 

pertinent intramol=mlar dimensions for a molecule of (1 1 ) are contained in 

Table 3.3. 

The molecule of [{Cp*lr(C0)]2 (pz-q2-pN2C6H40~e)]& ( I  1) contains 

two iridium atoms and each of these is also linked to a terminal carbonyl and a 

q5-pentamethylcyclopentadienyl ligand. So each of the iridium atoms is 

approximately in a distorted three-legged piano stool coordination environment, 

with the legs separated at angles: I r(2)-lr(l )-N(l )= 68.0:10)"; Ir(2)-ir(1 )-C(1)= 

84.8(19)" and C(1)-tr(1)-N(1)= 94.0fl6)" for the Ir(1) atom, and lr(1)-lr(2)-N(2+ 

70.7(10)"; lr(1)-lr(2)-C(2)= 91.4(24)" and C(2)-lr(2)-N(2)= 94.2(22)O for the lr(2) 

atom. The significantly smaller Ir-lr-N angles, by comparison with other angles at 

the b ~ f h  iridium atoms, may reflect the highly strained four-member ring formed 

by the two iridium atoms and the two nitrogen atoms. These values ate similar to 

those found in the reiateci ~ ~ - H ~ O S ~ ( C O ) ~ ~ (  pz-$-~~Ph); in which the 

mrrespcnding angfes are 64-4jf)" ~ i i d  68.6(7jo.34o 

The lr(1)-lr(2) distance of 2.723 (4) A is significantly shorter than the 



!r - - -  fr distance of 3.5829(7) 14 found in the related bridging ayldiazenido 

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-lr bond distance is also significantly shorter 

(by ca. 0.1 1 A) than those found in other di-iridium complexes without any 

supporting bridging ligand, e-g., lr-ir single bond distance= 2.8266(6) A for 

[Cp'(C0)21r-Jr(CO)(Cf)Cp*] BF,,I~~ and 2.8394(12) A for [Cp*(CO)21r- 

Ir(COj2Cp'] [BF&,I~ which clearly shows the shortening effect of the bridging 

aryldiazenido ligand on the lr-lr bond length. However, notably, this seems 

contrary to what is observed in ( ~ - H ) O S ~ ( C O ) ~ ~ (  p2-q2-N2?h),140 where the 

distance (2.895(2) A) between the two osmium atoms bearing the p2-q2-bJ2~h 

ligand is lengthened relative to the other two non-bridged 0s-0s distances 

(2.868(2) and 2.862(3) A), and to the value of 2.877(3) A found in 

The carbon frameworks of the pentametylcyclopentadienyl ligands in (1 1) 

contain no pecdarities in the bond lengths and bond angles. Likewise, there are 

no significant differences in the ring carbon to iridium bond lengths, indicating the 

pentamethylcyclspentadienyl Iigands are symmetrically coordinated to the 

iridium atoms. 



Figure 3.6 Perspective view of the cation of compound jf I j- (Tine therrnai 

ellipsoids represent 50 % probabilit.4 contours). 















* isotropic thermal motion were restrained for C, N and 0 atoms. 



Table3.3 Selected Bond Lengths (A) and lnter-Bond Angles (") 

(a) Bond Lengths 

(b) fnter-Bond Angles 

ir(2) - fr(1 f - N f l  j 68.0(10) Ir(4) - ir(3) - N(3)  68.8(10) 

tr(2) - Ir(1) - Cff 1 84.8(19) k(4) - b(3) - ( 3 3 )  91.4(19) 

N(1) - h(1 j - C(1) 94.!3(!6) N(3)-ir(3)-C(3) 90.4(13) 



Features of the Aryldiazenido tigand 

The nitrogen-nitrogen bond of the aryldiazenido ligand is essentially co- 

planar with the iridium-iridium bond, and it exhibits an qzbridging mode with 

Ir(1)-N(1)= 2.02(2) A and lr(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 aryldiazenido complexes. For 

example, N=N double bond lengths of 1.20(4) A and 1.24(2) i\ were found for y 

2112 and $-q1-aryldiazenido ligands, separately, in ( ~ - H ) O S ~ ( C O ) ~ ~ (  p*-$- 

N ~ P ~ )  5 and (~- -H)OS~(CO)~~(  p 2 - $ - ~ ~ C ~ H ~ M e ) , ~ ~ 9  (see Figure 3 4 ,  and 

values of 1 .23(1) A and 1. Ig(l) A were found for $-$- and p2-ql-p- 

N2C6H40Me, separately, in compound (7) (see section 3.3.2.2). However, we 

have to nde that the disordered structure may contribute to the rather large esds 

on the NN distance, and undoubtedly affects the accuracy of this value. 

Another strudurai 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 (1 30,0(2)*) 

for Ir(1)-N(1)-G(101), and the small values for the other two angles at the N( l )  

atom, i.e. N(2)-N(1)-C(l/ Of)= 11 4.9(24)O and N(2)-N(1)-lr(l)= 11 5.1 (25)". 

3.3.2.2 Complex [~p*lr(l)]~(p~-qzpN~CsHqOMe) (p2q1-pN2C6H40Me) (7) 

General features 

Compound (7) crystaflized in a triclinic lattice, (a= 8.937(2) A, k 

1 O.O36(2) A, -1 0.893(2) A, a= 79-98(1 lo, P= 79.52(1 )Or,?= 70.36(1 )O and Z= 1 ). 

The crystal structure analysis, (performed by Dr. R. J. Batchelor), has revealed 

that each unit cell contains one disordered molecule lying on the inversion centre 

of the centrosymmetric space group P i  at (1/2, 112, 112) . An ordered model in 

the non-centric space group PI was also carefully considered, but it did not 

provide a more satisfactory solution. Therefore, the disordered model in the 

space group of P i  was retained in the structure refinement process, and gave 

final values oi RF 0.021, Re 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 8 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. 



Fig lure 3.7 Two coordination modes of 

found in complex (7) 

the bridging aryldiazenido Iigand 

The spectroscopic data, as well as the "electron-precise" nature of the 

cornp1ex,~8o 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 moiecules in which only A and 5 modes occur respectively. 

Combination I f  postulates oniy one kind of molecule, but superimposed 

orientations as shown. 

Combination t is immediately ruled out because to account for the 

observed Na position, the non-bonding Na---Nor  distance in AA, (50% 

occupancy in combination 1) would be only ca. 1.9 A, significantly shorter than 

the sum of nitrogen van &r Waats radii (m. 3.0 A). Therefore, it was concluded 

that tithe disorder was best described by combination ti. That is, each molecuie 

contains two coordinatively different bridging aryldiazenido ligands ( $-$- and 

p2q" fashions). Furthermore, in the combination 11. the superimposed AB and 



Combination I 

Combination fi 

AA BB 

(50% occupancy) (50"io occupancy) 

(50% occupancy) (50% occupancy) 

Figure 3.8 Two possible modes of the doubly bridging aryldiazenido 

complex (7) 



I 

BA structures are related by an inversion centre, therefore, it is concluded that 
I 

mofecule (7) exists in the solid state in two superimposed enantiomers. 

It is also worthy to note that although both modes (combinations I and 11) 

here for (7) are consistent with the previously described spectroscopic 

observations for this complex, we believe that the molecular structure of (7) in 

soiution is similar to that in the solid, because it is unreasonable to expect a 

significant change in the short N a . . - N a  distance in AA simpiy by soivation. 

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 qfs-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*lr(CO)]p (p2qzp~2C&OMe)JBF4 (1 1) and [Cp*(C0)2ir-ir(CO)(CI)Cp'] 

BF4I76 where the ir-lr 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---lr distances have been found in ( C P * I ~ X ~ ) ~  

( X=Ci, 3.7169(1) A; X=Br, 3.902(13) A and X=l, 4.072(1) A).1a1? 182 The 

distance from iridium to the centroid of the Cp* ring is 1.820 A for (71, which is 

shorter than that found in the Irfi) compound [Cp*lr(C0)j2 (Ir-Cp* centroid = 

1.901 A),183 b ~ t  longer than those in the ir(lll) compounds ( C P * I ~ X ~ ) ~  ( X=CI, 

1.756 i\; X=Br, 1.771 i\ and X=l, 1.8QI i\).'81.182 This distance is sensitive to 

the electron poputation in the LUMO of a Cp*lr(lll) fragment, because this orbital 

is metal-ring anti-bonding. ( lo [Cp*lr(C0)]2, ie., Cp*lr(l), this orbital is the HOMO 



Figure 3.9 Perspective view of the molecular structure of compound (7). (The 

thermat ellipsoids represent 50 % probability contours). 



Table 3.4. Selected intramolecular Distances (A) and Angles ( O )  for 

[~p*lr(l)]~($q~p-~~C~H~OMe) (p2-ql-pN2CsH40Me) (7) 

(a) Bond Lengths 

Ir(l)a - N(1) 2.1 43(9) Ir(1) - N(101) 2.000(7) 

lr(2) - N(2) 2.147(6) lr(2) - N(101) 2.030(7) 

(b) Bond Angles 



_______--_--------------------___--------_------------------ 
a : Ir(1) related to lr(2) by ( I  -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 completty occupied). The variation of this distance in the above 

compounds indrcates that the LUMO of the Cp*lr(lll) fragment in (7) has been 

largely populated, and suggests that the N2Ar ligand has a stronger electron 

donating ability than the hzlides. The Ir-l bond length of 2.691 3(8) A is 

comparable to the value of 2.694(1) A found for the terminal Ir-l bond in 

(Cp*lr12)2.182 

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 It-N(1)-N(2)-lr-N(101)' ring, e.g., 

C(1), 0.085(12); N(102)', 0.191 (1 1 )  and C(l Ol)', -0.003(13) A. This planarity 

suggests a degree of ;r: electron delomlization in the five-member ring and 

including also the nitrogen atom N(102)'. 

The Aryidiazenido L'tgands 

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

of the aryidiazenide nitrogen atoms, afthough the model shows a flat region in 



the final eiectron density difference map at the nitrogen group area and is 

therefore considered satisfactory. 

For the  $-$- bridging aryldiazenido ligand, the  Nf 1 )-Nf2) bond length is 

1.23(1) A, consistent with a N=N double bond, This value is comparable to that 

found in ( ~ - H ) O S ~ ( C O ) ~ ~ (  @-qZN2Ph) (N-N = 1.233(2) A1140 and is slightly 

smaller than that found in {[Cp'lr(C0)]2(pzq2-pN2C6H4(3~~e)j~~4 (1 1) (N-N 

=I .29(2) A) (see sedion 3.3.2.1). The N=N group is symmetrically bridging t h e  

two iridium centres with lr(1)-N(1)=2.143(9) A and lr(2)-N(2)= 2.1 U ( 6 )  14. These 

distances are longer than those found in {[Cp*lr(C0)]2(pzq2fi- 

C6H40Me))BF4 (11) (Ir(1)-N(1)= 2.02(2) A and lr(2)-N(2)= 2.06(2) A). 
For the  paql- bridging aryldiazenido ligand, the  N(l01 )-N(102) distance 

of 1.19(1) A is comparable with those found in similarly coordinated 

arykiiazenido c o r n p i e x e ~ . ~ ~ ~ ~  la4, 185* 86 This bridge is atso essentially 

symmetric between the two iridium atoms (ir(1)-N(101)= 2.030(7) A, lr(2)- 

N(101)= 2.000(7) A and ir-N(average)= 2.01 5(i 0) A) and involves an angle of 

frf t 1-N(1Ol)-lr(2)= 124.9{4)". This angle, however, is significantly larger than that 

in a similar coordinated aryldiazenido compound {[lr(~~>(~~h~)]~(pzO)(p~-q l-o- 

Another interesting ft ~ttture of the bridging arytdiazenido figands is that the 

pfanes of the aromatic rings af the prne:bxyphenyl groups each make an angle 

ca. 120' with the mofecufar core plane. This feature indicates non-conjugation of 

the A eliedrons between the k N  gmtp and its aromatic ring in both of ifre 

frndging aryidiazerrido figanbs. A similar phenomenon h a s  also hen observed in 



3 .4  Discussion 

f rom f he experimental resufts these species with a generalized 

forrntria fCp*trfL)(pN2C6H40Mej]o Or -, I?ve c a n  see an impofiant influence of the 

anciffary figand L an the geonefricai preference of the ayidizeriido ligand. 

When t is a weak x-acid: the argrtdiazenido Iigand prefers the singly bent 

geometry, but when L Is a smng rr-base, the  aryfdiazenido ligand prefers to 

adopt a doubly bent gecrrnefry Tnis inierreiaiionship between the nature of the 

anciiiiary figand and the mnfarrara;ioraai preference of the aryadiarenido figand 

Figure 3-30 The frontier orbitals of the Cp'tr fragment 



Before we stad to adyze  the IEgand effect, let us fitst construd the 

frontier ctt>itais for :he CpSlr[=N~=NAG fragment. Detaited discussion of the 

frontier orbiiafs of the Gp"ti fragment have been given e1sewhere.28~ 29 Here we 

shall describe only their ssaknf features, emphasizing those 3~ orbitals which 

eventually controf fhe coFlforrnation of the aryldiazenido figand. The frontier 

o&;iiials for Cp"k are shswn in figure 3-30. For the irflf, &metal centre, 

assuming a doubly-occupied singlet ground state, the HOMO of this fragment 

can be assigned as the dy, orbital in the chosen coordinate system. It is this 4, 
orbital that is rnairnty invalved in the ~-t>a&~bonding interaction with a singly bent 

arytdiazenicfo figand, which is presumed to coordinate to the metal centre in the 

xz plane, but with its aryl rixrg tad out of ?he xz plane. (see figure 3.1 1). If. is worth 

mentiorring that the energies a,% the HOaAO of the Cp"lr fragment and the LUMO 

of the singty bent argruimenido Cganb are fair& cbse. This is because the 

HOMO of the metal fragment is anti-bnding bettveen iridium and the Cp* ligand 

(refer lo Figure 3.1 0). and the LUMO of the aryldiazenido iigand is a lowlying 

orbital, even tower than that of the NO* rigand [as we saw in Chapter I!). 

Although it should be noted that a lower x-type of metal-centred ohital, dV can 

also interact with the LUMO ot the N$W ligand, it will partidpate in this type of x 

3ng lo a lesser extent due to its low energy, and hence its effect will be 

ed here, where on& con-er the primaq K interaction (Figure 3.1 1 ). 

f tssua nav romainiq is the influence of -the different ancillary 



Figure 3.1 1 The primary n interaction between Cp'lr fragment and singly 

bent N2AP figand 

3 - 4 1  The Ancillary Ligand, L, is a n-Acid 

A weak R acid, e.g. C2H4 or PR3, generally has an empty x orbital at a 

rather high energy. When it coordinates to the Cp*lrN2Ar+ fragment in the 

direction *transE to the diazenido ligand, its empty x orbital will match in 

symmetry the 4, orbital of the Cp*lrN2Ar+ fragment (as shown in Figure 3.1 2) or 

can be brought into the matching position by a rotlion about the M-L o bond. 

Due to this d, orbit& involvement, the primary n interaction between the Cp'lr 

and N2AP fragments will now be certainty affected. Since the empty x orbital of 

the ancillary ligand is located at a much higher energy level (i-e., it is a weak n 

acid) the participation of this orbital in the prirnarj interaction will be expected to 



Figure 3.12 7i interaction between the Cp*lrN2Ar+ fragment and the 

ancillary ligand L 

be small. Consequently, the coordination of a weak n; acid iigand, L, to the 

Cp*lr&Ar+ fragment will only be expected to cause a slight additional 

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

dotted line in Figure 3.1 3. 

L Cp*lr(L)(N2Ar) Cp*lr Cp* lr(N2Ar) N2Ar+ 

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

K inferadan belween Cp*lr and N2Ar+ fragments 



Obviously, an increase of the relative -n acidity, corresponding to a 

decrease of the energy level of the empty K orbital of the ligand L will stabilize 

the metal centred ck orbital further. However any further stabilization of the 

metal & orbital caused by the presence of ligand L will also cause a decrease of 

the N2Ar+ ligand's participation in the dn orbital. In other words, coordination of a 

x acid ligand L to the Cp"lrN2Art fragment always, more or less, weakens the n- 

back-bonding between the metal centre and the N2Ar+ group. The stronger the n 

acidity r,; i he  L ligand, the more is the stabilization of the drc orbital, and 

consequently, the less is the participation of the n', component of N2At+ in the 

& orbital and the weaker is the expected E-back-bonding between the metal 

centre and N2Ar+. 

Although both ethylene and triphenylphosphine ligands are weak 7c acids, 

the x acidity of ethylene ligand is believed to be slightly higher than that of the 

phosphine ligand. Thus, based on the above discussion, when ethylene, as the 

ancillary iigand L, coordinates to the Cp*lrN2Ar+ fragment, it will be expected to 

weaken the iridium-aryldiazenido ir-back-bonding more than that when L is 

triphenylphosphine. That is, the lr-Na bond in fCp*lr(C2H4)(N2Ar)l+ (1) would be 

expected to be weaker than in [Cp*ir(PPh3)(N2Ar)]+ (3), and consequently, the 

N=N bond strength would be expected to be stronger for t= CzH4 than for L= 

PPh3. The experimental results show exactly this same trend as we have 

anticipated. 

There are two further points. First, in principle, the singly bent geometry of 

the argrkiizefiido IIgand is s ~ c h  eompoiinbs wiii be retained, no marter how 

the stronger the K acidity of L, the weaker is the metal-aryldiazenido bonding, a 

vety strong K acid ligand would be expected to dramatically weaken the lr-NU 



bond. Conversely, the Sondiq between the L iigand and tne Cp'ir fragment 

would also be expected to be weakened by the presence of the singiy bent 

aryldiazenido ligand, because this ligand is itself also a strong n acid. So, in this 

situation, the total effect would be a very unstable species in which both of the 

ligands, L and N2Ar+ are mutually incompatible. This latter point explains our 

lack of success in synthesizing [Cp*lr(CO)fN2Ar)]+ in this work. The actual 

results obtained will be given in Chapter IV. 

3.4-2 The Anciliary Ligand L is a R-Base 

tn Phis section, we will see how the primary n interaction, shown in Figure 

3.1 1, changes when the anciliary ligand is a n base. 

A ?r: base figand should have at least one filled orbital of .n: symmetry, ie., 

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*trN2Ar+ fragment in the direction "trans" to the 

aryldiazenido ligand, the filled a orbital will directly interact with metal qz orbital. 

Since this is a two-orbital-four-electron interaction, it can be formally considered 

that the filled metal-centred orbital, +, has been raised in energy by the effect 

of the filled n orbital of L, toward the energy level of the x accepting orbital of the 

diazenido ligand (interaction (1) in Figure 3.14). Obviously, a further interaction 

between this metal 4, orbital and the empty I L * ~  orbital of the aryldiazenido 

ligand, shown as interaction (3) in Figure 3.1 4, becomes more favorable due to 

the proximity in energy.. 

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

those ligands that have a weak or medium a basicity strength. For a strong sr: 



Figure 3.14 The influence of a x base ancillary ligand on the metal dy, orbital 

Cp'lr 

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

SE base iigand 



base, the situation could be different. Then the interaction between the dy, 

orbital of the Cp"lr fragment and the filled n: orbital of L could be very strong; 

strong enough to push the filled metal centre orbital aj, higher, in energy, than 

the rr*y 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 

ary idiazenido iigand, i. e. 

1 

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)2, 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 iigand in fCp*lr(C2H4)(N2Ar)]+ by strong a base ligands, 

I-, B r  and the metal base C~" l r (C0)~ .  

Finally, it might be worth mentioning that once this 16-e doubly bent 

aryldiazenido cornpiex were to form, as mentioned in Chapter I, this tigand would 

must likety reorientate itself by a rotatior! of 90" t~ av~ic! an antibonding 

interaction between the lone pair of Na and another filled metal a orbital, dxy, and 

to construct a bonding interaction between the dxy and the perpendicular z' 

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



chiral one (ie., X- and Cp*lr(CO)2 as we used), this rotatioil 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 

equal amounts of enantiomeric products. Equal amounts of enantiomers have 

been observed in both solid state structures of (7) and (1 I ) .  Furthermore, as a 

logical extension, a future reaction in which the ancillary ligand L is a strong 

chiral n; base would certainly be interesting. 

3.5 Conclusion 

The n: effect of the ancillary ligands on the geometric preference of the 

aryldiazenido ligand in complexes with a general formula, [Cp*lr(L)(p 

N2C6H40Me)I0 O r +  has been demonstrated in this chapter. 

Replacement of the labile ligand C2H4 in ( I )  by PPh3 results in 

[Cp*lr(PPh3)(p-N2CGH40Me)]BF4 (3) in high yield. Like compound ( I ) ,  (3) also 

contains a singly bent aryldiazenido ligand, and both of them contain the weak K- 

acid, CzH4 or PPh3, as the anciliary ligand L. An understanding of this in terms of 

the molecular orbital interaction analysis has led to a conclusion that a K-acid 

figand "irans" to the aryldiazenido jigand wi/1 weaken the irdium-diazenido bond, 

and the stronger is the acidity of the ancillary ligand, the weaker is the iridium- 

dizenido bond, but the geometry of the singly bent diazenido ligand is retained. 

Addition of hydride to [Cp*lr(PPh3)(,~N2CSH40Me)fBF4 yields the 

corresponding hydrido complex Cp*ir(PPh3)(H)(pN7C6H40Me)(4) - with a doubly 

bent diazenido ligand. The chloro analogue, Cp*fr(PPh3)(CI)(pN2C6H40Me)(5), 

Is unstabie; it may change rapidly to [Cp*ir(PPh3)(pN2C6H4OMe)jCf (S'), a 



singly bent diazenido complex. However, protonation at Na, forming the diazene 

complex [Cp*ir(PPh3)(Cl)(pNHNC6H40Me)]BF4 (6) ,  can stabilize the chloro 

ligand in the coordination sphere. 

Replacement of the labile ligand C2H4 from (1) by X, X-= I- or Br ,  results 

in the complexes [ C ~ * I ~ ( X ) J ~ ( ~ ~ - ~ ~ - ~ N ~ C ~ H ~ O M ~ ) ( ~ ~ - ' ~ ~ - ~ N ~ C ~ H ~ ~ M ~ ) ,  

(where X= I for (7) or X=Br for (8)). The possible pathway from the singly bent 

aryidiazenido complex (I) 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 gmeral formula, [Cp *lr(L)(p-N2C6H40Me)l, when L is a 

strong K-base, the aryldiatenido ligand prefers a doubly bent geometry and this 

may be accomplished through a P&CT process. Protonation of compounds (7) 

or (8) occurs only at the Na position of the y2-q2- bridged aryldiazenido ligand. 

Similarly, replacement of the ethylene in (1) by a metal base, Cp*lr(C0)2, results 

in another di-iridium complex, { [ C ~ ' I ~ ( C ~ ) ] ~ ( ~ ~ ~ ~ - ~ - N ~ C ~ H ~ O M ~ ) } B F ~  (11). 

The X-ray crystal structures of (7) and (11) have been determined. 

Compound (7)  crystallizes in the triclinic space group PI, with a= 8.937(2) A, b- 

10.036(2) A, c=10.893(2) i\, a= 79.98(1)", P= 79.52(1)O,,y= 70.36(1)O and Z= 1 ; 

Rf 0.021 and R= 0.029. Crystals of compound (11) are orthorkombic, space 

group PcZrb, with a= 8.821 (1) A, b= 20.237(2) A, c=34.808(5) A and Z= 8; RF 

0.044 and Rw= 0.049 for 1661 absorption-corrected independent reflections with 

1 > 2.50. 

Finaiiy, to the best of our knowledge, compounds (7) and (8) synthesized 

in this work are the first ttvo examples of the dinuciear compound with two 

different bridging aty!diazenido ligands, and compound (?I) is the only second 

exampfe of a similar bridging coordinated aryldiazenido complex. 



CHAPTER !V 

Syntheses and Characterization of Mono- and Diiridium Carbonyl 

Complexes Formed from the Attempted Syntheses of [Cp*lr(CO)(p 

bd2C6bi40Me)]BF4; X-ray Crystal Structures of [Cp*21r2(CO)3Clf BF4 and 

In the previous discussion of the electronic influence of the ancillary ligand 

on the geoinetrical preference of the aryldiazenido ligand in the system 

Cp*lr(L)(p-N2C6H40Me), we have pointed out that in the case of the ancillary 

ligand L being a strong K-acid, the n bonding strength between the M and N2Ar 

could be dramatically weakened. In order to examine this, the synthesis of the 

unknown compound [Cp*!r(CO)(pN2C6H40Me)pF4 (12), where the ancillary 

ligand is a carbonyl, has been attempted. As possible synthetic routes to the 

target complex (I 2), we have examined (1) reactions of Cp*Ir(CO);! (14) directly 

with [pN2C6H40Me][BF4] under different reactioii conditions, (2) reactions of 

[Cp*lr(C2H4)(p-N2C6H40Me)JBF4, (1) with carbon monoxide under varying 

reaction conditions, and (3) reactions of [Cp*lr(C0)I2 (15) with different 

stoichiometric amounts of [pN2C6H40Me][BF4J. 

Unlike the previousiy described situations where the ancillary ligand was 

either a weak n-add or a strong x-base, all of the results obtained from this latter 

study point to instabifity of [Cp*lr(COj (p-N2C6H40~e)j+ indicating that CO and 

aryidianenido ligarrds are mutually destabilizing in this system. This feature is 

consistent with the theoretical analysis of the eiectronic relationship between the 



I 
I aryldiazenido ligand and the ancillary ligand L in the system Cp*lr(L)(p-Nr 

I C6H40Me) that has been developed in this Thesis. Therefore, we believe that 

these failures to obtain [Cp*lr(CO)(pN2C6H40Me)]8F4 (1 2), in fact, reflect the 

I realities of the electronic situation required for stability in this type of complexes. 

On the other hand, although the synthesis of [Cp*lr(CO)(p 

N2C6H40Me)]BF4 (12) itself has not been successful, the chemistry that has 

I emerged from these attempts is still interesting. While the aryldiazenido ligand 

seemingly can not be stabilized in the chosen two-legged piano-stool structure, it 

has been found to be stabilized in a rciated three-legged piano-stool carbonyl 

complex Cp*Ir(CO)(OEt)(p-N2C6H40Me) (19). Some of the reactions yield 
i 
1 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 crystai structure of compound (20). 

4.2- 1. Preparations of the Precursor Materials 

Preparation of Cp"fr(C=U)H2 (13) 187 188 

A suspension of partially soluble Cp*l1-(CO)Cl~~89 (30 mg, 0.07 mmol) 

and an excess of Zn dust (ca. 200 mg) in 10 mL absolute ethanol in a 50 mL 



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 OC, 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 the yellow suspension of the 

Cp*lr(CO)C12 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%). fR1 v!!r-H), 21 37 w cm-A and v(CO), 1996 s cm-1 

(hexanes); 1H NMR: S(acetone-d6) 2.1 0 s (1 5H, Cp*), -1 6.58 s (2H, ir-H): MS 

(Ei, mk) :  358 (Mc), 356 (M+-2H), 354 (M4--4H), 352 (M+-6H), 328 (M+-CO-2H), 

Preparation of Cp*ir(C0)2 (14) 1331 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*!r(Cl)iI2 (1 OOmg, 0.1 25 mmol), 

excess Zn dust (ca. 500 mg) and 4 - 5 drops (ca, 0.2 mt) 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 lR), the reaction solution was cooled to room 

temperature and the solvent was removed in vacuo. To the residue was added 

10 mL H20 and 1 O mL f=H2C!2 ancf the mixture was vig~musijr stirred for 0.5 

hour. The CH2Ct2 layer was then pipeted out, and the residue was repeatedly 

extracted with CX2Cf2 (2 x 10 mL). The combined CH2CI2 extract was dried over 

anhydrous Na2CU3. fittered and rotary evaporated lo dryness leaving the 



product nearly quantitztirrei'y as yellow crystals. The product could be further 

purified by sublimation at 70 "C. tR, v(CO), 1939 and 2009 em-1 (in acetone 

or CH2Ct2), 1945 and 2015 cm-I (in hexanes or ethanol); 1H NMR: G(CDGI3) 

2.1 5 s (Cp*). 

Preparations of [Cp* 1r(C0)J2 (1 5) '9' 

Method 1, Cp*ir(COfC12183 (I OO mg, 0.234 mmd) and excess predried 

anhydrous Na2C03 (= 500 mg) in I O mL ethanol were reffuxed for about two 

hours with vigorous stirring. During the reaction, the orange yellow suspension of 

Cp*!r(CO)CI2 slowly disappezred, and a brownish slurry was grabuafly produced. 

After the reaction mixture was coofed to room temperature, the solvent was 

removed under reduced pressure, the residue was  extraded with CH2C12 

(ca, 20 mL) and filtered through a Geiite filter. Evaporating the dark green 

GH2GE2 extraction sofution to dryness afforded the desired product quantitatively 

as a brownish powder. B e  product can be recrystallized in CH2Cf2 / hexanes. 

Typiml yield > 80%. I R v(C0). 1 676 cm-: (CH2C12); 'H NMR: G(CDCI$ 1 -79 s. 

(Cp"); MS (El, mr'z): 71 0, (Mi); 680 EM*-CO-2H); 648, fM*-2CO-6H); 463, 

(tCp*lC~*f+)- 

Method 2- A reaction similar to method 5 ,  but using 1 ; 2 molar ratio of 

Cp*ir(C0)2 and [Gp"lrGf2f2 under reflux condition for three hours, gave the 

desired product in 92% yield, 

mg, 0.234 mmoQ in anhydmus ethanol (20 m t j  was d d e d  excess zinc 



Cp'ir(COjC12 had wmpieiely c'isappeared jrnoniiordsd by iRj, the soiution was 

pumped to drjness, and " re r?sibue was extracted with CH& (3 x 5 mLj. 

Removal of the solvent CHTCiz - from the combined extraction soltttion in vacua 

gave the desired prodtd. generatfy in a yield > 90%. 

Method 4. A readion simifar with method 3, but using 1 : 2 molar ratio of 

Cp'fr(C0)2 and [Cp"trCf& as the starfing matreriais, also gave the  desired 

product in high yieid- 



After another 3 to 4 h a u s  s:irring, a farge amount of fine yellow powder was 

reduced pressure to a k a  d 23 m t  ana an excess of hexanes was added to 



3). Reaction En eifhanot solvent -- Formation of [Cp*lr(CO)(OEt)(pNHN- 

C6M40Me)]BF4 (1 81, or (1 8a) 

To a solution of Cp"fr(CO)2 (54)(20 mg, 0.052 rnmol) in 10 mL of ethanol 

was aaded fpN2G6H@MefBF, (7 1.5 mg, 0.052 rnmol), or [ P ~ ~ N N C ~ H ~ O M ~ ]  

[BFd for (18af, at room temperature. To completely dissolve the diazonium salt 

look a period of ca- 10 minutes. The colour of the solution changed from yellow 

to orange. IR spectra showed that absorptions (201 5 and 1945 cm-1) due to 

Cp*fr(CO);, (14) siowiy decreased and a new band at 2058 cm-I increased. Afier 

one hour, the solvent was remwecl in vamo affording an oranqe cololrred oily 

product quantitatively. A mrnptete characterization of this compound was 

rrnsuccessful due to Its very: poor stability in other soivenfs. 1R: v(CC3) 2058 cm-l 

[ethanol), f H NMR f109 MHz, measured in less than 5 minutes after dissolving in 

acelone-d6) 6: 1 .t2t (33, 7. fbJgCH20f1 1.96s (15H, Cp"j, 3.85s (3H, 

OM&), 3.97n j2H, Mea28] ,  7.1 Wand 7-81 d (4H, AA'BB' pattern, C6H4f; 15N 

NMR for (t8a): Gfethanog 4 546 ( J T s ~ - ~  = 88, T ~ N ~ - H ) ,  FABMS (NOBA, Xenon) 

[WZ): 431 fM+ - EtQHj, 463 (Ms - EtOH - GO). 



jethanaif; 2029 ern-$ (hexziies); !H NMR (I 00 iviiiz, benzene-&) 6: 1 .fit  (3H, 

JH-,= 7, &CHZO), 1 -68s (1 5H,  Cp*), 3.28s (3H, OMe), 4.1 7d, q (1 H, 2 ~ H - H =  10, 

3JH-ue= 7, MeCJ-ipO), 4.35d7 q (1 H, ' J H - ~ =  10, 3~H.Me= 7, M & U O ) ,  6.83d and 

7.744(4H, AA'BB' panern, CsH4), ' 5 ~  NMR for (19a): 8(benzene-ds) 223.5s 

(15~a), MS (El, m/zj: 536 fMf), 508 (M+-CO), 491 (M+-OR), 463 (M+-CO-OEt), 

433 (M+-OEt-CO-UGH2), 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*(C0)21r-lr(CO)(CI)Cp*] 

Data Collection 

The crystallization of [Cp*2tr2(C0)3G1]BF4 (17) was conducted with the 

slow diffusion of Iarge amount of diethyf ether into a saturated CH2CI2 solution of 

the complex. A suitabfe yeifow 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 diffractorneter with graphite monochromatized Mo- 

Ka radiation. The unit ceif parameters were first obtained from the setting angles 

of 25 weltcentred reflections, from which a monoclinic unit cell was indicated 

and then confirmed by the investigation o i  selected symmetry reiated ref!ections. 

The final, more accurate, unit ceif was determined from the setting angles of 25 

well-centred reflections, widety spread f hroug hout reciprocal space, in the range 

2BG <: 29 = 50'. See Tabk 4.1 b i  peri-;nefit ccr)isiaf and data ctiiedion betaiis. 

- At! --- intpncrify ---------* &ta were m!leckd st 20 k1 OC an5 with 1.9" : 25) -c 509 The 

bisecting mode and the wupked m-20 scan mode were used in the data 

mftedion. Backgreuds were scanned for 25% of the peak width on either side 



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 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 colfection, (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 153 were also applied. 

Of the 4427 ufiique reflections, 3299 reflections were classed as observed (lo 2 

2.5a(lo)). 

Structure Solution and Refinement 

The structure was solved in the space group P2#c by using a Patterson 

nap to locate the heavy atoms. Subsequent refinements and difference Fourier 

syntheses led to location of aff remaining non-hydrogen atoms. Scattering 

factors for neutral atoms were used in the calculation of the structure factors, 

including anomalous dispersion terms far all non-hydrogen atoms-xs 

Anisotropic themat motion, based on indications from the electron density 

difference Fourier maps, was refined for lr, CI, 0 and F atoms in the structure, to 

yEeU physicaliy reasctnairTe values. Some of the hydrogen atoms in the Cp* 

methjii gmups had k e n  revealed directly by using a low angle difference 

Faurier map, with sin&% cutoff vaiue of 0.30 A-I, phased on all non-hydrogen 
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No. of variables 1 87 

monochromator. 
b: R~=Z(IFO/-IFC/)/I: /FO! 
C: Rw=[zw( I FO 1 - I FC l ) ~ E F o ~ ) ~ Q  
d: w=[(o(F))* + 0.00035F2j-' 
e: G.o.f.=[Zw( / Fo / - I Fc I )Z/(No. of degrees of freedom)l1Q 

atoms. However, all hydrogen atoms were assigned by calculation and were 

input as fixed contributions in the following calculations; their idealized positions 

were repeatty calculated after cyeles 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 

atoms, converged to RF0,02f and Re 0.033 with a maximum shift fess than 

0 - 0 5 ~ .  A weighting scheme based on counting-statistics was usecJ in the 



final refinement, where the weight w was calculated from w=[(o(Fo))2 + 

0.00035F02j-~. 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-I1 computer by using the 

NRC VAX Crystal Structure System. 

4.2.3. Attempts to Synthesize [Cp*Ir(CO)(pN2C6H40Me)~BF4 (12) through 

the Reactions of [Cp*lr(C2H4)(pN2C6H40Me)JBF4 (1) with Carbon 

Monoxide 

$1. Reaction in Acetone with Excess of Carbon Monoxide 

in a typicai reaction, CO gas was bubbled through an acetone solution of 

fCp*ltr(C2H4)(pN2C6H40Me)] BF4 (1) (50 mg, 0.09 mmol-) at room temperature. 

The IR spectrum of the readion solution showed that Cp"lr(CO);! (14) (v(C0) 

1939 and 2009 cm-$1 was immediately formed as the major product. 

2)- Reaction in acetone with eqtiirnofar amount of carbon monoxide 

To an acetone scrfutian of [Cp"lr(C2H4)(pN2C6H40Me)]BF4 ( 3 )  in a 

Schlenk tube equipped with a rubber serum stopper was injected an equimolar 

amount of carbon monoxide gas. After stirring overnight (a- 10 hours), the IR 

spectrum of the saftrtlon showed that Cp*ir(C0)2 114) (vfCO) 1939 and 2009 

emt) was the only absented prducfi- After evaporating the soiulion to dryness, 

the 'H NMR specfmm &:he residue showed f;p*rr(C0)2 (14) and unreacted 

mmpaund (1) as the major componentis- 



3). Reaction in ethanol with carbon monoxide 

Carbon monoxide gas was slowly bubbled through an ethanol solution of 

fCp*lr(C2H4)(p-N2C6H40Me)]BF4 (I) for ca. 5 minutes. The colour of the 

reaction solution changed rapidly from yellow to orange-yellow. The IR spectrum 

of this orange yellow solution showed a strong band at 2058 crn-l due to 

compound (18) and two weak, but equal intensity, peaks at 1945, 2015 crn-1 due 

to Cp*lr(C0)2 (14). After removing the solvent in vacuo, tne 1t-I NMR spectrum of 

the residue confirmed the presence of (14) and (18), but showed no signals due 

to the starting materiai (I). 

4.2.4. Attempts to Synthesize ([Cp'lr(C0)]2(pZq~(pN2C6H40Me))BF4 (1 1) 

and fCp*lr(CO)(pN2C6H40Me)]BF4 (1 2) through the Reactions of 

[Cp*lr(CO)j2 (1 5) with fpN2C6X40Me][BF4] 

1). Formation of ([Cp*lr(C0)]2(1 -ql-1 ,2-I$$-pC6H40Me))BF4 (20) 

[p-N2C6H40Me][BF4] (1 6 mg, 0.07 mmol) in solution in ca. 2 mL acetone 

was added dropwise to a solution of [Cp*lr(C0)l2 (15) (50 mg, 0.07 mmol) in 5 

mL acetone ;it -78 "C. The cofour of the reaction solution changed immediately 

from deep green-yelfaw l o  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 CH2Cl.$hexanes at -I 0 "C yielded dark red crystals, 

(< 10 7L yield), suitable for X-ray cr)rstaflographic analysis, covered by the dark 

red oil. IH  NMR spectra of the crystals and the oil showed identical spectral 

features. This indicates that they are the same compound, 1R: v/GO) 1964s, 

f 99Qw,sh, cm-1 (acetone); f 96&, 1995w,sh., cm-I fefhanoij; and f968s, 



1993w, cm-1 (CH2Cj2); 7H NMR: B(GDC13), 1.95~, (.?OH, Gp*), 3.85s (3H, OMe), 

6.52d and 6.926 (4H, AA'BB' pattern, G6H4); FABMS (NOBA, Xenon) (m/z): 81 9 

(M+), 789 (M+-CO), 763 (M+-2CO); Anal. (caicd.) C, 38.50; H, 4.1 2, (found) C, 

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*lr(CO)]df 5) with two equivalents of [pN2C6H40Me]BF, 

In a similar rezction to that described above, but using two equivalents of 

fpN2C6H40Me][Bf4]. u d y  compound (I  9)  and some unreacted aryldiazonium 

salt were formed, as indicated by the tR and 'H NMR spectra of the finai dark tar 

residue. 

4-3. Results and Discussion 

4.3.1. Syntheses, Properties and Characterization of the Precursor 

Compounds 

Compound (13) has been mentioned several times in the literature since 

1982, mainiy by two research g r o ~ p s . ~ ~ ~ ~  '88 However, to date, the v(C0) 

absorption (at 1996 cm-1 in cyclohexane) is the only published speGtroscopic 

datum for this cornpound.788 Our interest in this compound was that it might be 

an immediate precurscr fur the compound [Cp*lr(CO)(pN2C6H40Me)lBF4 (12). 

Because of the lack of putrlished information, we repofl here some additional 

information about this mmpund. 

in a slightly modified procedure to that which Shapley used to make 

Cplr(CO)H2,t*7 Cp"ir(CO)H2 (13) can be readily made from the corresponding 





c ~ ' I ~ ( c o ) c I ~ ~ ~ ~  in a good yield. 

Similar to its anatogue Cplr(CO)H2 (v(CO)= 2002 cm-I and v(!r-H)= 21 56 

cm-1 in CH2CI2),1*7 the infrared spectrum of (13) in hexanes exhibits one strong 

absorption at 1997 cm-I and a weak band at 21 37 cm-I attributable to v(C0) and 

v(lr-H), respectively {Figttre 4.1). Notably, the v(C0) absorption of (13) is 

significantly lower than those of t h e  corresponding halide analogues 

Cp*ir(CO)~~,189 ~ g . ~  Y(CO) are at 2035 cm-I for X= CI and 2034 em-' fcr X= I. 

The 1~ NMR spectrum cf (13) shows no unusual features; the hydrido 

resonance occurs at 6 -1 6.58 ppm as a singlet, comparable with the singlet 

observed for Cplr(CO)H2 at 6 -1 6.47 The most notable spectroscopic 

feature of (13) is the compficated fragmentation pattern observed in its El mass 

spectrum (see Figure 4.2). The pariicular pattern due to t h e  molecular ion is not 

Figure 4-2. The El mass spectrum of (13) 



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*lr(CO)H2]+ as the base peak. This situation can only be 

accounted for if the M+ ion undergoes successive eliminations of three H2 before 

its carbonyl ligand is eliminated. Since the complex 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 rno!ecular ion [Cp*lr(COjH2ji can be formufated as 

(Eqn. 4.1) 

(Eqn. 4.1 ) 

The relative intensities of the individuai ions within this envelop have been 

calculated and ate listed in Table 4.2; they produce a good fit to the  

experimental data. The lowest abundance for Mf [mi?= 356, 358) in this group 

indicates that the molecular ion [Cp*lr(CO)Hdf is less stable than the other 

major ions. This could be artributed to the two chemically fabile hydridos in the 

m o k u h r  ion. Experimentafiy, the reIatiively high intensity observed for fragment 

(B) could indicate a facile elimination of these two hydride ligands from (A). 



Fragment ion mlz [based on 1alr) refative abundance (%) 

M+ 358 I2 

M'-2H 356 33 

However, a picture of arie subsequent hydrogen eliminations from the Cp' ligand 

farming the relative stable fragments fC) and (D) is not unambiguous. According 

to the fiterature.?g2 - '94 trYt possible structures have been postulated to 

account for elimination of two hydrqens from a Cp" figand.. One involves a Cp" 

ring expansion affer the deiayd~ggenation, and the other invatves a 

~yctometatfation of t5e newjy formed -CH2 groups lo the coordinativefy 

unsaturated rnetai centre. Applying them to fragment (C) gives structures (C') 

and (C"), ~e-especfiveiy~ as shcrwn in Figure 4-3 



However, for fragment ion (D), generated by efimination of four hydrogens 

from t h e  Cp" iigand? the cycfometailfatian mechanism seems too farfetched. 

Therefore, we tend t~ support the ring expansion mechanism. f hat is, 

efimination of two h y c f q e n s  from the Cp" ligand of (3) would result in a ring 

expansion prorjuc? (C) with a trjmethyftropylium type of figand, and elimination of 

kur hydrogens wau@ resuDi in a further ring expansion product (C) with a 

monomethy!qclonona?e'zraenyf jigand. tniersstingly, like the penlamefkyi- 

cyclopentadienyi tigarrd, both t h e  tropylium and the cycfononatetraenyl !igands 

are aromatic rings. The common ammaticity feature of the three ligands could be 

directly retated to the relative stability of the fragments (B), (C) and (D) observed 

here, Furthermore. it may be ihe reason why a successive two hydrogen 

elimination was observed here, instead of a one-hydrcgen elimination. 

Jn addilion, the  mass spedmm of (13) may also include some double- 

charged diiridiurn ions, which may attribute to the observed low intensity 

envelopes which consist of the  peaks separated by an interval of one mass 

number- 

CP*IF{CO)~ ( I  4) 

Cplr(CD)M2, the Cg analogue of (13), is reported to undergo facile ligand 

substitution ta form Cplr&X)L= where L is PPh3, PPhMe2 and C ~ - t - B u , f 8 ~  

respdiveiy. ARhox~ h the anafogous reaction for Cp*lr(CO)H2 has not been 

r e p ~ e b  in the tieratwe, we have shown that this complex can undergo ligand 

exchange in presence of 20. f n a t  is, under in si%u reaction conditions, carbon 

monoxide has kew observed to faciiitate H2 loss from tt3) and to form 

Gp*ErQCO)2 (f 41, [Eqn. 4.2) 



Unlike the synthetic ~ e t h o d s  a: fdaitfi~~~o and Graharn,lgl this re;iction 

provides art afternative swt& to the fundamental reagenf Cp"fr[CO)2 Another 

impoflant reason for: us to report fhis synthesis is that this method may 

pfttentiaffy also be a way to synthesize complexes sf the farm Cp"fr(C0fL 

[Cp*Ir(GC5)(p-N2C6H40Me)jBF41% 

Unfortunate!yCy, many aaernp:s using Graham's procedure far the synthesis 

of (t 5),'% fed to variabie yiekfs. from 12% to 85%. Considering the exhausting 

bng reacfion time (one week) at 380 "C, and very narrow optimal reaction 

eanditions required by this procedure, an atlernative route to the complex was 





FurZherrnare; since ".e synthetic procedure described in equation 4.4 

invalves two different prwursor compounds, an extensive series of asymmetric 

dirneric comptexes Ray be produced by interchanging the ligands or the metal 

centre on either or both precursors. in fact, preliminary atSernpts using this 

procedure have resuited in the synthesis cf the  asymmetric compound Cp*$rRh 

(IrZ-CO)2147 from iCp'RhCldp and Cp'lr(CO)z q~antitatively.~= The 

asymmetric mrnpiex Cp"Cplb&ZC0)2 was also prepared quantitatively from 

jCpmlrC!& and ~plr!C9)~.'= But, the complex Cp'lrCpC~(p%O)~ could not 

successfut!y be made; from fCpulC& and C ~ C O ~ C O ) ~  instead, a quantitative 

carbnyi transfer frum the csSaB earnpound to the iridium centre forming 

Cp*ir&X3)2 was obsewed. Since an exiensive study of these  reactions is still 

underway and the chernistly of this asped seems slightly out of t h e  topic of this 

Thesis, the details of this sPody wFH not be given here. 



Acetone 1' 



Reactions Yielding Nitrogen Extrusion Products (1 6)  and (17) 

Mixing eqtrirnofar quantities of (14) and  Ip-N2C6H40MejBF4 in acetone a t  

roam temperature pruduced a dark red solution. From this solution, a dark tar 

was precipitated out upon addition of hexane, from which no  argrldiazenido 

derivatives coufd be isofafed. 

At -78 "C, the  same reaction gme a bright red solution, which might be 

indicative of the iormatio~ of some  aryWiazenido derivalive.f6 However, this 

highly coiouretj species did not survive long and the solution underwent a rapid 

cobur change from the brlgh! red t o  da* brown. From the restlfting solution, a 

dark brown precipS3ate wars isofaled a n d  in turn w a s  characterized by 

spectroscopy and ebmenIal anafysis as fCp*tr(C0)2(pC6H40Me)jBF4 (161, a 

nitrogen extrusion p m d ~ d -  Tne higher v,dCCO)'s observed for (f 51, a% 2074 and 

21 14 emf in acetane, c o r n ~ a ~ d  to those observed for Cp*lr/CO)2 (14) (v(COf= 

f 939,2009 cm-I in acetone) a r e  Indiwfive of less electran density at the iridium 

centre for (16), which is wrzsi&ee with fhe higher oxidation sfate of the iridium 

in ft6). Similar shifts to higher vdavenum'cers for carPonyl iigands have also 

h e n  observed in the  TR spectrum fur ather Ir{lll) derivafives-jn 

Pt~vvever, readion of fl4j itR 0-5 equivalent of bN2Ct;H,0m]BF4 in 

CHFbprroduces the diindiitm mrnpfex [Cp*2t~(C0)&flBF4 (17) in high yield. 



around 2817 cm-I. The most structurally interesting feature for this compound in 

solution is tha t  its ambient '3C NMR spectrum shows only one signal, at 6: 171 -4 

pprn, in the carbonyf range. This obsenration indicates that  compound (17) is 

possibty non-rigid in sduticm at room temperature, and the carbonyl ligands may 

undergo a fast exchange process on the NMR time scale, so that only a tirne- 

averaged '3C NMR spectrum is observed. This has been further confirmed by 

tow Bmprature '3C NMR spectroscopy. At lower temperature 

(-86 %f, the singfet at 6: I f  1-4 ppm has been observed to decoalesce to two 

signais at 6 f 73.8 and t 68.2 pprn with an intensity ratio of 2:1. Since two 

chernicafly different Cp" gxaarps can be cfearly identified in both ambient and 

f 3 ~  NMR spectra, it has been wncittded that the chloro Cgand is not fikefy 

inwived In the ffuxirzinal process. Conseqetentty, this ifuxima! process could be 

a ~ r i b u l d  to the exchange of the carbony1 figands of (17) in a ferminal-bridging- 

terminal fashion and an aResnats rotation of the metaf-metal bond. This is 

iEfrsst;r&ed in Newman projedirtns in Scheme 4.2- interestingly, accompanying 

Utdifh each time of this exchange?., the chiral metal centre, which is banded to the 

c h b m  ligand, changes the sign uf 3s chiraiity, 

To i~:coun% far the ireaciian ~ F O ~ L J G I :  (16) obtained in acetone sotution, it 



': tbt = terminai-bridging-terminal transfer of the trans related carbonyls 
rat = ratation of the merat-metal bond 120 degrees 

immediately decompose lo dinitr~en and the radical LpC6H40Me]-, which may 

then recorn biiae t h  the mt;~;tic iadicaf 1(3p*lr(CU)@ to yield the product (1 6) 

fEqn, 4.6) 



in turn coutd then combine with [Cp"tr(CO)z]+- to form an f 8e cationic species, 

tCp*f r(C0f $31' (Eqn, 4.7) 

[Cp*tr(C0)2j+- + Cf- ---+ fCp"lr(C0)2Ci]+ (Eqn. 4.7) 

With excess nucleophile (or efectron-rich metal base) Cp*lr(C0)2175 present in 

t he  reaction system, a substitution reaction may titen occur to give complex (17). 

(Eqn. 4.8) 

So in compound (771, the nor, bridged metal-metat bond could be formally 

considered as a donor-acceptor dative bond between frQ) and irflll). For a better 

wrnparison, compmnd jf 71 has also k e n  sub~quen:~f- synthesized from 

Cp"tr(C0j2 and Cp"fr(CO)CL In the presence of A ~ B F ~ ~ ~ .  This independent 

synthesis may simply be viewed as proceeding by the formation 0.f the 

unsaturated. (or sofwa%d) ft 6-etectmn intermediate fCp*tr(CO)CI]+ which is then 

afPa&ed by the base Cp"it(CO),-. 

ReacPion YieMing a NSrogen-ReBined Product 

Cpe1r(CO), react rapibtgf with; an equimolar quantity of fPM2CSH40Me] 

which an oiiy product CQUW Pr= atmisted upon remoml of !he w!venf. This 

on the basis of IR, 1 W  NMR and %N NMR spectroscopy 

as the rtrrykiiazene wmtpiex, [Cp*la(C:O)tiOE2]fpN W NCFiH40Me)1iBF4 (5 8). This 



ccmpound was frrther verified by the  deprotonaiion of it to yield a much more 

stable neutral aryldiazenido comptex, Cp'lr(CO)(OEt)@-N2C6H40Me) (1 9), 

containing a doubty bent aryMiazenido ligand. (see Eqn. 4-9 and Eqn. 4.1 0). 

(1 9) (Eqn. 4.1 0) 

Since complex ff 8) can  Se stabilized only in ethanol solution, it is difficutt 

to characterize it wmpfeteiy. However, compound (19) has been fully 

characterized by elernenfa! anarysis and spectroscopy, f he fR spectrum of (1 8) 

in EtOH shows a stmng absorption & 22058 cm-f for v(CO).. However, no vCNN) 

band could be assigned, even when the I ~ N  enriched sample was used. The 'H 

NMR spectrum of this compound was measured immediately after it was 

dissolved inlo acetane-df, Excepl Car the proton dirediy banded to Na, all other 

proton signals were absemed in the appropriate resonance range and with the 



As a matter of contrast. the deprotonation produd, Cp*!r(C-O)(OEt) 

(pN2G6H40Me) (201, showed a much higher stability either in soiutions or in the 

solvent-free state. The infrared spectrum of (20) exhibited a v ( G 0 )  absorption at 

2025 cm-7 in ethanol, which is 23 wavenumbers lower than the corresponding 

v(CO) observed in its parent compound (18). This decrease in wsvenurnber, 

upon removal of the Na proton clearly indicates the sensitivity of the v(CO) 

position io the N a  fane pair electrons of the diazenido ligand in this three-legged 

piano-stool structure. The 'H NMR spectrum of (19) was recorded in CsDs. In 

addition to those resonances corresponding to the protons in the Gp' and 

pN2C6H40Me figai-ds, ?so wel! resoived mukiplets due to the two diasliereotopic 

metf-iyiene protons of the OEt group were also observed. Notably, this 'ti NMR 

feature of the OEY ligand in (28) was not observed in the IH1 NMR spedrum of 

the corresponding airyidivenido compound (I a), which might be attributable to a 

rather W i e  eth~xy  group En (38). Furthermore, a far downfie@ singlet (6 224 

ggm, in comparison with 6 -1 54 ppm for t8a) observed in the NMR spectrum 

of (19aj confirmed the presence of a doubiy bent aryldiazenido figand in (19). 



carbon rnonoxicie were ir~ed. After a much isnger reaction lime, the iR and IH 

NMR spectra revealed that only the starting material (1) and product, 

Cp"fr(CO)*, existed in the  final reaction mixture. Hence, it is unlikely that the 

expected complex [Cp"lr(COf (pN2C6H40Me)]BF4 can be formed as a stable 

compound using this particular reaction. 

A simifar reaction was afsu carried out in ethanol saiution with bubbling 

CO gas. The final products, fGp"lr[CO)(OEt)(pNHNC6H40Me)]BF4 (18) and 

Cp'fr(C0)2, generafed tmm this reaction indicates that the aryldiazenido iigand 

can be stabilized as a diazene in the three-legged piano-stoof structure, but not 



However, the eie~zritai anatysis for (20) immediately negated the possibility of 

fhe  presence oi i\i2 in this compounci. The IR spectrum of complex (20) in 

CX&12 sobtion exhibited two bands at 7 368 and 1993 cm-i (at 1964 and 1990 

m-1 in ethanof), with the band at higher frequency much weaker than the lower 

one. Consequentfy, these two bands were assigned as two terminal carbonyls. 

The refatitre intensities 2nd positions of the two absorption bands iracficzted that 

the two carbony!~ were1 most likely, separated with a large 2% aiiglfi.za' The 

most chemically Snteresliing feature for (28) was found frcrrn its rather simple 

NMR spedrum. At room temperature the  100 MHz 'W NMR spectrum shawed a 

singfet at 6: 1.95 ppm attributed :o Cp", also a singfet at 6: 3.85 ppm and an 

M B B '  pattern in the aromatic proton range corresponding ta the y-C6H40Me 

gm-oup. integration of the signals Isdicated a relationship oi two Cp"% and one 

pC6H40Me figand% which was in agreement with the rncsitecufar formula of 

~p*zf~[CO]2(f;GE140Me)~BF44 A singiel signat observed far Ehe two Cp' tigarrds 

Indicated that they must be Iocated either in a similar, or more tikely the 

rigorously same chernimi: e~uiwnment.  To distinguish these two pssibifities, a 

tow temperature (-90 %) 'H NMR spectrum of this compound in a different 

sakent (E=;D2C12) was r e ~ ~ r d e d  on a higher fieid (400 MHz] spectrometer. 

However, the features dispiiayw by the low-temperature 1 H NtdR spectrum were 

i&nfEc;tl tto that observed at ambient fempftrature In CDGi3, except for a slight 

broadening of the fine width and slIgt-t diiferent chemicat shifts, So it is mast 

Pkeiy ahat these two Zp" tiga rigorously have the same szihrtrsricaf 

ewrarrmea- This c = w M  on@ =cur 3 the two Cpf figands a m  retat& to each 

ather by syrnme)t ntly, f he ~43E)1~QMe yaup has trt cooidinate to 

ate %a metat centres &Re: in an eleron 



or In some mode i;avsbing a dynamic process which gives a time-averaged 

syrme1"iic bridging pCGH40Me arr $he NMR time scale. it was then obvious that  

a singfe-crystal X-ray diErsctiofi skiby would be helpful to establish the 



4-3.3. ?-ray Singfe Crystal Structures of Compounds (1 7) and (20) 

Molecular Structure of Complex (17) 

Although t h e  rnoiecitar strtrcture of ccmplex (17) in soiution is fluxional on 

the NMR time scate3 the rnolecufar structure revealed in the solid s ta te  by X-ray 

di3raciion is consistent with rhar deduced from the  spe~troscopic  data for this 

compound. 

in t h e  solid state, the crystal structure of compound (37) consists of 

discrete cations fCp"2fr2(CO~3Ctf+ and the  counter ions SF4-, separated by the 

normal van der  Waak disfances. There a r e  no unusuafty short inter-ionic 

(H-atoms a r e  excftrded). f ab%e 4.3 shuws the sefected interatomic distances and 

angles. Tables 4.4,4.5 and 4.6 provide the positional and thermal motional 

parameters. 

The two iridium atoms in the cation jCp*21r2(COj3Ci]+ are both in the 

typicai three-fegged piano-stool coordination environment, and share  a common 

leg as a metaf-mm: band. The t@ :-ir(2) distance of 2.827(? 1 A in complex ( I T )  



-- ~ g u r e  4.4 Molecular structure of the cation of (17). (The thermal ellipsoids 

represent 50 % probability contours). 







Table 4-4 Positions$ Parameters and Biso's of Non-hydrogen Atoms 





fable 4-6 Positional Parameters and Biso's of Hydrogen Atoms 

for [Cp"2ir2(CCl)3Clp3F4 ( I f f  



Atom 

H(I4l) 

Pr(142) 

H(143) 

H(3 53 ) 

H(-i 52 j 

H (1 53) 

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) 



Molecular Structure of Complex (20) 

The X-ray singte crystaf structure of complex (20) was anaiyzed by Dr. R. 

J. Batchelor, and found In a munacIinic space group P2-tjn, [a= 11.695(2), b= 

1 9.91 r (3), c= 1 2.539(21 A; P= 96.541 (8). k2900.8 A3, and 2=4). The structure 

[excbding H-atoms) of the cation of (20) in the crystal is shown in Figure 4.5. 

The molecule consists of a dirneric bis(pentamethy1-cyclopentadienyl)(ir-Ir) 

structural frame, with Pvm terminal carbonyls bonded to two iridium centres 

separately, and a para-methr>xyphenyl( pC6H40Me ) as a bridging figand 

between the two iridiums. There are no unusual inter-ionic distances in the 

crystal structure, The sefected bond distances and bond angles for compound 

(19) are fisted in Tabte 4.7. 

The iridium-iridium bond distance of 2.7294(5) A is comparable to 

2.723(4) A found in the $-$- bridging aryldiazenido analogue. [ C ~ ~ ( C 0 ) ~ 1 r ~ ( p ~ -  

~~N~C&)]BF~(IIJ. and 2.71 66(2) A found in [Cp2(CO]zlrd(pz-q*-C6~4).207 

The bridging paramethoxyphenyi figand En (20) coordinates to tr(2) atom by an 

apparent q1-, (or 0-), linkage from C(1) of the pheny! ring, and to ir(1) by q*-, (or 

x-), Ending from C(1) and C(2) of the aromatic ring. The C6-ring is planar (see 

Table 4.8) and the lr(2) atom is approximately co-planar with the C6-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)-Gfl )-Ir(2) (1 22.5(5)") is very close 

to the angle C(6)-C(1)-lr(2) (123.8(5)"). It is then clear that the  ligand 

pC6H4QMe is o-bonded to lr(2) apparently through a s$ hybridized atom C(1). 

The k(2)-C(1) distance of 2.054(7) A is similar to the previously repolted o bond 

lengths between iridium and phenyl carbon. For example; Ir-f;@henyl) is 

2.Q?U(l5) j\ in Ir(C2H4)2(PPh3)PPh2C6H44208 and ir-C(phenylene) 2.045(3) A in 

[cp2[~0)21rd(p2.qzC6~4)-a7 It should be also noted that as a resutt of the o : 



Figure 4.5 Molemfar structure of the cation of (20). (The thermal ellipsoids 

represent 50 % probability contours). 



K csordinatiorr of the bridging p-CGf-i40Me, this .n bond is slightly distorted. The 

Jr(1)-C(2) distance of 2.394(7) A IS slightly longer than ir(1)-C(1) of 2.324(7) A, 
and the internai dihedrd angle between plane C(1)-C(2)-tr(1) and the CG-ring is 

nat 90" but 1 16.2(3)0. The bonds of Ir(1)-k(2j and C(1)-C(2) are not co-planar 

but there is a torsional angle of -62-4(4)" for Ir(1)-lr(2)-G(1)-C(2). The bond 

angle C(2)-C(1)-C(6) (1 13.7(7)"), compared to C(l )-C(2)-C(3) ( I  23.3(7)"), 

presumably reflects a farger 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) F\, are significantly shorter 

than the other intra-ring 6-C bond distances, 1.40(1)-1.43(1) A. Surpi~singly, the 

bond lengths of 1.35(1) i\ are not only much shorterthan that of the carbon- 

carbon bonds in regular benzene (1 -39 ~ 1 ~ 0 9  but are even close to the bond 

length of an isolated C=C bond in ethene (1.34 i\).*lo So it is clearly indicated 

that, as a consequence of the z-bonding to iridium from C(1) and C(2), the 

aromaticity of the phenyl r i q  is disrupted and a locaiized, alternating muftiple 

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 -0Me group at C(4). Notably, the bond angle C(3)-C(4)-O(3) (1 25.4(7)") 

is unusually much more obtuse than C(5)-C(4)-O(3) (1 15.2(7)"). 

Interestingly, inspection of the molecular structure without considering the 

muftipiy coordinated aryl ligand reveals that the framework of Cp'lr(C0)- 

Cp'lr(C0j possesses approximate C2symmetly. In 9ther words, the unusual 

asymmetric coordination of the aiy! ring through simultaneous o and z bondings 

to the two different iridium atoms does not cause significant difference in the 

canfigwations of two Cp'Ir(C0)- fragments. Thus, the asymmetric coordination 



of t he  aryi shows mzch the  same effect as a symmetric brjdging aryf (see 

structure B in Figure 4-61 on :he remaining molecufar structure. This indicates 

that in soilufions ffipping ~f 31s eryl Qand from str~tcture A, through 8, to C (refer 

to Figure 4.6) and ihe  reverse could occur without involving a significant change 

of the  energy oi the sysfem. 

Thus, atthcstgh the s t rwture  of the molecular cation in r h e  sofid state is 

undoubtedly in a C2 symmetry, irk soiution two possibilities for t h e  mofecular 

s t rudure  still can not be distinguished on the  present  evidence. O n e  possibility 

is structure B being the only isomer present in solution. The other would be a 

fast  fluxionat exchange of the bridging aryf ligand in a process described in 

Figure 4.6. 





Cp2 - tr(2) - C(f ) 

C(2) - C f l )  - Ir(1) 

k(2) - C(1) - frjl f 

C(2) - C(1) - 425 

C(6) - Cf1) - Irjl) 

Cf6) - C(1) - lr(2) 

U(1) - Cf8) - trff ) 

0 ( 2 )  - C(9) - lr(2) 

C(3) - C(4) - Ot3j 

C(5) - Ct4) - OtT) 

C(7) - O(3j - C(4) 

C(5) - C(6) - Cf t ) 



TaMe 9.8- Least-squares plane for the aryl group of 

Equation of the plane : 3.80(4)X + ?.45(6)Y + 10.356!23)2 = 6-81 8(18) 

~istances(A) to the plane from the atoms in the plane. 

Ctl j -6Bf 3[9j Cj2) 0.016(9) 

C(4) -0.007(10) 

The numerous failures to synthesize [Cp*frfCO)(M2Ar)j* most probably 

m unfavorabk el-rcmic arrangement in this system, ie., the sharing of 

cane pair of metal &-e rons Itreween two trans-arranged, different strong x- 

rids, In fact, su rtlvely, there has h e n  no documented example of 

e failed- Far e-pk, na sak,l#! ary men- derivatives were obtained by 



examples where the aryfdiazenido ligand occurs in metal carbonyl derivatives. 

Fur example, (Eqn. 4.7 1-4.1 3) 

as welt as F ~ ( C O ) ( N O ) ( N ~ A ~ ) ( P P ~ ~ ) ' ~  and C O ( C O ) ~ ( N ~ A ~ ) ( P P ~ ~ ) . ~ ~  In all these 

Sable aryldiazenidio carfmnyl compounds, the singly bent aryldiazenido ligand 

is exclusively related to the carbix~yls in a trigonal manner. Such an 

arrangement, uniike the trans one we mentioned above, creates an electronically 

favorable interaction between CO and N2Ar+, as was discussed in section 

7,322. 

Thus, it seems cfear at this point that there exists a criterion for securing a 

stable N2AP ligand in cahny l  derivatives. This criterion may be stated as 

In order to secure a singly bent agddiazenido ligand in a metal canbonyl 

lt shouM atso be mentioned that there are many aryidiazenido (carbonyl) 

mmpounds which, altbogh they do not violate this principie, nevertheless have 
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not successiuiiy been prepared from direct reactions of the diazonium ions with 

carbonyl precursors. fn this mse, 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 aryldiatonium ions. To overcome these 

probiems, it is thus sometimes necessary to careftlliy choose the leaving groups 

on the rnera! and the substituents on the diazonium sak For example, a direct 

substitution of a carbony! by diaronium ion in Cp*Re(CQ3 was unsuccessfu1;2~6 

however, by a photolysis of Cp*Re(C0)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, (Eqn. 4.1 4) 

Finally, despite the failures experienced in the syntheses of 

[Cp'lr(CO)(N2Ar)]+, the results that have emerged from this study are 

nevertheless interesting. Several different products have been isolated from the 

same reaction of C ~ ' l r ( C 0 ) ~  and N2Ar+ only by changing the reaction media, 

ie-, formation of [Cp*Ir(C0)2(Ar)]+ in acetone, [Cp*lr(C0)2jlr(CO)(CI)Cp*]+ in 

CH2C12 and [Cp'ir(CO)(OEt)(NHNAr)]+ in EtOH. Also the compound 

[&p*21r2(C0)2(1 -$-I , ~ - $ - $ ~ c ~ H ~ U M ~ ) ] B F ~  (20) with a novel bridging aryl 

iigand has k e n  Isolated from the reaction of [Cp"lr(CO)f2 and N2Ar+, and 

provides the first example of a bridging aryl group generated from a diazonium 

ion. More importantly, the results obtained have actualfy broadened our 
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understanding of the chemistry involved in the reactions of aryldiazonium ions 

and rnetai carbonyls and carbonyl 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 I 

Extended Hiickel Molecular Orbital Theory (EHMO) 

Extended Hijckel Theory was developed by R. ~offrnann.23~ 21' In order 

to determine the MO coefficients in the matrix eigenvalue problem 

where Ci denotes the vector of LCAO coefficients for the i t h  MO of energy q 

and S is the overlap matrix, following approximations were introduced 

(1 ). The A 0  basis consists of only vateiice-shell atomic orbitals, frequently 

Slater-type orbitals with orbital exponents determined by Slater's 

rufe,218, 219 

(2). The diagonal Hamiltonian Hii is approximated by empirical valence shell 

orbital ionization potentials (VOIP cr VSIP), ie. 

(3) The off-diagonal Hamiltonian Hij is obtained from the Wolfsberg- 

Heimhottz arithmetic formula 

where Sij is the corresponding overlap integral, and is defined as 

Sij = (il j )  and K is usually assigned a value of 1.7 to 2.0 



The exponents of Sfater's orbital used in this Thesis wers already 

installed in the EHMO calculation program,zo and they are also available from 

standard - 224 The Hii used for transition metals were obtained from 

the literature where Self-Consistent Charge Calculations 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 Hij- 



Appendix t i  

Table of standard Hij's 
_-_____-__--------------------------------------------------- ____-_____------------------------------------------------- 
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