
Natioral Library Bibliolh&que nationale 1*1 of Canada du Canada 

Acquisitions and Direction des acauisi!ions er 
Bibliographic: &rvices Branch des services bibliographiques 

395 Welitngtm Streel 395. Wellington 
Onawa. Ontam Ottawa (Ontario) 
K I A  ON4 KIA ON4 

NOTICE 

The quality of this microform is La quaiit6 de cette microforme 
heavily dependent upon the depend grandement de la qualit6 
quality of the original thesis de !a thhe  soumise au 
submitted for microfilming. microfilmage. Nous avons tout 
Every effort has been made i o  fait pour assurer une quaiit@ 
ensure the highest quality of superieure de reproduction. 
reproduction possible. 

if pages are missing, contact the S'il manque des pages, veuillez 
university which granted the communiquer avec Iiuniversit8 
degree. qui a confer6 le gtade. 

Cnrne ,,,.. pages may have indistinct La qualit6 d'impression de 
print especially if the original certaines pages peut laisser 6 
pages were typed with a poor dbsirer, surtout si les pages 
typewriter ribbon or if the originales ont ete 
university sent us an inferior dactylographibes a I'aide d'un 
photocopy. ruban us6 ou si I'universitb nous 

a fait parvenir une photocopie de 
qualit6 infhrieure. 

Reproduction in full or in part sf La reproduction, m8me partielle, 
this microform is governed by de ceite microforme est soumise 
the Canadian Copyright Act, A Ia Loi eanadierrne sar !e dmit 
R-S.C. 1970, c. C-30, and d'auteur, SRC 1970, c. C-30, et 
subsequent amendments. ses amendements subsequents. 



Antonio Cusaneifi 

B .Sc. Simon Fraser University (Canada), 1989 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

in the Department 

of 

Chemistry 

0 Antonio Cusanelli 1995 

Simon Fraser University 

February 1995 

All rights reserved. This work may not he 
reproduced in whole or in part, by photocopy 

or other means, without permission of the author. 



National Library 191 ofCanada 
Bibiith&que nationale 
du Canada 

A c q u i s ~  and Direction des acquisitions et 
Bibliographic Services Branch des sewices bibiiographiques 
395 Wdiington Street 395. rue Wellingtan 
Ottawa.Ontario CRawa (Ontario) 
KIA ON4 K I A W  

THE AUTHOR E4S GRANTED AN 
IRREVOCABLE NON-EXCLUSIVE 
LICENCE ALLOWING THE NATIONAL 
LIBRARY OF CANADA TO 
REPRODUCE, LOAN, DISTRIBUTE OR 
SELL COPIES OF HIS/HER THESIS BY 
ANY MEANS AND IN ANY FORM OR 
FORMAT, MAKING THIS THESIS 
AVAILABLE TO m E S m D  
PERSONS. 

THE AUTHOR RETAINS OWNERSHIP 
OF TNE COPYRIGHT IN HISHER 
THESIS. NEITHER THE "iTESIS NOR 
SUBSTANTIAL EXTRACTS FROM IT 
MAY BE PRINTED OR OTHERWSE 
REPRODUCED WITHOUT Hl[S/HER 

ISBN 0-612-06621-5 

L'AUTEUR A ACCORDE UNE LICENCE 
IRREVOCABLE ET NON EXCLUSIVE 
PERMETTANT A LA BIBLIOTHEQUE 
NATIONALE DU CAMADA DE 
REPRODUZRE, PRETER, DISTRIBUER 
OU VENDRE DES COPIES DE SA 
THESE DE QUELQUE MANIERE ET 
SOUS QUELQUE FORME QUE CE SOIT 
POUR METTRE DES EXEMPLAIRES DE 
CETTE THESE A LA DISPOSITION DES 
PERSONNE INTERESSEES. 

L'AUTEUR CONSERVE LA PROPRIETE 
DU DROlT D'AUTEUR QUI PROTEGE 
SA THESE. NI LA THESE NI DES 
EXTRAITS SUBSTANTIELS DE CELLE- 
CI NE DOIVENT ETRE IMPRIMES OU 
AUTREMENT REPRODUITS SANS SON 
AUTORISATION, 



APPROVAL 

Name: Antonio Ccisaiielli 

Degree: Ph-D. Chemistry 

Title of Thesis: Aryldiazenido and Dinitrogen Complexes of Rhenium: Investigation 
of their Dynamic Behavior in Solution and their Reactivity 

Examining Committee: 
Chairphson: S. Holdcroft, Associate Professor 

- - - 

D. Sutton, Senior Supervisor, Professor 

- 
I. D. Gay, ProfeFor 

R. H. Hill, Associate Professor 

F. W. B. Einstein, Professor 
Internal Examiner 

3. A. Gladysz, Professor 
~xte&l  Examiner, 
Departbent of Chemistry 
~nivekity of ~ t h  

Date Approved: a&kh-% 



PARTIAL COPY RIGHT LICENSE 

t hereby grant to Simon Fraser University the right to lend my 

thesis, project or extended essay (the title of which is shown below) to 

users of the Simon Fraser University Library, and to make partial or 

single copies only for such users or in response to a request from the 

library of any other university, or other educational institution, on its own 

behalf or for one of its users. I further agree that permission for multiple 

copying of this work for scholarly purposes may be granted by me or the 

Dean of Graduate Studies. It is understood that copying or publication 

of this work for financial gain shall not be allowed without my written 

permission. 

Titfe of ThesislProjectlExtended Essay: 

Author: 
(sgnature) 

- ' \ .  .+\- \G -x,L'+,T 

(date) 



Interest in transition metal complexes containing dinitrogen itself, diazenido 

(N,H), and other reduced forms of the dinitrogen ligand, sterns from their potential as 

models for steps in biological nitrogen fmation and the possibility of designing synthetic 

nitrogen fixation catalysts. To examine this potential, a series of cationic 

pentmethylcyclopentadienyl rhenium aryldiazenido complexes of general formula 

fCp*Re(Ll)(L2)(p-N,C6H40Me)f BF4J ((a) L, = L, = CO, PR, and (b) L, = CO; L, = 

PR,), the bidentate phosphine aryldiazenido complex [Cp*Re(dmpe)@- 

N2C,H,0Me)]pF,], and their derivatives were synthesized and fully characterized. 

These half-sandwich aryldiazenido complexes were examined by X-ray crystallography 

and variable temperature 'H, 31P{IH), and 13C{lH) NMR spectroscopy. The results 

obtained showed that these complexes have ground state structures in the solid state and 

in solution in which the aryldiazenido ligand does not orient with the NNC(ary1) plane 

bisecting the L,Reb angle, but lies with the aryl substituent oriented closer to one of the 

ligands L, or b; furtfiermoie, interconversion between these structures can take place by 

a conformational isomerization of the aryldiazenido ligand. The barriers to 

interconversion of the enantiomers in (a) or diastereomers in @) were measured and the 

possible mechanisms for the reorientation of the stereochemically non-rigid 

aryldiazenido ligand in these complexes were discussed. 

The aryldiazenido complexes are also important precursors to other rhenium 

complexes. The reduction of these rhenium aryldiazenido complexes, either chemically 

or electrochemically, results in the production of the corresponding metal-bound 

dinitrogen complexes Cp*Re(L,)(L@Q. In a collaborative effort wid Professor A. J. 

Bard the mechanism of this transformation was investigated by cyclic voltammetry (CV), 

scanning electrochemical microscopy (SECM), and controlled potential electrolysis 



(CPE). The results obtained support an electrochemical E,C, mechanism for this 

reducrion process. 

The rhenium-bound dinitrogen ligaud in these newly formed dinitrogen 

complexes was also shown to undergo an unusual linkage isomerization. A variable 

temperature and time-dependent I5N NMR study of the 15N, labeled rhenium dinitrogen 

complexes Cp'Re(CO)(L)(fiN14N) (Cp' = Cp or Cp* and L = CO or PR,) provided 

evidence to support an end-to-end rotation process for the coordinated ql-dinitrogen 

ligand via a side-on (q2) bonded dinitrogen species. The rates of linkage isomerization 

of Cp'Re(CO)(L)(W"W) to give Cp'Re(CO)(L)(I4NI5N j were measured and the barriers 

for the interconversion were determined. 

The dinitrogen complex Cp*Re(PMe,),(N,) was shown to be susceptible to 

protonation. Addition of strong acids, HX (X = CF,COO-, BF,', or CF,SO,-), to the 

dinitrogen complex at low temperature resulted in the transfer of a proton to the metal 

center, with the N2 ligand remaining intact, giving rise to the cationic hydrido dinitrogen 

complexes ~is-[Cp*ReH(N,)(PMe~)~]rn]. In all cases, raising the temperature resulted in 

the formation of the corresponding isomers trm~s-[Cp*ReH(N,)(PMe3>~] El. 

In addition to protonation chemistry, the potential use of dinitrogen complexes in 

C-H bond activation was also demonstrated by reactions of the rhenium dinitrogen 

complexes Cp*Re(PMe,),(N,) and Cp*Re(dmpe)(N,) in saturated and unsaturated 

hydrocarbons. 
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CHAPTER 1 

Transition Metal Dinitrogen and Aryldiazenido Complexes and their Relevance to 

Chemical and Biological Nitrogen Fixation 

1.1. Introduction 

Nitrogen, or more correctly, dinitrogen gas (N,), makes up four-fifths of the 

earth's atmosphere and to the chemist, represents an inexpensive and apparently 

inexhaustible starting material for the production of important raw materials. 

Unfortunately, dinitrogen remains a largely untapped resource because of its apparent 

inertness and reluctance ta undergo chemical reaction. In fact, dinitrogen's unreactive 

nature has been used advantageously by chemical distributors who package their reactive 

chemicals in an atmosphere of dinitrogen or by laboratory workers who routinely handle 

these same chemicals using standard Schlenk, drybox, or vacuum line techniques which, 

in turn, generally use N2 gas as the inert atmosphere. 

The chemical inertness of dinitrogen is not surprising given the great strength of 

the nitrogen-nitrogen bond which has a very high bond dissociation energy of 945 kJ.l It 

is notably unreactive when compared to other systems which contain triple bonds such as 

allcynes, nitriles, and isonitriles.2 This lack of reactivity is attributed to an absence of 

molecular polariq and an appreciably larger HOMO-LUMO energy difference in N, 

compared to these other systems.* Despite dinitrogen's unreactive nature, in 1909, the 

German scientist Fritz Haber succeeded in activating, or "fixing", dinitrogen into 

ammonia by reacting dinitrogen and &hydrogen (Equation 1.1)3 at very high 

temperatures (673-773 K) and pressures (250 atm). 



The apparent key to the success of this ammonia synthesis, called the Haber process, is 

the presence of a special transition metal iron oxide catalyst which apparently binds the 

dinitrogen molecule, thus providing a site for N2 activation. Even after nearly 85 years, 

the Haber process still uses a catalyst which is iron based, and the mechanism of this 

vitally important transformation is still a matter for discussion. 

In stark contrast to the Hziber process for ammonia production, with its elevated 

temperature, pressure, and capital costs, atmospheric nitrogen can be converted to 

ammonia biologically by soil bacteria and other organisms at ambient temperatures and 

press~res.~ The enzyme responsible for this N, fixation process is nitrogena~e.~ In 1930, 

it was demonstrated by Bortels et al. that the transition metals molybdenum, vanadium, 

and iron were necessary for biological nitrogen fixation by nitrogena~e.~ Once again, as 

was the case for the Haber process, an important relationship between dinitrogen 

activation and transition metals was established and an inference was made that the 

dinitrogen molecule may be activated in this process by binding to the metal(s). 

It was this catalytically facile activation of the seemingly inert dinitrogen 

molecule by nitrogenase which first intrigued scientists to investigate the structure- 

function relationship in these metalloenzymes, as well as, to gather evidence in support 

of a plausible mechanism for the fixation pathway.3 The intent, in the long term, was the 

eventual design of processes which activate atmospheric dinitrogen under ambient 

conditions and could be utilized directly in laboratory or industrial scale syntheses of 

desirable nitrogen-containing products. The mechanism of biological nitrogen fixation 

remains one of the most challenging problems in chemistry today. 

The fieid of nitrogen fixation has k e n  addressed by biologists and chemists dike. 

The biological work has concentrated on the investigation of the structure and function of 



the metallic center of nitrogenase, i.e., which metal center(s) is involved in dinitrogen 

binding and reduction and what is its environment(s). The chemical work has focused on 

elucidating the modes of bonding of both dinitrogen and partially reduced dinitrogen 

(N,H,) ligands to transition metals so as to gather evidence in support of a mechanism 

for the tramition metal-mediated reduction of dinitrogen to ammonia. Scientists of both 

scientific disciplines have made significant contributions, especially in recent years, to 

understanding the problem of how nitrogen fixation works. Therefore, to provide a more 

meaningful introduction and thus familiarize the reader with the chemical importance of 

my thesis work, it is beneficial that the previous chemical and biological 

accomplishments be addressed in the subsequent pages. I begin with a historical 

perspective into how the research area of nitrogen fixation was born, then proceed 

chronologically documenting and illustrating the major advancements which have taken 

place in the last 35 years, and finally culminate with a brief description of my 

contributions to this research area. 

1.2. Biological Work 

The biological work into the investigation of the structure and function of 

nitrogenases began with the preparation of the first cell-free extracts of nitrogenase in 

1960.5 The nitrogenases known today can be classified according to the metals they 

contain as FeMo, FeV, or FeFe nitrogenases. The nitrogenases that have been most 

thoroughly studied are the FeMo nitrogenases, and for a long time molybdenum was 

considered an essential metal for nitrogenases.6 The discovery of FeV nitrogenases, 

however, showed that the role of molybdenum could possibly be fulfilled by other 

metds,7 and the isolation of nitrogenases containing exclusively iron finally ended the 

belief that two different metals were necessary for the activation and reduction of N,.* 



The FeMo nitrogenases consist of two proteins, the Fe protein and the FeMo 

protein, which can be separated and purified. The Fe protein (MI = 10 000) is a dimer of 

two identical subunits, bridged by one [Fe4S,] cluster (Figure 1. 

Fe Protein FeMo Protein 

Figure 1.1. Schematic representation of FeMo nitrogenase. Fe and FeMo protein form 

the complete enzyme. Cube = Fe4S,. FeMoco = FeMo cofactor. 

The Fe protein functions as a specific one-electron donor for the FeMo protein. 

Interestingly, no other protein or reducing agent has been able to assume the function of 

the Fe protein, suggesting that this protein may also cause some unusual conformational 

change in the FeMo protein upon, or prior to, electron transfer. The FeMo protein (MI = 

220,000) is an a#, tetramer containing two Mo centers, 32 & 3 Fe centers, and 32 + 3 S 

units (Figure 1.1)? 

The FeMo protein contains the FeMo cofactor(s) which is the active center(s) at 

which bonding, activation, and reduction of the N, molecule is believed to occur. Thus, 

interest was focused on this cofactor(s), since a solution to the "nitrogenase problem" was 

expected from the elucidation of the composition and structure of this cofactor(s). The 

separation of the cofactor(s) from the protein was achieved for the f ~ s t  time in 1977.1•‹ 

They were found to have a low molecular mass of Y = 1500 and were characterized as 



cluster(s) with the composition [I Mo : 6-8 Fe : 8-9 S : 1 homocitrate]. Hence, since the 

FeMo protein contains two Mo centers and each FeMo cofactor has one Mo center, then 

two such identical FeMo cofactors must be present in the protein (Figure 1.1). The other 

[FeS] centers in the FeMo protein were believed to contain two [Fe,S,] units linked in 

some manner (Figure 1. I)." 

A more exact picture of the structural arrangement adopted by these subunits was 

disclosed by Bolin et al. in 199012 after an X-ray structural analysis of crystalline FeMo 

protein was completed. It was shown that the two FeMo cofactors are located 

approximately 70 A apart in two different subunits of the protein (Figure 1.1). 

Approximately 19 A from each FeMo cofactor is situated an FeS] center, which, 

according to the analytically determined metal content of the FeMo protein, must consist 

of approximateIy 8 Fe and 8 S groups (Figure 1.1). An ellipsoid form of the FeMo 

cofactor could also be deduced from the electron densities; however, due to the low 

resolution (5 A), the arrangement of the individual atoms in the cofactor remained open 

to question. In 1992, a more conclusive structural model for the nitrogenase FeMo 

cofactor, based on crystallographic analysis of the nitrogenase FeMo protein from 

Azotobacter vinelandii, was proposed by Rees et al.13 Even this X-ray structure analysis 

with the best resolution achieved so far (2.7 A; R = 0.20) does not allow the 

identification of single atoms in the cofactor. However, for the fixst time, and in a 

plausible way, most of the analytical, spectroscopic, and chemical findings which had 

been previously obtained on the nitrogenase FeMo cofactor14 could be explained by 

invoking this structural model. The proposed structure of the FeMo cofactor is depicted 

in Figure 1 -2.13 



Figure 1.2. Structure of the FeMo cofactor in the FeMo protein of nitrogenase. 

The iron-molybdenum cofactor consists of two joined clusters composed of 4 Fe : 

3 S and 1 Mo : 3 Fe : 3 S, with three iron atoms from each cluster linked by two S and 

one "Y" bridge. The nature of the Y bridge cannot yet be determined unambiguously; it 

has a lower electron density than the two S bridges, and possibly is an NH or 0 donor. 

Each cluster is effectively a flattened cubane M,S, with one sulfur removed from a 

comer, producing a face of three iron atoms linked to the other cluster as described 

above. The bridged iron atoms in different clusters are about 2.7 A apart. On the apex 

of each cluster, remote from the bridged sets of three iron atoms, is the fourth metal 

atom; an iron in one case and a molybdenum in the other. The extra ligand on this iron is 

sulfur from a cysteinyl residue. With the exception of this tetrahedrally coordinated iron 

atom, remarkably all the other six Fe atoms are surrounded by only three donors resulting 

in a coordination geometry which is approximately trigond planar. The molybdenum is 

effectively six-coordinate, being bound to three S ljgands within the cluster, a bidentate 

homocitrate, and a histidinyl residue of the protein. 

Having finally established a reasonably accurate structural representation of the 

active site of nitrogenase, the question which particularly stimulates the imagination of 

the chemist can now be asked and possibly answered. The question being: at which site 

on the FeMo cofactor could the N, molecule attack to become coordinated, activated, and 

subsequently reduced?*5 Before attempts are made to answer this question it is worth 



noting that the FeMo protein characterized by Rees et al. using X-ray structural analysis 

was in the "resting state" (no substrate binding). What happens to the cofactor in the 

"turnover state" of the enzyme is not yet known conclusively. It is almost certain that the 

embedding protein changes its conformation when going from the resting state to the 

turnover state. However, since no absolute picture of the turnover state of the 

nitrogenase enzyme exists, spectroscopicalIy or structurally, our most chemically 

intuitive predictions on the nature of the substrate binding site(s) must rely on the best 

factual information attained to date which is arguably the resting state structure proposed 

by Rees et al. The only clear inference that can be drawn from the resting state structure 

is that the long-discussed hypothesis that the two Mo centers of the FeMo protein jointly 

participate in the activation of the N2 molecule is not valid since the molybdenum atoms 

are too widely separated (Figure 1.1). 

The resting state structure of the FeMo cofactor does not reveal any obvious 

substrate-binding site, however, some inferences may be drawn. The Mo atom is most 

likely not predestined for the binding of N2 because it appears to be coordinatively 

saturated and has an oxidation state of + N . * 4  The most reasonable substrate-binding 

site(s) revealed by this resting state structure involves the coordinatively unsaturated iron 

atom(s) in the opposed faces of the two clusters which appear to be capable of 

accommodating an N, molecule. One proposal is that the dinitrogen molecule binds end- 

on to a mononuclear site, possibly to an Fe atom. l6 An alternative and more intriguing 

proposal offered by Orme-Johnson et al. is that the N, molecule coordinates side-on to 

the two Fe atoms, which are linked to one another by the as yet unidentified "Y" bridge 

(Figure 1.3).17 The reasons offered for this proposal are as follows: (i) both bridged iron 

atoms have a vacant site capable of binding an N2 molecule, (ii) the distance between the 

two bridged iron atom is only 2.7 8, and thus, appears to be able to accommodate a side- 



on bound N, molecule but not an end-on bound N, molecule, and (iii) examples of side- 

on coordination of the N2 molecule to two metals have been reported.18 

Figure 1.3. Proposal for a model depicting N2 binding to two Fe atoms of the FeMo 

cofactor in a side-on fashion. 

At present, one can only speculate on the exact substrate-binding site in the 

cofactor of nitrogenase. However, the combination of biochemical assays with other 

spectroscopic results, the composition of the isolated FeMo cofactor determined by 

chemical analysis, and X-ray structural data of model complexes has resulted in a 

convincing structural representation for the FeMo cofactor. 

1.3. Chemical Work 

In parallel with the above attempts to define the structure of the metal site(s) in 

nitrogenase, questions concerning the manner in which the N2 molecule binds to the 

nitrogenase cofactors and the mechanism responsible for its subsequent activation and 

eventual reduction were also addressed. These chemical questions have been answered, 

if perhaps not conclusively then at least approximately, through the use of transition 

metal complexes to model the conversion of N, to NH,. 



1.3.1. Binding of Dinitrogen to Transition Metals 

The recognition that nitrogenases are metaiioenzymes reinforced the idea that 

metal dinitrogen complexes might be involved; this was further reinforced by the belief 

that since carbon monoxide and dinitrogen are isoelectronic then dinitrogen complexes 

analogous to metal carbonyls, such as Ni(CO),, nai2ht also exist.19 A structure for such a 

complex was first discussed in 196020 and an illustration to account for the bonding 

interaction between the metal and the dinitrogen ligand is presented in Figure 1.4. 

Figure 1.4. Schematic representation of the bonding interaction between the N, molecule 

and the metal atom @I). 

The N2 molecule is believed to donate a lone pair of electrons to the metal atom and 

receive z-electrons from metal d-orbitals into its z-antibonding orbitals. It should be 

noted that on symmetry grounds a similar interaction with a metal is feasible along the 

axis represented by the vertical arrow (side-on bonding). 

Chemical interest in the study of nitrogen fixation was reawakened in the early 

1960's by Volpin et at." They were able to show that transition metal compounds and a 

strong ;.educing agest ic a nmqtleous envbnment react with N2 yielding materids 

which produce ammonia upon hydrolysis Surprisingly, this work was an example of the 

highly reduced systems which are currently believed to involve nitrides (resulting from 

the spIitting of the dinitrogen molecule by a metal, giving a formal structure M=N) rather 



than dinitrogen complexes. Ironically, the authors were actually looking for side-on 

binding of N2 to metals, as observed for acetylenes in mimy complexes; simple exaqples 

of side-on dinitrogen binding to a single metal atom have as yet to be characterized 

unequivocally. 

The first dinitrogen complex, [Ru(NH,),(N2)l2+, was announced in 1965 by Allen 

et a1.22 The authors of this seminal communication were actually attempting to 

synthesize RU(NH&]~" when they realized the novelty of their product. The structure 

of @u(NH~)~(N~)]~" exhibits octahedral geometry about the ruthenium and an end-on 

coordination mode for the dinitrogen ligand (Figure 1.5). 

Fi,we 1 -5. Structure of [Ru(NH~)~(N,)]~+. 

The expectation that the coordination of dinitrogen would lead to a facile activation of 

this molecule and subsequent conversion to ammonia was not soon realized; however, 

the discovery itself p r o d u d  intensive activity aimed at discovering new dinitrogen 

complexes. Today, hundreds of dinitrogen complexes are known, still far fewer than the 

number of carbonyfs, but with an equally rich variety of structural types.23 Selected 

strt~ctrrral variedes of dinitrugen complexes are described in a simplified fashion by the 

valence bond descriptions (1x4) (Figure 1.6). 



Figcre I -6. Selected structural varieties of dinitrogen complexes. 

In terms of the number of spectroscopically or X-ray structurally characterized 

examples, the terminal end-on bound dinitrogen ligmd represented by (1) (Figure 1.6) is 

by far the most well-established. Examples of these transition metal dinitrogen 

complexes include the molybdenum complexes ~~~~-Mo(N,),(E~PCH,CH~PE~),~~~ 

trans-Mo(N,),(PhZPCH2CH2PPh1) J24b and of course the original ruthenium complex 

~ B u W & W ~ ) I ~ + - ' ~  

A mew site at which dini~ogen binds in a terminal end-on fashion is believed to 

be electron rich; characterized by a relatively low formal oxidation state and relative ease 

of oxidaxion. A r o h t  co-ligand framework, as provided by tertiary phosphines, aids the 

stability of these dinitrogen complexes; the maximum number of dinitrogen molecules 

known to bind to a single metal is three.= Although the phosphine co-ligands do not 

reproduce rfre sulfur environment found in nitrogenase, they do allow a definitive 

chemisw of N, at metal centers to be developed. Furthermore, the molybdenum 

complexes of dinitrogen with en*1y sub-donor co-ligands, which have been 

yY&esikd in last sf:ved yeas, hme show the reeEivity of d h h g m  to k verlf 

similar to t&a of &e ph+on=figaten m-viroment.26 An example of such a complex 

is the mo1ybdenum dinitrogen wrnplex Mo(N,)2(-SCH,C(CH&H2-)4 which contains a 



Other complexes in which N2 binds in a terminal fashion include W(PR3), and 

ReCl(PR,), (PR, = tertiary phosphine).l6 These complexes are often used to parallel 

those of molybdenum because not only do they show similar behavior, as expected from 

the relationship of their constituent metals to Mo in the periodic table, but they tend to 

form kinetically stable compounds which allow reaction intermediates to be isolated. 

Structure (2) (Figure 1.6), containing the end-on bridging bonding mode for the 

N, ligand, represents the second largest class of dinitrogen compounds. Two 

representations for the end-on bridging bonding mode for the dinitrogen ligand are given 

and these are distinguished from one another on the basis of formal assignments of 

electronic charge. Thus, a M-N,-M - system may be described by the structural 

representation M-N=N-M, as is the case for the low oxidation state tungsten (WO) 

complex (W(N2),(PEbPh),),(N2)28 or by M=N-N=M as is ascribed to the high 

oxidation state tantalum (Ta3") complex {TaC13(PEt3)2)2(N,).29 Assignment of the 

structure which is actually adopted is made by consideration of bond lengths; a nitrogen- 

nitrogen separation of 1.8 A suggests a structure consisting of an N-N single bond, 

whereas a separation of 1.1 A is best represented by a structure containing an N-N triple 

b n d .  

Side-on dinitrogen has been discussed in the literature and is suggested to be 

more reactive than the end-on coordinated species.30 This particular coordination mode 

was also poshdated by Schratlzer et at." for a large number of fixing systems in which 

the reacting species had not been absolutely defined. In fact, the only example of the 

side-un bonded arrangement in (3) (Figure 1.6), namely Z~CP~{CH(S~M~, )~ )  (N,),32 

d i e s  for its fomtflation on im 33% spectmm of the '5% derivative which shows that the 

 two nitrogen a tom are equivalent Furthermore; only two examples of the double side- 

cm bonded structure represented by (4) (Figure 1.6) are known. However, these have 

been unequivoc~  identified by X-ray W t u r e  analysis for the samarium dinitrogen 



complex {SrnCp*,),(N2)l8a and for the zirconium dinitrogen complex 

( [(?ri,PCH,SiMe,),N]Xl ) ,(N,). Isb 

1.3.2. Reactions of Ligated Dinitrogen 

If the binding of dinitrogen to a metal center is regarded as the first step in the 

reaction sequence of nitrogenase then the next step is conversion of the bound N2 

molecule to ammonia. This has been achieved and studied in detail for mononuclear 

transition metal complexes, particularly of molybdenum and tungsten. 

The best characterized system in which dinitrogen is reduced to ammonia 

involves low oxidation state complexes of the type M(N2),(PR3),, (M = Mo or W; 

X = 1 ,2  or 3; PR, = tertiary phosphine). The dinitrogen ligmds in these transition metal 

complexes are reactive. It is the nature of the binding of dinitrogen, involving synergic 

"back donation" from the metal to stabilize the metal-N, interaction, which confers 

reactivity on the i?, ligand.33 This ligand perturbation on binding is demonstrated by an 

increase in the nitrogen-nitrogen bond distance, from 1 .O98(6) A in free N, to 

approximately 1.12 A in the terminal end-on dinitrogen complex, although the extent of 

increase in a particular complex is not a criterion of rea~tivity.~~ Furthermore, the 

dinitrogen in these complexes, as a consequence of its binding to the electron rich metal 

center, is much more nucleophilic than free N,. It is now sufficiently basic to be attacked 

by protons from a variety of acids, typically H2S04, HCI, HBr, or p-CH,C,H4S03H.35 

It has been postulated by Chatt et al. that protic attack occurs initially at the 

terminal nitrogen atom (Ng) and continues stepwise as shown in Scheme 1.1 .33 The steps 

in this cyclic process are based upon isolation and structural characterization of the 

intermediates shown andor their reaction behavior in solution, particularly by 15N NMR 

spectroscopy.35b~ 36 



Scheme 1.1. Chatt's proposed mechanism of protonation and subsequent reductive 

cleavage of metal-bound dinitrogen. 

The cycle of Scheme 1.1 includes as a first step the displacement of H, from a 

postulated metal hydrido complex to form the initial dinitrogen complex. There is 

precedence in the literature to support this type of reaction. For example, the hydnde 

ligands in the molybdenum complex MoHJdppe), can be displaced by incoming N, and, 

furthermore, this displacement reaction can be accelerated in the presence of protons.37a 

This increase in the substitution rate is generally ascribed to the formation, under the 

influence of a proton, of a dihydrogen ligand which is more easily displaced by N,. 

Thus, for every N2 bound to N o  one H, is displaced, a point which has been incorporated 

into the first step of the reaction mechanism given in Scheme 1.1. More importantly, this 

initial step is necessary to account for the reduction of protons to hydrogen which always 

accompanies biologid N2 fixation. Thus, the overall stoichiometfy represented by this 

cyclic process is exactly that of the nitrogenase enzyme process (Equation 1 .2).14. 33 



A key intermediate in the cyclic process shown in Scheme 1.1 is the metal 

diazenido complex (MNNH) since this is the product of initial protonation of metal 

coordinated N,. The diazenido moiety (NNII[) has been identified in only a few 

complexes, an example being the tungsten complex trans-W(N,H)X(dppe), (X = F, C1, 

Br, or I),37b thus little is known about the chemistry exhibited by this ligand.38 In fact, no 

X-ray structures of these diazenido complexes have yet been obtained and as a result 

their characterization is based primarily on 15N NMR spec t ros~opy .~~-~~ 

Examples of metal dinitrogen ligand complexes formed after attack of the first 

two protons, i.e., the metal hydrazido complex (MNNH2), have been known for some 

time. The hydrazido stage gives particularly stable compounds which have been studied 

in detail and shown to give hydrazine, when treated with acid or base under certain 

conditions.36a 42 This behavior mimics that shown by nitrogenase, which also gives 

hydrazine rather than ammonia when quenched by acid or base at an early stage in its 

reduction cycle.43 

The hydrazidium ligand (NNH,), which represents the next stage of the reduction 

process, has only recently been isolated and characterized for the transition metal 

complex ~CI(NNH3)(PMe3)J[CI]2.36c The confirmation of this hydrzzidium moiety 

was of utmost importance for the N2 reduction process proposed by Chatt, since it 

represented the key intermediate from which it was postulated that cleavage of the 

nitrogen-nitrogen bond was to occur. The surprising stability of this tungsten 

hydrazidium complex in the solid state is attributed to extensive hydrogen bonding 

between the NNH, ligand protons and the chloride ions. Extensive hydrogen bonding of 

this type also occurs in solid complexes of the NNH, ligand and raises the question of 



whether such interactions could play a role in the enzymic mechanism by aiding the 

formation of intermediates in the reduction pr0cess.4~ In the chemical reactions which 

form the basis of the cyclic process illustrated in Scheme 1.1, the electrons necessary for 

conversion of N, to NH, are supplied by the single low oxidation state transition metal 

center. 

To summarize, few details are known conclusively about the manner in which the 

N-N bond of dinitrogen is cleaved to give ammonia. Synthetic and mechanistic studies 

on low oxidation state "Chatt-type" complexes M(N,),(L), (M = Mo or W; L = PR,) and 

related derivatives suggest that: (i) dinitrogen can be stoicluometrically reduced to 

ammonia at a single metal center if an open coordination site is available, (ii) the 

hydrazido complex (MNNH,) is an important intermediate in the metal-mediated 

reduction since it indicates that the all important second proton also attacks the terminal 

nitrogen atom (Np) and not the metal-bound nitrogen atom (N,), and (iii) cleavage of the 

N-N bond most likely resub from the key hydrazidium (MNNHJ intermediate to give 

the nitrido species (M=N). Taken together, these results are the basis for the simplified 

reduction cycle shown in Scheme 1.1, which remains the best characterized description 

of N2 reduction to ammonia at a metal site. 

Some other systems have been developed which have claimed to reduce 

dinitrogen via mononuclear dinitrogen complexes of molybdenum. Typically, these 

systems are prepared by reducing a molybdate salt with borohydride in a borate buffer, 

under dinitrogen and in the presence of potential co-ligands such as cysteine, cyanide ion, 

or bovine serum albumin.31 Yields of ammonia in the last case, although low in absolute 

terms, are apparently as high as 70 mol NH, per mol Mo atom. It was originally 

proposed by Schrauzer et al. that these reductions proceed through an intermediate, 

having dinitrogen bound side-on to Mo.3' AS mentioned earlier, this mode of binding is 

rare, and no direct evidence for such an intermediate, or any other, has been obtained.45 



Recent work by Schrock et al. has shown that the N-N bond in the transition 

metal complexes Cp*MMe3(q1-NNH,) or [Cp*MMe3(q2-NH2NH2)l+ (M = Mo or W) 

can be cleaved efficiently to give ammonia in the presence of protons and electrons.46 

Schrock's investigations into the chemistry displayed by these high oxidation state 

complexes have resurrected the notion that side-on bonded nitrogenous ligands, of the 

form N,Hx, - may be involved as intermediates in the mechanistic pathway for the 

activation of dinitrogen to arnmonia.47 There are several interesting features of this 

chemistry that differ significantly from Chatt's hydrazido chemistry of metals in low 

oxidation states and supports a scheme for dinitrogen reduction (Scheme 1.2) that differs 

in several important details from previously proposed schemes.48 

Scheme 1.2. Schrock's proposed mechanism of protonation and subsequent reductive 

cleavage of metal-bound dinitrogen. 



First, it was mentioned previously that ammonia can be generated from low 

oxidation state metal dinitrogen complexes by adding only protons; the transition metal 

serves as the source of electrons. However, analogous reactions at high oxidation state 

metal centers require an external source of electrons to obtain yields of ammonia. 

Second, a potentially important feature of Cp*MMe3 hydrazine and hydrazido chemistry 

is the confinnation of a side-on bonding mode for these N2H, substituents. The metal 

complexes Cp*MMe3(q2-NNH2), [Cp*MMe3(q2-NHNH,)]+, Cp*Mh?Ie,(q2-NHNH,), and 

[Cp*MMe,(q2-NH2NH,)]+ (M = Mo or W) have all been isolated and characterized and 

support the cyclic reduction process illustrated in Scheme 1.2.47.48 While this research 

does not yield evidence to prove that 712-bonding is required for a controlled N-N bond 

cleavage, it strongly suggests that q2-bonding yields more stable intennediates in a 

sequence of steps leading to cleavage of the N-N bond. Finally, the most important 

feature of the Cp*MMe3 system is that the metal-bound hydrazine M(q2-NH2NH,) is 

believed to lie on the pathway to ammonia (Scheme 1.2) and that it is the key 

intermediate from which cleavage of the N-N bond results; it is not the product of a side 

reaction, a view that appears to prevail in the chemistry of lower oxidation state 

complexes. 

In summary, inorganic chemists have demonstrated that the reduction of 

dinitrogen can be achieved under ambient conditions of temperature and pressure in the 

laboratory. The mechanisms which are believed to account for this conversion are 

derived from the belief that cleavage of the N-N bond in dinitrogen can only be achieved 

by stepwise erosion of the nitrogen-nitrogen bond order. This is accomplished by 

specifically tailcring a transition metal complex to bind the dinitrogen molecule and 

"activate" it, thus rendering the N-N bond susceptible to attack by protons resulting in 

eventuai ccleavage of the N-N bond. However, it is clear that there is no singie 



mechanism of protonation to account for the stepwise conversion of dinitrogen to 

ammonia. 

The route taken in any particular case is sure to depend upon the ancillary 

ligands, solvent, and acid as well as upon the metal and its particular oxidation state. 

Nevertheless, two plausible mechanisms for the cyclic reduction of N, to NH, or other 

nitrogenous products have been described. Given the fact that both mechanisms are 

based on two very different transition metal model systems (Chatt's mechanism is 

derived from work on low oxidation state octahedral complexes whereas Schrock's 

mechanism is based on research on high oxidation state half-sandwich piano-stool type 

complexes), it is not surprising that they differ significantly. However, of utmost 

importance to the contents of this thesis is the fact that the initial steps of both 

mechanisms are identical; that is, the binding of the N2 molecule to a transition metal 

center and its subsequent protonation to give the metal diazenido (MNNH) and metal 

hydrazido (MNNH,) complexes respectively, are common to both mechanisms. 

As alluded to previously in this introduction, the hydrazido intermediate has been 

studied in detail, whereas little is known about the chemistry of the elusive diazenido 

ligand, presumably because of its lack of stability, and it thus warrants further 

investigation. 

1.4. Chemical Background and Previous Work 

The inter-relationship of metal-bound N2 and N2H is particularly important to 

understand if, indeed, the first stage of activation of dinitrogen is the formal addition of a 

single hydrogen atom to a coordinated N, molecule. Thus far, reactions in which the 

N,H - ligand is believed to have been formed are quite rare, and its characterization is far 

from ~omplete.38-~~ To address these concerns, a route to stable analogs of these 

compounds, pioneered at our research laboratory, utilizing transition metals in 



combination with aryldiazonium ligands (NNAr) was developed.4' Following this 

protocol, numerous metai arylciiazenido complexes (MNNAr) were synthesized and their 

properties studied.50 From these studies, it was concluded that the aryldiazonium ligand 

is easily stabilized by coordination to a rhenium metal center and as a result, an extensive 

investigation of the chemistry displayed by rhenium aryldiazenido complexes was 

undertaken by our research group. 

Work on these complexes has shown that the aryldiazenido ligand (NNAr) in 

rhenium complex cations of composition [CpRe(CO),(N,Ar)]+ is capable of 

transformation to give, initially, aryldiazene (NHNAr) or substituted arylhydrazido(2-) 

(NNHAr) intermediates and, subsequently, the substituted arylhydrazido(1-) (NHNHAr) 

derivatives.51 This transformation is notable since it models a possible sequence of steps 

+ MNNH, -+ MNHNH, for the reduction and protonation of dinitrogen bound 

to a transition metal, M. Therefore, it is reasonable to suggest that characterization of the 

structure and dynamics of the model intermediate MNNAr can potentially provide 

information to evaluate the chemistry of metal-bound NNH. 

1.5. Thesis 

Stimulated initially by the biological studies of nitrogenase, and employing what 

our laboratory and other research groups had learned over the years about the types of 

metal-ligand environment which can be used to activate dinitrogen and the mechanisms 

involved, I sought to develop an alternative transition metal model for investigating the 

first step of nitrogen fixation. My approach involved the design and synthesis of specific 

aryldiazenido and dinitrogen complexes of rhenium utilizing the CpnRe(L,)(L2) (Cp' = Cp 

or Cp*) framework where L1 and L, are formally 2-electron donor ligands such as CO or 

?R3. By using a series of ligands with differing electronic and steric properties for L, 

and &, the chemistry of the ligated aryldiazenido and dinitrogen in these types of 



complexes was studied. These complexes were prepared initially as synthetic models to 

elucidate mechanistic information; specifically, the chemistry associated with the metal 

dinitrogen complex (MNN), the metal diazenido complex (MNNH) as modeled by its 

aryldiazenido analog (MNNAr), and their interconversion. However, during the course 

of this investigation into the "nitrogenase problem", other unexpected and exciting 

chemistry was also discovered and explored. Thus, taken together, these results which 

are described in the following paragraphs constitute my contributions to the research area 

of nitrogen fixation, or more generally, to the field of organometallic chemistry. 

In Chapter 2 of this thesis, the preparation and characterization of a series of 

cationic carbonyl phosphine and phosphite rhenium aryldiazenido complexes of the type 

[Cp*Re(CO)(PR,)@-N2C6H4C3i'i'e)]~F4] is described. In addition, the synthesis and 

characterization of a series of cationic bis(phosphorus-ligand) aryldiazenido complexes 

of general formula [Cp*Re(PR,)2(N,Ar)][BF4] (Ar = p-C6H40Me or C,H,) along with 

the cationic bidentate phosphine aryldiazenido complex [Cp*Re(dmpe)@- 

N2C,H,0Me) ][BF4] are also presented. 

Over the years, research in the field of transition metal aryldiazenido chemistry 

has been dominated by synthesis and product characterizati~n.~~ Despite the large 

number of structurally characterized examples, there has been little attempt to review and 

to discuss the specific orientations adopted by these aryldiazenido ligands. The results of 

an investigation directed at acquiring information about the specific orientation adopted 

by the aryldiazenido substituent in selected rhenium aryldiazenido complexes and how it 

is affected by the electronic and steric properties of the ancillary ligands in these 

complexes are described in Chapter 3. To this end, I report the results of an X-ray 

structural and variable temperature solution 'H, 13C{IH), and 31P{lH) NMR study of the 

half-sandwich complexes [Cp*Re(L,)&)@-N,C&OMe)]EBF,] ((a) L1 = L, = CO or 

PR, and (b) L, = CO; L, = PR3). 



The chemistry associated with the conversion of the metal aryldiazenido complex 

(MNNAr) to the ineta! dinitrogen coinplex (MNP4) is addressed in Chapter 4. Chemical. 

or electrochemical reduction of the cationic aryldiazenido complexes of the type 

[Cp*Re(L1)(L2)(N2Ar>1@F,] ((a) L, = L2 = CO or PR3; Ar = p-C6H40Me or C,H, and 

(b) L, = CO; L2 = PR,; Ar = p-C6H,0Me) or [Cp*Re(dmpe)('-N,C,H40Me)][BF,] 

affords the respective neutral dinitrogen complexes Cp*Re(L,)(L,)(N,) and 

Cp*Re(dmpe)(N2) cleanly, quickly, and in high yield. The details of this transformation, 

together with the complete characterization of the products, are also presented in this 

chapter. Furthermore, in a collaborative effort with Professor A. J. Bard, the mechanism 

of this conversion was investigated by cyclic voltarnrnetry, scanning electrochemical 

microscopy, and controlled potential electrolysis. These findings are given in Chapter 4 

as well. 

Dinitrogen universally occurs as an end-on (ql) bonded ligand in all the known 

isolable mononuclear complexes to date, with one possible e~ception.3~ However, as was 

mentioned earlier in this introduction, recent developments in the research area of 

nitrogen fixation (Orme-Johnson proposal for how N2 binds to nitrogenase17 based on the 

X-ray structure of Rees et al.,*3 and chemical work by S c h r a ~ z e r ~ l , ~ ~  and Shro~k~~-") 

have generated interest into the accessibility of the side-on (q2) bonded form of 

dinitrogen, either in stable complexes or as a reactive intermediate. Evidence to support 

the occurrence of an q2-bonded dinitrogen species was obtained from a variable 

temperature and time-dependent 15N NMR study of the rhenium ql-dinitrogen complexes 

Cp'Re(CO)(L)(15N14N) (Cp' = Cp or Cp* and L = CO or PR,) which were specifically 

labeled at the rhenium-bound nitrogen atom with 15N. The coordinated ql-&nitrogen 

ligand was shown to undergo an end-toend rotation process via an q2-bonded dinitrogen 

species. This work is described in Chapter 5. 



To investigate the reactivity of metal-bound dinitrogen and potentially the 

chemistry of the elusive diazenido moiety (ReNPm), a protonation study of the 

corresponding rhenium dinitrogen complex (ReNN) was undertaken. Based on the 

criteria derived by Chatt et 35 the N, ligand in metal dinitrogen complexes could be 

made more susceptible to protic attack by using highly electron-releasing co-ligands. As 

a consequence, the dinitrogen complex Cp*Re(PMe3),(N2) was chosen and the results of 

this study are detailed in Chapter 6. 

In addition to investigating the rhenium dinitrogen complexes for their 

susceptibility to protonation, the reactivity of the rhenium-bound dinitrogen ligand was 

further explored. The rhenium dinitrogen complex Cp*Re(PMe,),(N,) was found to be 

substitutionally inert in N,-saturated organic solvents at ambient temperatures as judged 

from the IR and 15N M spectra of lSN-enriched samples. Nevertheless, under UV 

irradiation or heating, this rhenium dinitrogen complex readily loses the N2 ligand to 

produce the respective 16-electron intermediate "Cp*Re(PMe,),", which in turn, reacts 

with C-H bonds. A description of this chemistry is presented in Chapter 7. 

In an interview after he was awarded the Priestley Medal by the American 

Chemical Society in 1985, Henry Taube commented that one of the most valuable 

lessons he learned as a graduate student was "to slow down and observe carefully; to 

make capital not only out of what happens, but what doesn't happen". I believe that what 

Professor Taube was referring to was the ideal that when one investigates a particular 

piece of chemistry, one should always be aware of potentially more exciting chemistry 

which may arise as an indirect result of some preconceived chemical strategy. This 

thesis serves as a testament to his words, since during the course of this investigation into 

the "nitrogenase problem", other stimulating chemistry was discovered, explored, and 

brought to fruition as described in the pages which follow. 



CPLAPTER 2 

Aryldiazenido Complexes of Rhenium 

2.1. Introduction 

With the synthesis of C~MO[CO),(N,P~)~~ in 1964 and PtCI(N,Ph)(PEt,),54 in 

1965, the field of o rgmod im~ ido (NNR) chemistry was born. Although these 

complexes were initially considered as novelties, the subsequent synthesis of a wide 

range of organodiazenido complexes for the majority of the transition metals and the 

continued investigation of their structural and chemical properties have well-established 

the versatility of organodiazenido ligands in transition metal chemistry,49.52. 55 Because 

of the ready avzilability of stable aryldiazonium salts as reagents, aryldiazenido (NNAr) 

complexes represent the major class of known organodiazenido complexes. 

The CpM(CO), fragment and its methylated analog have figured prominently in 

the organometallic aryldiazenido chemistry of rhenium. Previous publications from our 

laboratory have detailed the synthesis of tlhe cationic aryldiazenido complexes 

[CpRe(CO),(N,Ar)]+ and [Cp*Re(CO)2(N2Ar)]+ by treatment of the corresponding 

neutral intermediates C p R e ( C O ) , O  and Cp*Re(CO) ,O  - with the appropriate 

aryldiazonium salt fN,Ar][BF,] -56- 5' Elsewhere, the synthesis of the cationic 

acetonitrile-substituted aryldiazenido complexes [CpfRe(CO)(NCMe)(N2Ar)]+ (Cp' = Cp 

or Cp*) by decarbo~ylation of the corresponding dicarbonyl complex with PhIO in neat 

acetonitrile was described.58 These acetonitrile complexes readily undergo substitution 

of the acetonitrife by a variety of ligands. In this chapter, I describe a series of cationic 

carbonyl phosphine and phosphite aryldiazenido complexes of the type 

~~P*R~(C~)(PR,)@-~~C&~~M~)~ BF4] (PR3 = PM% (2-41, PEb 123, PPh3 W), 

PCy, (2.3, P(OMe), (2.8), or PCage (Z9)) synthesized in this way (Scheme 2.1). 
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Scheme 2.1 - Strwmes of Zli-Zf 7 (& = pC,H,OMe unless stated otherwise). 



Using Me,NO instead of PhfO in acetonitrile leads to the complete decarbonylation of 

the dicarbonyl complexes [Cp*Re(CO),(N2Ar)]~F,] (Ar = p-C,H40Me (2.2) or C,H5 

(2.15)) and the formation of the corresponding cationic bis-acetonitrile aryldiazenido 

complexes [Cp*Re(NCMe),(N,Ar)] BFJ (Ar = p-C,H40Me (2.10) or C,H, (2.16)) 

(Scheme 2.1). Subsequent substitution of both acetonitrile ligands by a series of PR, 

Iigands or by the bidentate phosphine ligand PMe,CH2CH2Me,P (dmpe) affords the 

complexes [Cp*Re(PR3)2@-N2C,H40Me)]~F4] (PR, = PMe, (2.11), PEt, (2.12), or 

R O W ,  (2.1411, ECp*Re(PMe3)2(N,C6H,)l[~F,l (2.171, and [Cp*Re(dmpe)(p- 

N,C6H40Me)][BF,] (2.13) respectively (Scheme 2.1). These synthetic results along with 

their complete characterization are also presented in this chapter. 

2.2. Results 

2.2.1. Synthesis and Characterization of Acetonitrile Complexes 

One of the carbonyl groups in [Cp*Re(CO),(p-N,C6H,0Me)][BF4] (2.2) can be 

oxidatively removed by reaction with iodosobenzene (PhIO) in the presence of 

acetonitrile as a solvent to give the mono-substituted acetonitrile complex 

[Cp*Re(CO)~~e)@-N2C6H40Me)]@F4] (2.3) in good yield. This method of 

synthesis was first reported from our laboratory some years agd9 and follows closely the 

corresponding chemistry of the nitrosyls [CpRe(CO),(NO)]+ (Cp' = Cp or Cp*) reported 

by Cladysz et al.@ The reaction works equally well with the corresponding Cp 

aryldiazenido complex 21.58 Previously, no success was achieved by using 

trimethylamhe N-oxide (MeJW) instead of PhIO.59 However, I now find that 2.3 can 

also be made by using a stoichiometric amount of Me3N0. More importantly, I find that 

the addition of two equivalents of Me,NO to 2.2 or the dicarbonyl complex 

fCp*Re(GO),(N2C6E&)f DF J (2.15) redts  in the oxidative removal of both carbonyl 



groups to give the new bis-acetonitrile complexes [Cp*Re(NCMe),@- 

N2C6H40Me)] [BF,] (2.10) and [Cp*Re(NCMe),(N,C6H5)] [BF,] (2.16) respectively, in 

moderate yield. 

As ionic species, the orange and red-orange complexes 2.3,2.f 0, and 2.16 are 

insoluble in hexane or diethyl ether but dissolve in CH2CI2 and acetone. As solids, they 

can be exposed to air for short periods of time without appreciable deterioration. 

However, in solution exposure to air results in decomposition. 

In the IR spectrum of 2.3, recorded in CH2C12, v(C0) appeared as a broad, very 

strong absorption at 1959 cm-l and v(NN) as a broad, moderately intense absorption at 

1658 cm-1. The assignment of v w )  was confirmed by 15N isotopic substitution at the 

rhenium-boimd nitrogen atom (N,) of the aryldiazenido ligand in the acetonitrile 

complex [Cp*Re(CO)(NCMe)(p-'5N14NC,H,0Me)]pF4] (2.3-I-,). A shift to lower 

wavenumber by 21 cm-I was then observed. The IR spectrum of 2.10, recorded in 

CH2CI,, displayed a broad, moderately intense absorption at 16 1 8 cm-I which was 

assigned to v(NN + CC). This assignment was also confirmed by 15N isotopic 

substitution at N, of the aryldiazenido ligand in the bis-acetonitrile complex 

[Cp+Re(NCMe),(p-15N14NC,H,0Me)]@F4] (2.10-15Na). A significant shift to lower 

wavenumber by 11 cm-I was observed. The IR spectrum of 2.16, recorded in CH2C12, 

displayed a broad, moderately intense absorption at 1562 cm-1 which was also assigned to 

v(NN + CC). This assignment was confiied by 15N isotopic substitution at the tenninal 

nitrogen atom (Ng) of the aryldiazenido ligand in the bis-acetonitrile complex 

[Cp*Re(NCMe)2(14N15NC6k&)]@3F4] (2.16-lWg). Once again, a significant shift to 

lower wavenumber was observed (14 cm-1). Notably, v(CN) for the acetonitrile ligand, 

usually expected to occur quite strongly near 2300 cm-1 in the IR spectrum of ql-bonded 

acetonitrile complexes, could ~ o t  be observed in spectra obtained for CH2Cl, solutions or 

KBr discs for 2.3,2.10, or 2.16. 



In addition to the typical resonances for the Cp* and aryldiazenido groups, the 

presence of one acetonitrile ligand in 2.3 and two acetonitrile ligands in 2.10 and 2.16 

were clearly indicated in the 1H NMR spectra of these complexes, which exhibited a 

singlet for the respective methyl resonances at 6 3.13,3.15, and 3.29 integrating to 3, 6, 

and 6 protons respectively. In the case of 2.10 and 2.16 this indicates that the two MeCN 

ligands are equivalent on the lH NMR timescale at room temperature. Evidence for 

coordinated acetonitrile was also provided by 13C { 1H) NMR spectroscopy. The 13C { 1H) 

i\TMR chemical shift for the CN carbon(s) of 2.3,2.10, and 2.16 occurred at 6 143.94, 

139.65, and 140.07 respectively. The relevant IR and NMR results are summarized in 

Table 2.1. 

Table 2.1. IR, lH, and 13C{lH) NMR Data for the Acetonitrile Aryldiazenido Complexes 

a fn CH2C12. 
Tn acetone-&; referenced to TMS; 6 given in ppm. 

l3C(lH) NMR 

6(Mem)b 

1 I 

Complex J. 
1959 v(CO), 1658 v(NN) f! 3.13 143.94 

IR (cm-l)a 

wkCN)b  



The FAB mass spectra showed the unfragmented cations as molecular ions M+, 

and in each case a fra,oment corresponding to the loss of ?.he acetonitrile Iigand @4+ - 

,MeCN) was noted. No fragments were observed corresponding to the loss of CO or the 

loss of CO and MeCN from 2.3 or the loss of two MeCN from 2.10 or 2.16. 

2.2.2. Synthesis and Characterization of Carbonyl Phosphine and Phosphite 

Complexes 

The cationic carbonyl phosphine and phosphite aryldiazenido complexes of the 

type [Cp*Re(C0)(3PR3)@-N2C6H40Me)][BF,] (PR, = PMe, (2.4), PEG (2.5), PPh, (2.6), 

PCy, (2.7), P(OMe), (2.8), or PCage (2.9))59 were obtained in good yield by direct 

addition of the neat phosphine or phosphite to a stixred solution of 2.3 in acetone at room 

temperature. 

In all cases, the complexes were isolated as orange-brown solids, soluble in polar 

solvents such as acetone and CH,CI, but insoluble in hexane or diethyl ether. As solids, 

these complexes can be exposed to air for short periods of time without appreciable 

deterioration and can be stored indefinitely at low temperature (263 K) under an 

atmosphere of N,. However, in solution they are more sensitive to air and prolonged 

exposure results in decomposition. 

The IR spectra of complexes 2.4-2.9, recorded in CH,Cl,, exhibited a broad, very 

strong terminal v(C0) band in the region 1982-1925 cm-1 and a broad, strong band in the 

1701-1626 cm-I region assigned to v(NN) (Table 2.2). The assignment of v(NN) for 

complexes 2.4 and 2.8 was confirmed by 15N isotopic substitution at N, of the 

aryldiazenido ligand. An is~topic shift in v(NN) of 35 cm-1 was observed in going from 

2.4 to 2.4-'5N, and an isotopic shift of 43 cm-1 was noted in going from 2.8 to 2.8-15N, 

(Table 2.2). 



Table 2.2. IR, 31P{1H}, and '3C{lH} NMR Data for the Carbonyl Phosphine and 
Phosphite Aryldiazenido Complexes 

a In CH,Cl,. 
In acetone-d,; referenced to 85% H3P04; 6 given in ppm. 
In acetone-d,; referenced to TMS; 6 given in ppm. 
Included as a reference for comparison with the IR and 13C{IH) NMR data obtained 
for complexes 2.4-2.9. 

The 'H NMR spectra exhibited the typical resonances expected for the Cp*, 

aryldiazenido, and phosphorus groups. The only observation of note was that the Cp* 

resonances in 2.4,2.8, and 2.9 were in each case split into a doublet with JH-P couplings 

of 0.5,0.7, and 0.9 Hz respectively, further substantiating the presence of one 

phosphorus ligand in the respective compiexes. In compiexes 2.5,2.6, and 2.4 the Cp* 

resonance remained a singlet; the expected JIEP couplings are believed to be too small to 
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be observed. The 31P{1H} NMR spectra of 2.4-2.9, in each case, showed a singlet at 

room temperature in the normal region for a coordinated phosphine or phosphite (Table 

2.2). The 13C{1H} NMR spectra were recorded for all the complexes 2.4-2.9. It was 

observed from I3C{lH) NMR spectra that replacement of one carbonyl ligand in 

[Cp*Re(Co),@-N2C6H4~)]~F4] (2.2) by either a phosphine or a phosphite group 

causes an appreciable downfield shift of the carbonyl carbon resonance; the magnitude of 

the shift is of the order of 13 ppm (Table 2.2). However, within the phosphorus 

containing complexes only a small deviation in the chemical shift of the carbonyl 

resonance was observed; the 6(CO) for complexes 2.4-2.9 was located between a 

chemical shift range of 198.10-203.62 ppm with no apparent order which can be 

unambiguously assigned to the properties of the phosphorus ligand. To lend further 

evidence to phosphorus coordination in these complexes, the 13C{lH) NMR spectra also 

showed that the carbonyl resonance was in each case split into a doublet with a JC-, 

coupling of 7-12 Hz for the phosphine complexes 2.4-2.7 and a J,, coupling of 17 and 

21 Hz respectively for the phosphite complexes 2.8 and 2.9. The parent dicarbonyl 

complex 2.2 exhibited only a singlet for 6(CO) indicating that the CO groups were 

presumably s ymmetry-eq~ivalent.6~ 

FAB mass spectra showed the unfragmented cation as the molecular peak for 

complexes 2.4-2.9. No fragments corresponding to loss of CO or PR, were observed. 

However, an M+-N,C6H40Me fragment was noted for the PMe3 complex 2.4. 

2-23. Synthesis and Characterization of Bis(phosphorus-ligand) Complexes 

Addition of a 10-fold stoichiometric excess of neat phosphine or phosphite 

directly to a stirred solution of the bis-acetonitrile complexes 2.10 or 2.16 in acetone at 

room temperature affords the corresponding cationic bis(phosphorus-ligand) 

aryldiazenido complexes [Cp*Re(PR,),@-N,C6H,oMe) JPFJ (PR, = PMe, (2.11), PEt3 



(2.12), or P(OMe), (2.14)), [Cp*Re(dmpe)@-N,C,H,OMe)][BF,] (2.13), and 

[Cp*Re(BMe3),(N,C6H,)1~F,] (2.17) in moderate yield. 

All complexes were isolated as red-orange solids that are soluble in polar solvents 

such as acetone an3 CH2C1, but insoluble in hexane or diethyl ether. For these 

complexes exposure to air, as solids or in solution, results in decomposition. However, 

they can be stored at low temperature (263 K) under N, for short periods of time without 

appreciable decomposition. 

The IR spectra of complexes 2.11-2.14 and 2.14, recorded in CH2C12, displayed a 

broad, moderately intense band in the 1640- 1566 cm-1 region assigned to v(NN + CC) 

(Table 2.3). This assignment was confirmed by l5N isotopic substitution either at N, of 

the aryldiazenido ligand (2.11 and 2.14) or at P$ of the aryldiazenido group (2.17). 

Significant shifts to lower wavenumbers were observed for 2.11 [Av(NN + CC) = 13 

cm-'],2.14 [Av(NN + CC) = 16 cm-I], and 2.17 [Av(NN + CC) = 9 cm-I] in going from 

the unlabeled to the IfN labeled complexes (Table 2.3). 

From the lH NMR spectra, the Cp* resonance for 2.11-2.14 and 2.17 appeared as 

a singlet rather than the expected triplet if the Cp* methyls are observably coupled to two 

equivalent phosphorus ligands. In the complexes 2.4,2.8, and 2.9 these JH-+ couplings 

were typically of the order of 0.9 Hz or less, and are believed to be too small to be 

observed here (as was also the case for complexes 2.5,2.6, and 2.7). The 'H NMR 

spectra of complexes 2.12-2.14 and 2.17 exhibited the typical resonances expected for 

the aryldiazenido group. However, in 2.11 the 'H NMR spectrum (acetone-d,) showed 

only a singlet for the four protons of the aryldiazenido substituent owing presumably to a 

coincidental chemical shift- Notably, the 1H NMR spectrum of 2.11 recorded in CDCl, 

exhibited a doublet for the four protons of the aryldiazenido moiety (Figure 2.1). In 2.11 

the 'Ii resonance at 6 1.77 assigned to the PMe, iigands was observed to be a virtual 

doublet integrating to 18 protons (Table 2.3) (Figure 2.1). 



Table 2.3. IR, lH, and 31P(1H) NMR Data for the Bis(phosphorus-ligand) Aryldiazenido 
Complexes 

11 2.17 11 1566 v(NN + CC) 1 1.78, virtual d, J = 9.6 1 -42.4 1. 

a In CH,Cl,. 
In acetone-d,; referenced to TMS; J given in Hz and 6 given in ppm for only those 
complexes exhibiting virtual coupling. 
In acetone-d,; referenced to 85% H3P04; 6 given in ppm. 

The apparent coupling constant (2JKp + 4JH-p), given by the separation between the two 

outside peaks, was 9.0 Hz. Further evidence to support virtual coupling in complex 2.11 

comes from the 13C(lH) NMR spectrum where the carbon resonance of the PMe, ligands 

also appears as a virtual doublet with a coupling constant ('JC, + 3Jc-p) of 37 Hz. 





In 2.17 the lH NMR resonance at 6 1.78 assigned to the PMe, ligands was also observed 

to be a virtual doublet integrating to 18 protons with an apparent coupling constant 

('JH-, + 4JH-p) of 9.6 Hz (Table 2.3). In 2.14 the 'H NMR resonance at 6 3.80 assigned to 

the P(OMe), ligands was observed to be a virtual triplet integrating to 18 protons with a 

coupling constant (3JH-p + 5JH-p) of 1 1.6 HZ (Table 2.3) (Figure 2.2). This result was also 

corroborated by 13C{lH) NMR spectroscopy where the spectrum of 2.14 exhibited a 

virtual triplet for the carbon resonance of the P(OMe), ligands with a coupling constant 

('JCTp + 4JC-,) of 41 Hz. For complexes 2.12 and 2.13, the 'H NMR spectra exhibited the 

typical resonances expected for the respective phosphine ligand. 

For the bis(phosphorus-ligand) aryldiazenido complexes 2.11-2.14 and 2.17 the 

3IP('H) NR/IR spectra displayed a singlet at room temperature in the normal region for a 

coordinated phosphine or phosphite (Table 2.3). Other than the virtual couplings for the 

phosphorus ligands already mentioned, the 13C{lH} NMR spectra recorded for 2.11-2.14 

showed no atypical resonances. 

FAB mass spectra showed the unfragrnented cation as the molecular peak for all 

the bis(phosphorus-ligand) complexes. A fragment corresponding to loss of one PMe3 

ligand was observed for 2.11 and 2.17 and a fragment corresponding to loss of one PEt, 

was observed for 2.12. No fragments were observed for 2.13 and 2.14. 





2.3. Discussion 

2.3.1. Acetonitrile Complexes 

Oxidative removal of coordinated CO using iodosobenzene (PhIO) was first 

reported by Gladysz et al., who found that the reaction of the dicarbonyl nitrosyl cation 

[CpRe(CO),(NO)]+ in acetonitrile with PhIO resulted in the formation of the acetonitrile- 

substituted conplex [CpRe(CO)(NCMe)(NO)]+ in good yield.60b Subsequently, the 

synthesis of the Cp* analog [Cp*Re(CO)(NCMe)(NO)]+ was reported by the same 

group.60a Using a similar procedure, the substitution of a CO group in the dicarbonyl 

complex 2.2 by acetonitrile to give [Cp*Re(CO)(NCMe)@-N2C6H40Me)]pF4] (2.3) 

was also achieved in reasonable yield. However, iodosobenzene was incapable of 

removing both carbonyl ligands, regardless of the amount added. In fact, addition of a 

large excess of iodosobenzene lead to decomposition of the mono-substituted acetonitrile 

complex 2.3 once it was formed. 

Complex 2.3 can also be made in good yield by using a stoichiometric amount of 

trimethylamine N-oxide (Me,NO) in acetonitrile (Scheme 2.2). 

MQNO - l+ 
NCMe 
___) 

\ 
Ar Ar 

NCMe 

Scheme 2.2. Oxidative removd of coordinated CO using Me,NO. 

ii is believed &at this reaction is initiated by nucieophilic aiiack of Me,NO at the 

carbonyl carbon atom followed by liberation of CO, and coordination of an acetonitrile 



molecule from the solvent. A similar reaction pathway was proposed in reactions of 

Re,(CO),o with Me3N0 in acetonitrile to give Re,(C0)9(NClMe).6' 

In contrast to PMO, Me,NO can also oxidatively remove both coordinated CO 

groups in the presence of acetonitrile as a solvent to give the bis-acetonitrile substituted 

complexes 2.10 and 2.16 in reasonable yield. This is feasible since trimethylmine N- 

oxide is a stronger oxidizing agent than iodosobenzene and is soluble in the coordinating 

solvent acetonitrile, whereas iodosobenzene is only sparingly soluble. 

There is also evidence to suggest that addition of one or two equivalents of 

Me3N0 to the dicarbonyl complex 2.2 in THF results in the oxidative removal of one or 

two CO groups to give the THF-substituted complexes [Cp*Re(CO)(THF)(p- 

N,C,H,0Me)]mF4] (2.18) and [Cp*Re(TKF12(p-N,C6H40Me)]@F4] (2.19) 

respectively. An IR spectrum, recorded immediately after the addition of one equivalent 

of Me3N0 to 2.2 in THF, showed a broad, very strong absorption at 1921 cm-I assigned 

to v(CO), and a broad, moderately intense absorption at 1618 cm-I assigned to v(NN). 

The addition of a second equivalent of Me,NO resulted in the disappearance of these two 

absorptions and the appearance of a new broad, moderately intense absorption at 1576 

em-1, once again assigned to v o .  Furthermore, the addition of excess PMe3 directly 

to the THF solutions, after either one equivdent or two equivalents of Me3N0 had been 

added, gave the PMe3-substituted complexes [Cp*Re(CO)(PMe,)(p-N2C6H40Me)] PF,] 

(2.4) and [C~*R~(PM~&~FN~C~H~OM~)]~BFJ (2.11) respectively as characterized by 

fR and lH NMR spectroscopy. Although I was unable to isolate and fully characterize 

the THF-substituted complexes, these fmdings support the presence of these reactive 

species. 

The assignment of v m  in the fR spectra recorded for the acetonitrile 

c ~ i ~ u ~ ~ ~ e x e s  was m a % i  Sy 1% isatopie mWLttrfiio;; at Naof the arjtf&aze~ido !igmd 

in 2.3 and 2.10, and at Np of the a r y l d i i d o  substituent in 2.16. From Table 2.1, it is 



clear that the magnimde of the shift due to isotopic labeling was significantly smaller for 

~3~ LC- ulJ-ace:o;ri~Je complexes 2.10 [Plv = 1 1 cm-I] and 2.16 fk= = f 4 cm-l] (regaidless of 

whether the 15N label was at Na or Ng of t5e aryldiazenido ligand) as compared to the 

mono-acetonitrile complex 2-3 [Av = 2 1 cm-I 3. l h s  result can be accounted for by 

observing v o  and v(CC) (aromatic ring stretch) for 2.3,2.10, and 2.16 for both the 

isotopicalIy labeled and unlabeled complexes. For unlabeled 23, v(NN) and v(CC) are 

1658 and 1590 cm-1 respectively. The labeled complex exhibited an isotopic shift to 

1,637 rm-1 for but no appreciable shift for v(CC). For unlabeled 2.10, v(NN) and 

v(CC) are 16 18 and I588 cm-1 respectively. The labeled complex exhibited an isotopic 

shift to 1607 cm-l for v@%3 and a shift to 1578 cm-I for v(CC). A similar isotopic shift 

was observed for 2.3 6 in going from the unlabeled [v(NN) and v(CC) are 1562 and 1485 

cm-1 respectively] to the fiN labeled [ v o  and v(CC) are 1548 and 1472 cm-l 

respectively] complex. These ;esr3tc are consistent with assignment of the 1658 cm-I 

band in 2.3 as essentially pure v(N'h3. However, the IR absorptions in 2.10 (1618 cm-I 

and 1588 cm-I) and 2.16 (1562 cm-I and 1485 cm-l) are not pure v(NN) and v(CC) but 

are coupled because of their close p o x h i ~ .  

The methyl proton resonance of the acetonitrile ligand in 2 3  (6 3.13 in 

acetone*) is in good agreement with that reported for the nitrosy1 analog 

fCp*RefCO)(XCMe)(N0]If (8 3.05 in acetone-d&aa The '3C NMR spectrum of the 

nitrosyl complex was also comparable to the W(1H) NMR spectrum obtained for 2.3, 

particdad y the resonances corresponding to the carbon nuclei of the acetonitrile ligand. 

For the nitrosyl complex WeCN) is 4.70 and G(Me_CN) is 139.30 in acetone-d,. 

Similarly, for complex 23 Wi-V) is 5.02 and &h4eeCN) is 143.94 in the same 

d e u ~ d  solvent- These values are also in agreement with the general region for 



= 2300 cm-1 in accordance with 7'-NCMe groups. The failure to observe v(CN) in the 

acetonitrile-substipilted complexes 2.3,2.PC, 2.15 is believed to be indicative of a 

weak absorption band. Other examples of 3'-bonded nitrile complexes with weak or 

unobserved v ( o  absorptions have been do~umented.~6 

Interestingly, IR spectra obtained during the synthesis of the acetonitrile 

aryldiazenido complexes, recorded immediately after the addition of Me,NO, exhibited a 

weak band at 2341 cm-1. However, this band was assigned not to the coordinated MeCN 

but to the antisymmetric stretch of carbon dioxide formed during the synthesis, since 

Me3N0 acts as a decarbonylating agent and removes CO from the rhenium complex as 

CO,. This assignment was c o d m e d  by bubbling C02(g) through acetonitrile for 5 min 

and then recording an IR spectrum of the resulting solution. 

2.3.2. Carbony1 Phosphine and Phosphite Complexes 

The mono-acetonitrile complex has proven to be a useful precursor to derivatives 

where the acetonitrile is substituted by another ligand. For example, MeLi reacts with 

2.3 to give the neutral methyl complex Cp*Re(CO)(CH3)@-N,C6H40Me).61 In much the 

same manner, phosphines or phosphites displace the acetonitrile ligand to give the 

corresponding cationic complexes of formula [Cp*Re(CO)(PR3)@-N2C6H40Me)][B&] 

(2.4-2.9) (Equation 2.1) which are otherwise inaccessible from the dicarbonyl cation 2.2 

directly. 

For example, an attempt to synthesize the triphenylphosphine complex 2.6 by direct 

reaction of 22 with an excess of PPfs, in acetone was ullsuccessful.61 The only 



organometallic product isolated was the dicarbonyl triphenylphosphine complex 

Cp*Re(CO)2(PPh3).67 This result suggests that an ancillary ligand, such as MeCN or 

THF, which is more labile than the aryldiazenido substituent, is necessary to obtain the 

phosphine or Ejnosphite complexes 2.4-2.9. Without such a labile ligand, addition of 

PPh, to the dicarbonyl complex 2.2 results not in the labilization of a CO group to give 

2.6 but the labilization of the aryldiazenido ligand and the subsequent formation of 

Cp*Re(CO),(PPh,). Furthermore, the addition of PMe, to a solution of 2.2 in acetone 

did not give the desired trimethylphosphine complex 2.4, nor the dicarbonyl 

trimethylphosphine complex Cp*Re(CO),(PMe,) (based on the previous reaction using 

PPh,) but instead the dicarbonyl dinitrogen complex Cp*Re(CO),(N), (4.2) was 

produced (see Chapter 4 Experimental). 

In the syntheses conducted for the present study the time required for substitution 

of the acetonitrile by the respective phosphine or phosphite differed appreciably, with 

PMe, requiring less than an hour to complete the reaction, PEt, less than two hours, 

P(OMe),, PCage, and PCy, 4 hours and PPh3 24 hours. In all cases a 10-fold 

stoichiometric excess of the phosphorus group was added and the reaction was monitored 

by ;R spectroscopy. While no detailed kinetic analysis has been undertaken, this 

dependence on the phosphine argues against a dissociative mechanism. (Note: this 

phosphine dependence is also consistent with an in solvent cage dissociative mechanism). 

More probably, the substitution reaction may proceed in a concerted fashion, where the 

Re-P bond is made as the Re-NCMe bond is broken, resulting in a crowded intermediate. 

If one considers the electronic and steric properties of these phosphorus ligands, as 

quantified by T0lrnan,6~ the time required to complete these substitution reactions can be 

understood. That is, PM% is a very good nucleophile and has a relatively small cone 

angle (small steric effect) and thus substitution of the acetonitrile ligand proceeds 

rapidly; PEt, is an equalfy good nucleophile but has a larger cone angle and thus the 



substitution reaction is slower; P(OMe), and PCage are the poorest nucleophiles but have 

the smallest cone angles while PCy, is the best nucleophi!e but has the largest cone angle 

and this competing subtle interplay of electronic and steric effects results in an overall 

longer time to complete the substitution reaction. The substitution reaction is slowest for 

the PPh, ligand since it is a moderate nucleophile but it has a large cone angle. 

The relative electronic properties of the phosphorus ligands (0-donor or z- 

acceptor abilities) are revealed by changes in v(C0) (Table 2.2). The greater the o-donor 

(or poorer the .n-acceptor) ability of the phosphorus ligand, the higher the degree of 

charge delocalization into the carbonyl antibonding orbitals and the lower the v(C0). 

For example, the values for v(C0) follow the order PCage > P(OMe), > PPh, > PMe, = 

PEt, 3 PCy, which correeiates with increasing G-donor ability of the phosphorus ligand. 

The values for v(bTP4) (Table 2.2) follow a similar order to those for v(C0) but are not as 

pronounced owing to the better z-acceptor properties of the CO group compared with the 

aryldiazenido ~ubstituent.~ga These results corroborate the electronic properties assigned 

to these ligands by Tolman68 and also support the discussion presented previously dealing 

with the rate of acetonitrile substitution by these phosphorus groups. 

The downfield shift of the carbonyl carbon resonance when one of the carbonyl 

ligands in [Cp*Re(CO),@-N,C,H40Me)]If3F4] (2.2) was replaced by either a phosphine 

or a phosphite group is once again attributed to the electronic properties of these 

phosphorus ligands. An increase in the electron donating ability of a ligand, as is 

achieved by substituting a CO group with PR,, causes an increase of electron density at 

the metal center which in turn leads to greater metal d-z*(CO) backbnding. It was 

rationatized that this effect then results in a decrease in the magnitude of the separation 

(AE) between the electronic ground state and the lowest lying excited state, leading to an 

increase in the local paramagnetic term (ap) which, in turn, increases the deshielding 



contribution to the chemical shift. In the case of 13C nuclei, op is believed to be the 

major contributor to the chemical shift.@. 70 

2.33. Bis(phosphorus-Iigand) Complexes 

The bis-acetonitrile complexes are valuable for the synthesis of derivatives in 

which both acetonitrile ligands are substituted by other ligands. The cationic 

bis(phosphoms-ligand) complexes [Cp*Re(PR,),@-N2C,H40Me)]pF4] (PR, = PMe, 

(MI),  PEt, (2.12), or P(OMe), (2.14)), [Cp*Re(PMe,)2(N2C6H5)]pF,] (2.17), and the 

bidentate phosphine complex [Cp*Re(dmpe)@-N2C6H40Me)][BF4] (2.13) were prepared 

at room temperature by addition of a 10-fold stoichiometric excess of the corresponding 

phosphine or phospbite group directly to a solution of 2.10 or 2.16 (Equation 2.2). 

Attempts to synthesize other bis-phosphine complexes (i-e., where PR, = PPh, or 

PCy,) by using the same method were not successful. It is believed that this lack of 

success may be attributed to the large cone angles of these phosphine ligands which make 

coordination of both phosphines not sterically feasible. of complexes 2.11- 

2.14 and 2.17 proved to be very diff~cult due to their tendency to oil out of solution upon 

attempted recrystallintion. This problem was eventually overcome by slow 

recrystallization by layering &ethyl ether over a solution of the particular complex in a 

minimum amount of acetone at low temperature (ca. 263 K). 



The time required for substitution of both acetonitrile ligands by the phosphorus 

ligands differed greatly, with PMe3 and dmpe requiring less than 24 hours to complete 

the reaction, whereas PEt, required 48 hours and P(OMe)3 needed nearly 72 hours. 

These results further corroborate the discussion presented in the previous section for the 

carbonyl phosphine and phosphite complexes, which inferred that the rate of acetonitrile 

substitution by these phosphorus ligands was dependent on their electronic and steric 

properties. IR spectra obtained during the synthesis of 2.11 and 2.14 showed a direct 

conversion from the bis-acetonitrile complex 2.18 to the corresponding bis(phosphorus- 

ligand) complexes as evidenced by the loss of v(NN + CC) for 2.10 and the concomitant 

growth of the corresponding v(NN + CC) for 2.11 or 2.14. No IR absorption 

corresponding to the formation of an observable reaction intermediate such as 

[Cp*Re(PR,)(NCMe)@-N2C6H40Me)]@F,] was found. Attempts to shorten these 

reaction times by employing higher temperatures (i-e., refluxing in acetone) were not 

successful but instead lead to the decomposition of 2.10 with no formation of 2.11 or 

2.14. 

As with the bis-acetonitrile complexes 2.10 and 2.16, the magnitude of the shifts 

due to l*N isotopic labeling in 2.11,2.14, and 2.17 were smaller than expected (Table 

2.3). The reason once again manifests itself in the IR bands assigned to v(CC) of the 

aromatic ring of the aryldiazenido ligand. For unlabeled 2.11, v(NN) is 1624 cm-1 and 

v(CC) are 1591 and 1570 cm-l respectively. The labeled complex exhibited an isotopic 

shift to 161 1 cm-l for VO and a shift to 1580 and 1559 cm-I for v(CC). Similar 

isotopic shifts for v o  and vfCC) were observed for 2.14 and 2S7 in going from the 

unlabeled to the 1% labeled complex, regardless of whether the 1% label was at N, or Np 



The concept of virtual coupling has been well documented in the literature for 

square planar complexes containing two phosphine l i g a n d ~ ~ l  Thus, it is chemically 

intuitive that virtual couplings should also manifest themselves in bis(phosphorus-ligand) 

complexes having a half-sandwich piano-stool type geometry. This has been shown to 

be the case, for example, for C~*RU(PM~,) ,C~~~ and for trans-CpRe(PMe,),(Ph)H.73 

For the former complex, the lH and 13C{lH) NMR spectra show a virtual triplet while a 

virtual doublet is seen for the latter complex for the PMe, protons or carbons 

respectively. 

It was first shown by Musher and  core^^^ that the virtual coupling pattern is 

dependent on the stren,(rth of the phosphorus-phosphorus coupling. That is, a small P-P 

coupling gives rise to a virtual doublet while a large P-P coupling results in a virtual 

triplet. Using a square planar complex of palladium, trans-PdI,(PMe,Ph),, Jenkins and 

Shaw75 showed that the methyl resonance appeared as a virtual triplet while in the cis 

complex the methyl resonance was observed as a virtual doublet. It was suggested that 

these results were obtained because Jp-p (tmm) > Jp-p   is).^^ It is of interest to note that 

complexes 2-11,2-14, and 217  give rise to both extremes of virtual coupling. 

Complexes 2.11 and 2.17 exhibit an NMR resonance which is a virtual doublet for the 

PMe, fig- while complex 2.14 shows a virtual triplet for P(OMe)3. As follows from 

the preceding discussion, this result suggests that the P-P coupling between the two 

P(OMe), ligands is larger than the P-P coupling between the two PMe3 ligands. Without 

any structural information, and thus with caution, I suggest that this result may provide 

stereochemical inforination with respect to the relative orientations of the phosphorus 

ligands. Thus, it is suggested that the P-Re-P bond angle in 2.11 and 2.17 approaches 

90" (comcpondhg trr the phosphoms mugement in Jenkins and Shaw's cis square 

planar coqlex) wbile the P-Re-P bond angle in 214 m y  o p  lap to an m@e 

significantly larger than 90". 



2.4. Conciusion 

In this chapter, a series of catioaic carbonyl phosphine and phosphite 

aryldiazenido complexes of the type [CpXRe(CO)(PR,)(p-N2C6H40Me)]pF,] (PR, = 

PMe, (2.4), PE% (2.9, PPh, (2.6), PCy, (2.7), P(OMe), (2.8), or PCage (2.9)) were 

synthesized from the cationic acetonitrile complex [Cp*Re(CO)(NCMe)(p- 

N2C6H40Me)]pFd (2.3) and the appropriate phosphine or phosphite group. 

Furthermore, the cationic bis(phosphorus-ligand) aryldiazenido complexes 

[Cp*Re(PR3)2(N2A4r)]fBF4J ((a) Ar = p-C,H40Me; PR, = PMe, (2.11), PEt, (2.12), or 

P(OMe), (2.14) and (b) Ar = C6&; PR, = PMe, (2.17)) and the cationic bidentate 

phosphine aryldiazenido complex [CpXRe(dmpe)@-N,C6H,0Me)][BF4] (2..13) were also 

prepared from the corresponding bis-acetonitrile complexes 

[Cp*Re(NCMe),(N2Ar)J[BFJ (Ar = p-C6H40Me (2.10) or C6H5 (2.16)). In d l  cases, 

these complexes were spectroscopically and analytically characterized and their chemical 

properties were also descn'bed. 

25.1. General Methods 

All manipulations were performed under nitrogen or argon by using standard 

Schlenk, drybox, or vacuum h e  techniques unless stated otherwise. Drybox 

manipulations were carried out in a nitrogen faed Vacuum Atmospheres HE-493 Dri- 

Lab with attached Dri-Train. 

Acetone* (Lwtec Inc.) and CDC13 (Isotec) were used as solvents for the NMR 

work, AII NMlX data wae  recorded at ambient temperaatres on a Bruker AMX 400 

instnunent at an operating frequency of 400,162, and I 0 0  MHz for lH, 3lP, and 13C 

n d e i  fespectively. lH and '3e NMR chemical shifts are reported in ppm downfield 



(positive) of tetrarnethylsilane. 31P NMR chemical shifts are referenced to external 85% 

H,PO,. The terms "virtual doublet" or "virtual triplet" refer to the non-first-order 

mukiplets which are seen in some of the IH and 13C{lH) NMR spectra; the apparent 

coupling constant is given by the separation between the two outside peaks. 

Infrared spectra were measured by using a Bomem Michelson model 120 FT-IR 

instrument, usually as solutions in CaF, cells (0.1 mm). The IR spectra of the 15N 

labeled complexes were obtained for 99% 15N isotopically enriched samples. 

Photochemical reactions of CpRe(CO), and Cp*Re(CO), were carried out in a 

quartz vessel (100 mL) at atmospheric pressure and a temperature of 273 K. A 200 watt 

Hanovia high pressure mercury lamp was used as the UV source. Nitrogen was passed 

through the reaction vessel prior to the introduction of the solvent and starting materials, 

and slow passage of nitrogen was maintained during the photolysis. All solutions were 

subjected to a freeze-pumpthaw cycle (2 times) prior to photolysis. 

Melting points were determined with a Fisher-Johns melting point apparatus and 

are uncorrected. Mass spectra were obtained with a Hewlett-Packard Model 5985 mass 

spectrometer equipped with a fast atom bombardment source (FAB; Phrasor Scientific 

Inc. accessory, rn-nitrobenzyl alcohol, xenon). Masses are quoted for the '*'Re isotope. 

Microanalyses were performed by the Simon Fraser University Microanalytical 

Laboratory. 

Tetrahydrofuran and diethyl ether were distilled from sodium benzophenone 

ketyl. Hexane was distilled from sodium wire. Acetone was distilled from calcium 

sulfate. Dichlorometbane and acetonitrile were distilled from calcium hydride. All 

solvents were distilled under nitrogen and used immediately. 

Trimethylphosphine (Strem Chemical Co.), triethyfphosphine (Aldrich Chemical 

Co.), triphenylphosphine (BDH Chemicals Ltd.), tricyclohexylphosphine (Strem), 1,2- 

bis(dimethylphosphin~)ethane (Strem), and trimethylphosphite (Alfa Products, Ventron 



Division) were used as purchased and were stored under nitrogen and in the dark. The 

caged phosphite P(OCH&Me (PCage) was synthesized by the published method77 and 

sublimed twice at room temperature immediately before use. Iodosobenzene was 

prepared from iodosobenzenediacetate (Aldrich) by the published method7* arid was 

stored in the refrigerator. Trimethylarnine N-oxide (Aldrich) was used as purchased and 

was stored under nitrogen. CpRe(CO), was synthesized by the published meth0d.~9 

Cp*Re(CO), was synthesized from Re,(CO),, (Strem) by reaction with 

pentarnethylcyclopentadiene (Strem) The diazonium salts, BJ'?@fl BFJ 

were prepared by diazotization of aniline (Aldrich) or p-anisidine (Fisher Scientific Co.) 

with NaNO, (BDH)*O and were recrystallized from acetone-diethyl ether. The 15N 

isotopic label was introduced at N, using NalSNO, (99% l5N; MSD Isotopes hc.) or at 

Np using lSNH,C6H5 (99% 15N; Stohler Isotopes Inc.). 

2.5.2, Syntheses 

Details have been given in previous publications of the preparation and 

characterization of [CplRe(CO),(p-N2C6H,0Me)] [BF,] (Cp' = Cp (2.1)569 or Cp * 
(2.2)57) and the acetonitrile complex [Cp*Re(CO)(NCMe)(p-N2C6H40Me)]@F,] 

(2.3).5*1 59 The methods used to prepare these materials in this study were modified. The 

characterizing spectroscopic data obtained were essentially identical, and additional data 

have been obtained for some of the complexes. Details for these complexes are included 

in this chapter for completeness, and as a reference for the new chemistry exhibited by 

these complexes, which is presented in the following chapters. 

The reasons for the preparation of the bis-trimethylphosphine complex 2.17, 

along with its precursors the dicafbOny1 complex 2.15 and the bis-acetonitrile complex 

2-36, were twofold: (i) to compare their chemistry to their p -0Me substituted analogs 

and (ii) more importantly, to develop a method by which the 15N isotopic label could be 
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introduced at the terminal nitrogen atom (Np) of the aryldiazenido complex. The 

importance of the 15N isotopic label at Np is demonstrated in Chapter 6. 

Preparation of [CpRe(CO)2(p-N2C,H40Me)]~F,] (2.1) and (2.1-15Na). A 

solution of CpRe(CO), (200 mg, 0.597 mmol) in freshly distilled THF (100 mL) was 

irradiated for 45 min to give a yellow-brown solution. After this time, an IR spectrum of 

the solution showed a conversion to the THF complex CpRe(CO),(THF) in excess of 

80%. This solution was then added directly to a stirred solution of [p-N2C6H40Me][BF4] 

or Zp-W14NC,H40LMe]~F4] (105 mg, 0.475 mmol) in acetone (5 mL). The resulting 

orange-brown solution was then stirred for an additional 30 min. The solution was then 

concentrated to ca. 10 mL by rotary evaporation and excess diethyl ether (60 mL) was 

added to precipitate the dicarbonyi complex. Supernatant solvent was removed by pipet 

and the remaining solid was washed with diethyl ether (3 times). Recrystallization from 

acetone-ether gave 2.1 or 2.1-132\7, as a salmon colored microcrystalline solid in 68% 

yield (2 14 mg, 0.406 mmol) based on the original c ~ R e ( C 0 ) ~ .  M.p.: 387-388 K. IR 

(CH,CI,): 2067,2008 cm-I v(C0); 1767 cm-1 v(NN) (1738 cm-1 for 15Na labeled 

complex). lH NMR (acetone-d,): 6 3.81 (s, 3H, OMe), 6.52 (s, 5H, Cp), 7.1 1 (d, 2H, 

C6H4), 7.40 (d, 2H, C,H& 13C{*H) NMR (acetone-d,): 6 56.61 (s, OMe), 96.26 (s, Cp), 

1 16-24, 1 17-18, 126.92, 164.88 (s, C6H4), 188.09 (s, CO). M.S. (FAB, m-nitrobenzyl 

alcohol, xenon): mlz 443 (M+ of cation), 359 (M+ - 2C0 - N,). Anal. Calcd: C ,  3 1.76; 

H, 2.27; N, 5.29. Found: C, 31.94; H, 2.30; N, 5.44. 

Preparation of [Cp*Re(CO),(p-N,C,H40Me)]@Fd (2.2) and (2.2-W,). A 

solution of Cp*Re(CO), (200 mg, 0.494 mmol) in freshly distiIled THF (100 mL) was 

irradiated for 90 min to give a yellow-brown solution. An IR spectrum of this solution 

showed a conversion to the THF complex C p * R e ( C O ) , o  in excess of 60%. This 

soiution was then &ded dinxdy to a a t 3  soiution of ~ - N 6 e F  or 



[p-1SN14NC6H,0Me][BF,] (65 mg, 0.29 mrnol) in acetone (5 rnL). The resulting red- 

brown solution was then stirred for an additional 30 min. The solution was then purified 

following a similar procedure to that used for complex 2.1. Recrystallization from 

acetone-ether gave 2.2 or 2.2-15N, as a maroon colored microcrystalline solid in 56% 

yield (1 66 mg, 0.277 mmol) based on the original Cp*Re(CO),. M.p.: 407-409 K. IR 

(CH2C12): 2054, 1998 cm-I v(C0); 1732 cm-I v(NN) (1708 cm-I for 15N, labeled 

complex). lH NMR (acetone-d,): 6 2.37 (s, 15H, Cp*), 3.84 (s, 3H, OMe), 7.15 (d, 2H, 

C6H4), 7.50 (d, 2H, C6H4). I3C{ lH} NMR (acetone-d,): 6 10.32 (s, C-4, 56.32 (s, 

OMe), 109.47 (s, G5Me5), 116.10, 116.81, 126.09, 164.12 (s, C,H,), 190.22 (s, CO). 

MS.  (FAl3, m-nitrobenzyl alcohol, xenon): mlz 513 (M+ of cation), 429 (M+ - 2C0 - 

N2), 378 (M' - rY',C6f-f,oihk). Anal. Cakd: C, 38.06; X, 3.67; N, 4.67. Found: C, 

37.93; H, 3.80; N, 4.84. 

Preparation of [Cp*Re(CO)(NCMe)(p-N2C6H40Me)][BFJ (2.3) and 

(2.3-15Nff). An approximate 20% stoichiometric excess of iodosobenzene (or a 

stoichiometric amount of trimethylamine N-oxide). was added as a solid to a stirred 

solution of 2.2 or 2.2-15N, (100 mg, 0.167 mmol) in freshly distilled MeCN (5 mL). 

(Note: avoid adding a large excess of iodosobenzene since this leads to decomposition of 

the acetonitrile complex once it is formed). After 30 min all the dicarbonyl complex had 

reacted to produce the aceto-nitrile complex as monitored by IR spectroscopy. The 

solution was then filtered through Celite to remove the undissolved iodosobenzene. 

Removal of solvent under vacuum gave a red, oily product which was washed with 

diethyl ether (3 times). Recrystallization from acetone-ether gave 2.3 or 2.3-15N, as an 

orange microcrystalline sotid in 88% yield (90 mg, 0.15 m o l ) .  M.p.: 338-340 K with 

decomposition. iR (CM2Ci2): I859 ern-' v(C0); 16% cm-I v@N) (I 637 cm-I for 15N, 

iwed compiexj. ?H N M R  (acetone-Q: 6 2.15 (s, 15E, Q*j, 3. i 3 (s, 3H, MeCB), 

3-88 (s, 3H, OMe), 7.05) (d, 2% C6H$, 7.26 (d, 2H, C6HJ. 13C11H) NMR (acetone-d,): 



6 5.02 (s, AWN), 10.17 (s, C a 5 ) ,  56.18 (s, OMe), 106.85 (s, C5Me5), 116.43, 122.17, 

123 -28, 16 1.82 (s, C6H4), 143.94 (s, Mem), 196.39 (s, CO). M.S. (FAB, rn-nitrobenzyl 

alcohol, xenon): d z  526 (Mi of cation), 485 (Mi - MeCN). Anal. Calcd: C, 39.22; H, 

4.11; N, 6.86. Found: C ,  38.96; H, 3.92; N, 6.77. 

Preparation of [Cp*Re(CO)(PM%)@-N2C6H40Me)]pF4] (2.4) and 

(2.4-W,). A 10-fold stoichiometric excess of PMe, was added by syringe to a stirred 

solution of the acetonitrile complex 2.3 or 2.3-15Na (100 mg, 0.163 rnmol) in acetone (5  

mL). An IR spectrum recorded after 1 h indicated that the reaction was complete. No 

apparent color change w s  noted. The solvent was removed by vacuum and the 

remaining oily, orange product was solidified by washing with diethyl ether (3 times). 

Recrystallization from acetone-ether gave 2.4 or 2.4-l?Na as a orange-brown solid in 

80% yield (84 mg, 0.13 mrnol). M.p.: 442-444 K. IR (CH2C12): 1950 cm-I v(C0); 

1678 cm-I v(NN) (1643 cm-I for 15N, labeled complex). 'H NMR (acetone-d,): 6 1.97 

(d, 9H, PMe,, JKp = 10.6 Hz), 2.28 (d, 1 5H, Cp*, Jsp = 0.5 Hz), 3.88 (s, 3H, OMe), 7.1 6 

(d, 2H, C,H,), 7.35 (d, 2H, C6H4). 13C{lH) NMR (acetone-d,): 6 10.83 (s, C&&), 

18.48 (d, PMe,, Jc-, = 39 Hz), 56.02 (s, OMe), 106.7 1 (s, c5Me5), 1 16.63, 120.09, 

122.91, 162.32 (s, C6H4), 202.59 (d, CC, JcWp = 12 Hz). 3P{lH) NMR (acetone-d,): 

6 -28.23 (s, PMe,). M.S. (FAB, m-nitrobenzyl alcohol, xenon): mlz 561 (Mi of cation), 

426 (M+ - N2C6H,0Me). Anal. Calcd: C, 38.95; fl, 4.79; N, 4.33. Found: C, 39.04; H, 

4.94; N, 4.30. 

Preparation of fCp*Re(CB)(PEh)@-N2C6H40Me)]pFJ (2.5). This complex 

was prepared in a similar manner to that of complex 2.4. The only change made to the 

procedure was that upon addition of excess PEh, by syringe, the solution was stirred for 

2 h in order to complete the reaction. After recrystallizzitioa from aeetoi~e-ether, the 

phosphin_e complex 2 5  was ~ b t a k d  in 83% yield (93 mg, 0.14 _mm-o1) as a ormge- 

brown solid. M-p.: 421-423 K. IR (CH2CI2): 1948 cm-1 v(C0); 1680 cm-1 v(NN). 1H 



NMR (acetone-d,): 6 1.16 (dt, 9H, P(CH,CB3),, JH-, = 17.6 Hz, JHmP = 7.6 Hz), 2.19 (m, 

6H, P(CH2CH3),), 2.27 (s, 15H, Cp*), 3.88 (s, 3H, OMe), 7.18 (d, 2H, C6H,), 7.36 (d, 

2H, C6H4). 13C{lH) NMR (acetone-d6): 6 7.98 (s, P(CH2CH3),), 10.70 (s, C&4, 

19.75 (d, P(_CH,CH,),, JC-, = 35 Hz), 56.04 (s, OMe), 106.92 (s, c5Me5), 1 16-24, 120.10, 

123.32, 162.80 (s, C6H& 203.32 (d, CO, Jc-, = 11 Hz). 31P{1H) NMR (acetone-d6): 

6 6.60 (s, PEt,). M.S. (FA% rn-nitrobenzyl alcohol, xenon): m h  603 (M+ of cation). 

Anal. Calcd: C, 41.80; H, 5.41; N,4.06. Found: C,41.51; H, 5.55; N, 3.77. 

Preparation of [Cp*Re(CO)(PPh,)(p-N2C6H40Me)]mFa (2.6). This complex 

was prepared in a similar manner to that of complex 2.4. The only change made to the 

procedure was that upon addition of excess PPh,, as a solid, the solution was stirred for 

24 h in order to coq1ete the reaction. After recrystallization from acetone-ether, the 

phosphine complex 2.6 was obtained in 74% yield (100 mg, 0.121 mmol) as an orange- 

brown solid. M.p.: 489-491 K. IR (CH2Cl,): 1956 cm-l v(C0); 1682 cm-I v(NN). 'H 

NMR (acetone-d,): 6 2.03 (s, 15H, Cp*), 3.87 (s, 3H, OMe), 7.1 1 (d, 2H, C6H4), 7.25 

(d, 2H, C6H4), 7.42-7.53 (m, 15H, PPh,). 13C{lH) NMR (acetone-&): 6 10.04 (s, 

C a 5 ) ,  56-02 (s, OMe), f 07-30 (s, C,Me,), 1 16.07, 1 19.22, 123.89, 162.75 (s, C6H4), 

128.7 1 (d, PPh,, Jc-p = 12 Hz), 129.41 (d, PPh,, Jc-p = 1 1 Hz), 132.16 (s, PPh,), 133.85 

(d, PPh,, Jcq = 24 Hz), 202.67 (d, CO, J, = 9 Hz). 31P{lH) NMR (acetone-d,): 

6 16.22 (s, PPh,). MS. (FA6 n-nitrobenzyl alcohol, xenon): m/z 747 (M+ of cation). 

Anal. Calcd: C, 51.8'7;H,4.47;N, 3.36. Found: C, 51,42;HY4.1Y; N, 3.44. 

Preparation uf ~~p*~~c~)(PCy~(p=N2C6H40Me)]fBFs] (2.7). This complex 

was prepared in a s S a r  manner to &at of complex 2.4. The only change made to the 

procedure was that npon addition of excess PCy,, as a solid, the solution was stirred for 4 

b ~ d e r  to cmplete &C reaction. m"ry~tdfizati~a h m  acctoi~e-etfier, the 

phospb cmqdex 3-7 qlrs &&ed h 6% yield (96 s g ,  0.1 1 ?~L=o!) an m g s -  

brown solid M-p.: 384-386 K IR (CH2Ci2,: 1925 cm-I v(C0); 1626 cm-I v o .  lH 



NMR (acetone-d,): 6 1 A1 and 1-84 (both multiplets, 33H, PCy,), 2.24 (s, 15H, Cp*), 

3.89 is, 3H, OMe j, 7-19 (4 2H, C,H, j, 7.34 jd, 2H, C,H,). "C{ iH j wMR (acetone-d,): 

6 10.78 (s, C5&5),26-62 (s,  PCy3), 27.5 1 (d, PCy,, Jcp = 10 HZ), 3 1 -43 (d, PCy3, JC, = 

3 Hz), 32.33 (d, PCy,, Jc-, = 2 1 Hz), 56.09 (s, OMe), 107.52 (s, SMe,), 1 16.29, l2O.24, 

123.57, 162.87 (s, C6H4), 203.62 (d, CO, Jeep = 7 HZ). 3'P('H) NMR (acetone-d6): 

6 23.23 (s ,  PCy,). MS.  (FB, m-nitrobemy1 alcohol, xenon): m/z 765 (M+ of cation). 

And. Calcd: C, 50.76; IZ, 6.51; N, 3.29. Found: C, 50.49;H, 6.47; N, 3.19. 

Prepamtien of f~p*Re(CO~P(O~e)3)0,-N2C6H40~e)]@F4] (2.8) and 

(2.8-I%). This complex was prepared in a similar manner to that of complex 2.4. The 

only change made to the procedure was that upon addition of excess P(OMe)3, by 

syringe, the solution was stirred for 4 h in order to complete the reaction. After 

recrystallization from acetone-ether, the phosphite complex 2.8 or 2.8-15Na was obtained 

in 73% yield (83 mg, 0.12 -01) as an orange-brown solid. M.p.: 377-379 K. IR 

(CH,Cl,): 1966 crn-1 v(C0) 169 1 cm-1 v o  (1 648 cm-1 for 1537, labeled complex). 

IH NMR (acetone-d,): 6 2.27 (d, I 5H, Cp*, Jw = 0.7 HZ), 3.89 (d, 9H, P(OMe),, JH-p = 

12.1 Hz), 3.89 is, 3H, OMe>, 7.18 (4 2H, C6H4), 7.40 (d, 2fI, C,fi[,). ?%(%I) NMR 

(xetone-d,): 6 12.17 (s, C&k5), 56.50 (d, P(OMe),, JC-, = 6 Hz), 57.8 1 (s, OMe), 

108.80 (s, &Me,), f 17.57, 120.54, f 25-25, 164.40 (s, C6H4), 201.08 (d, CO, JCq = 17 

Hz). 31P(1H) iVPV1R (itcetone-d& 6 1 1035 (s, P(OMe),). M.S. (FAB, m-nitrobenzyl 

alcohol, xenon): mlz 409 (Mi of cation). Anal. Calcd: C, 36.26; H, 4.46; N, 4.03. 

Found: C, 36.20; H, 4.66; N, 3.86. 

Preparafbn of jCpsRdCO)@(OCH3,CMe](p-N2C6H40Me)] @F4] (2.9). 

This complex was prepared in a similar manner to that of complex 2.4. The only change 

made to the procedure was that upon addition of excess P(OCH&CMe, as a solid, the 

solution was stirred for 4 h in order to complete the reaction. After recrystallization from 

acetone-ether, the phosphite complex 29 was obtained in 76% yield (89 mg, 0.12 mmol) 



as an orange-brown solid. M.p.: 43G-432 K. IR (CH2C12): 1982 cm-1 v(C0); 1701 cm-I 

v(1N). 'H HMR (acetone-@ 6 0.94 {s ,  3H, P(OCfI,),C&), 2.27 (d, 15H, Cp*, J,-, = 

0.9 Hz), 3.89 (s, 3HI OMe), 4.65 (d, 6H, P(OCH,),CMe, J, = 5.0 Hz), 7.17 (d, 2H, 

C6H4), 7.42 (d, 2H, C6H4)- I3C { 'HI NMR (acetone-d,): 6 10.29 (s, C&4e5), 14.62 (s, 

P(OCH9,C&33), 33.94 (s, P(OCH,)&Me), 56.14 (s, OMe), 78.37 (d, P(OGH,),CMe, JGp 

= 6 Hz), 107.75 (s, C,Me,), 116.43, 118.92, 124.58, 163.19 (s, C6H4), 198.10 (d, CO, 

Jc-p == 21 Hz). 31P(1H) NMR (acetone-d,): 6 104.40 (s, P(OCH,),CMe). M.S. (FAB, m- 

nitrobenay1 alcof?ol, xenon): rnlz 633 (M" of cation). Anal. Cdcd: C, 38.40; H, 4.34; 

N, 3.89. Found: C, 38.11;H,4.25;N, 3.61. 

Preparation of [Cp*Re(NCMe),(p-N2C6H40Me)]wFJ (2.10) and 

(2.10-1Wa). Twice the stoicfiiometric amount of trimethylamine N-oxide was added as a 

solid to a stirred solution of 2.2 or 2.21%, (100 mg, 0.167 mmol) in freshly distilled 

rZteCN (5 mL). (Note: avoid adding a large excess of trimethylamine N-oxide since this 

lea& to decomposition of the bis-acetonitrile complex once it is formed). After 30 min 

a l l  the dicarbonyl complex had r ~ e d  to produce the bis-acetonitrile comple,x as 

monitored by IR spectroscopy. Removal of solvent under vacuum gave a red, oily 

product which was solidified by washing with diethyl ether (3 times) and dried under 

vacuum for two days to give 2.10 or 2.10-15 as a red-orange solid in 78% yield (8 1 

mg, 0.13 mmol). M-p.: 334-336 K with decomposition. IR (ma): 161 8, 1588 em-' 

v(NN + CC) (1607,1578 cm-1 for 1% labeled complex). 1H NMR (acetone-d,): 

6 1-94 (s, 15H, Cp*), 3.15 {s, a, M m ,  3.83 (s, 3H, OMe), 6.91 (d, 2H, C6H4), 7.07 

(4 2H, lT( fH)  NfMR (-one-d6): 6 4.34 (s, &CN), 9.28 (s, C,Me5), 55.53 (s, 

ONe], f 02-86 (s, c5Me5), r4.46, 12a.39,123.73, 159.1 1 (s, C6H& 139.65 (s, M e m ) .  

MS- (FAB, m-nitrobenzyl alcohol, xenon): mlz 539 (M+ of cation), 498 @A+ - MeCN). 

And. CaIcd: C, 40.33; H, 4.51; N, 8.36. Found: C, 39.84; H, 4.55; N, 8.77. 



Preparation of [Cp*Re(PM%),(g-N2C6H40Me)]DFJ (2.11) and (2.11-15Na). 

A l5fold stoichiometric excess of PMe, - was added by syringe to a stirred solution of the 

bis-acetonitrile complex 2.10 or 2.10-f5Wa (100 mg, 0.160 mmol) in acetone (5 mL). An 

IR spectrum recorded after 24 h indicated that the reaction was complete. No apparent 

color change was noted. The solvent was removed by vacuum and the remaining oily, 

red-orange product was solidified by washing with diethyl ether (3 times). 

Recrystallization from acetone-ether gave 2.11 or 2.11-l?Na as a red-orange solid in 72% 

yield (80 mg, 0.12 mmol). M-p.: 4 14-4 16 K. IR (CH2C12): 1624, 159 1, 1570 cm-1 

v(NhT + CC) j 16 1 1,1580,1559 cm-1 for '5Na labeled complex). 1H NMR 

(acetone-d,): 6 1.77 (virtual doublet, 18H, PMe,, J,, = 9.0 Hz), 2.1 1 (s, 15H, Cp*), 3.79 

(s, 3H, OMej, 7.03 (s, 4H, C$3,). IH h'MR (CDCI,): 6 1.73 (virtual doublet, 18H, 

PMe,, J,, = 9.0 Hz), 2.06 (s, 15H, Cp*), 3.83 js, 3H, OMe), 6.92 (d, 4H, C6H4). 

13C{ IH) NMR (acetone+&): 6 1 1-65 (s, C&&). 2 1.66 (virtual doublet, PMe,, J,, = 37 

Hz), 55.98 (s, OMe), 102.81 (s, G5Me5), 1 15-10, 1 19.54, 122.83, 159.52 (s, C6H4). 

3T(1H) EuTMI (acetone+: 6 -43.28 (s, Pkle,). M.S. (FAB, m-nitrobenzyl alcohol, 

xenon): m/z 609 (M" of cation), 533 (M+ - PMe,). Anal. Calcd: C, 39.72; H, 5.80; N, 

4.03. Found: C, 39.56; H, 5.62; N, 4.09. 

Preparation of [@p*~e(P~)2(p-NtC6]t140Me)]fBF~ (2.12). This complex 

was prepared in a similar manner to complex 2.11. The only change made to the 

procedure was that u p n  addition of excess PEG, by syringe, the solution was stirred for 

48 b in order to complete the reaction. After recrystallization fiom acetone-ether 

complex 212 was obtained in 73% yield (91 mg, 0.12 m o l )  as a red-orange solid. 

M-p-: 421-422 K. IR (CH7C12>: - 'I 620 cm-1 v(lW + CC). IH NMR (acetone-Q: 

6 1-09  (m, 18H, P(CHtcff33,  f -33 (m, 12H, P (a2CH3),), 2.03 (s, 1Sf-f, Cp*), 3.81 (s, 

3H, OZd), 6.99 (d, 2& C&, 7.17 (d, 2R C6f3[4). '%(IH) (acetone+: 8 10.88 



(s, P(CH2cH3)3)? 11-51 (s, C a 5 ) ,  22-15 (d, P(CH2CH3),, J, = 33 Hz), 56.01 (s, OMe), 

103.27 (s, C,Me,), 114.93, 1 i9.38, 122.91, 160.09 (s, C,H,). 3lP(fH) I'NMR 

(acetone-d,): 6 -7.68 (s, P E Q  M.S. (FAB, m-nitrobenzyl alcohol, xenon): mlz 693 

(Mi of cation), 575 (M* - P E Q  Anal. Calcd: C ,  44.67; H, 6.68; N, 3.59. Found: C, 

44.48; H, 6.63; N, 3.71. 

Prepitration of [Cp*Refdmpe)@-N,C,H40Me)][BFJ (2.13). This complex 

was prepared analogously to complex 2.11. Upon addition of excess dmpe, by syringe, 

the solution was stirred for 24 h in order to complete the reaction. After recrystallization 

from acetone-ether complex 2.13 was obtained in 77% yield (85 mg, 0.12 -01) as a 

red-orange solid. M-p.: 417-4 18 K. IR (CH,ClJ: 1622 cm-I v(NN + CC). 'H NMR 

(acetone-d,): 6 1.65 (d, 6H9 P&gCH2CH2&2P, - JH-, = 10.1 Hz), 1.78 (m, 43, 

PMt$E2C&Me2P), 1 -88 (d, 6H, P&2GH2CH2&2P, JH-, = 10.5 Hz), 2.15 (s, 15H, 

Cp*), 3.78 (s, 3H, OMe), 6.98 (d, 2H, C6H4), 7-04 (d, 2H, C6H4). 13C( lH) 

(acetone-d& 6 11.58 (s, C&&), 15.54 (d, PK&H2CH2$&2P, Jcp = 37 Hz), 20.57 (d, 

PKs$~~~CH,&~P,  Jc-p = 37 Hz), 33.16 (d, PMe2j_C2a2Me2P, Jc-, = 35 Hz), 56.37 (s, 

O m ) ,  103.46 (s, C,Med, - - 115-59, 1 16-08, 122.68, 160.34 (s, C6H4). 31P{lH) ?dMR 

(acetone-dd: 6 -46.76 (s, dmpe). MS. (FA.3, rn-nitrobenzyl alcohol, xenon): d z  607 

@It or" cation). Anal. Calcd: C, 39.83; H, 5.48; N, 4.04. Found: C, 39.52; H, 5.44; N, 

4.19. 

Reparation of [Cp*RdP(OMe)3)2(p-N2C6H40Me)][BFJ (2.14) and 

(2.142W$. This complex was prepared in a similar manner to complex 2.11. The only 

change made to the prOCe<flKe was that upon addition of excess P(OMe),, by syringe, the 

solution was stined for 72 h in order to complete the reaction. After recrystalkation 

&om ztcetone&r complex 214 or 214-15N, was obtained in 69% yield (87 mg, 0.1 1 

mmol) as a red-orange soli&. h4.p-: 386-388 K IR (CH,CIJ: 1640,1593,1572 cm-I 

v(NN + CC) (1624,1587, f 566 cm-1 for 1% labeled complex). 1H NMR 



(acetone-d,): 6 2.06 (s, 15H, Cp*), 3 -80 (virtual triplet, 1 8H, P(OMe),, Japp = 1 1.6 Hz), 

3.84 (s, 3H, OMe), 7.07 (d, 2H, C6H4), 7.24 (d, 2H, C,HJ. lH NMR (CDCI,): 6 1.96 (s, 

ISH, el?*), 3-69 (virtual triplet, 18H, P(OMe),, Japp = 11.6 HZ), 3.81 (s, 3H, OMe), 6.89 

(d, 2H, C6H& 7-08 (d 2H, C6H4). 13C{ 'H} NMR (acetone-d,): 6 1 1.67 (s, C$&), 

54.34 (virtual triplet, P(OMe),, Jq, = 41 Hz), 55.93 (s, OMe), 109.34 (s, c5Me,), 1 18.32, 

120.79, 126.3 1, 163.34 (s, C6H4). 3IP(lH) NMR (acetone-d,): 6 1 13.63 (s, P(OMe),). 

M.S. (FAB, m-nitrobenzyl alcohol, xenon): m/z 705 (M+ of cation). Anal. Calcd: C, 

34.90; H, 5.09; N, 3.54. Found: C, 34.81; H, 5.01; N, 3.47. 

Preparation of [Cp*Re(CO),~zC,H5)]fBFJ (2.15) and (2.15-Imp). This 

complex was prepared in a similar manner to complex 2.2. The only change made to the 

procedure was &at o c : ~ 2 ~ 6 2 ~ ] ~ & ]  or f14XWC,r-I,][BF4] (56 mg, 0.29 mmol) were used 

instead of the p-OMe diazonium salts. Recrystallization from acetone-ether gave 2.15 or 

2.15-15Ng as an orange colored microcrystalline solid in 59% yield (166 mg, 0.29 mmol) 

based on the original CP*R~(CO)~. M-p.: 425-427 K. IR (CH,CI,): 2056,2000 cm-I 

v(C0); 1736 cm-I VO (1716 cm-1 for labeled complex). 1H NMR (acetone-d,): 

6 2.48 (s, 15H, Cp*), 7.48 (m, 2H, C,%), 7.59 (m, 133, C,&), 7.71 (m, 2H, C6H4. 

13C{lH) NMR (a~ef0ne-Q: 6 10.27 (s, C.&&), 109.69 (s, &Me,), 124.47, 126.13, 

132.01,134.32 (s, C&), 189.62 (s, CO). M.S. (FAB, m-nitrobenzyl alcohol, xenon): 

d z  483 (M+ of cation), 455 (M+ - CO), 427 (M+ - 2CO). Anal. Calcd: C, 37.96; H, 

3.51;N, 4.92. Found: C ,  37.69; H, 3.43; N, 5.03. 

Preparation of [cp*Remae)2@C6H5)][BFJ (2.16) and (2.16-15Ng). 

Twice the stoichiometric amount of trimethylamine N-oxide was added as a solid to a 

stirred solution of 215 or 2.15-13Xp (100 mg, 0. I76 mmol) in freshly distilled MeCN (5 

mt). (Note: avoid adding a large excess of trimethylamine M-oxide since this leads to 

ciecomposition of the bis-aceionitrile complex once it is formed). After 60 min aif the 

dicarbonyl complex had reacted to produce the bis-acetonitrile complex as monitored by 



IR spectroscopy. Removal of solvent under vacuum gave a red, oily product which was 

solidified by washing with diethyl ether (3 times) and dried under vacuum for one day to 

give 2.16 or 2.16-13 as a red-orange solid in 73% yield (76 mg, 0.13 mmolj. M.p.: 

331-332 K with decomposition. IR (CH,Cl,): 1562,1485 crn-I v(NN + CC) (1548,1472 

cm-I for l5NP labeled complex). IH NMR (acetone-d,): 6 1.97 (s, 15H, Cp*), 3.29 (s, 

6H, M e w ,  7.10 (m, 2H, C6H5), 7.23 (m, 1H, C,H,), 7.37 (m, 211, C,H,). l3C{lH) 

NMR (acetone-$): 64.21 (s, &CN), 9.22 (s, C a 5 ) ,  102.98 (s, C5Me5), 122.67, 

124.33, 130.14, 132.47 (s, C6&), 140.07 (s, Mem). M.S. (Fm, rn-nitrobenzyl alcohol, 

xenon): m/z 509 (M* of cation), 468 (M+ - MeCN). Anal. Calcd: C, 40.34; H, 4.37; N, 

9.41. Found: C, 39.89; H, 4.70; N, 9.48. 

Preparation of [Cp*Re@Me3,@i2C,&)J~F (2.17) and (2.17-15Ng). A 10- 

fold stoichiometric excess of PMe3 was added by syringe to a stirred solution of the bis- 

acetonitde complex 2-16 or 2.16-l5NP (100 mg, 0.168 rnrnol) in acetone (5 mL). An IR 

spectrum recorded after 24 h indicated that the reaction was complete. No apparent color 

change was noted. The solvent was removed by vacuum and the remaining oily, red- 

orange product was soficWied by washing with diethyl ether (3 times). Recrystallization 

from acetone-ether gave 2.17 or 2.17-15Ng as a red-orange solid in 7846 yield (87 mg, 

0.13 mmol). M.p.: 410-41 1 K IR (CH2C1,): 1566,1485 cm-1 v(NN + CC) (1557,1476 

cm-I  for I5Np labeled complex). 1H NMR (acetone-d6): 6 3-78 (virtual doublet, 18H, 

PM%, J,, = 9.6 Hz), 2.12 (s, 15H, Cp*), 7.08 (m, 2H, C6H& 7.13 (m, lH, C6H4), 7.47 

fm, 2H, C6H& 31P(1H) NEvlR (axtone-d& 6 -42.41 (s, PMe,). M.S. w, m- 
nitrobenzyl alcohol, xenon): m/z 579 (M+ of cation), 503 (Mi - PMe& Anal. Calcd: C, 

39.70; H, 5.71; N, 4-21. Found: C, 39.38; H, 5.61; N, 4.31. 

Readon of [ ~ Q ~ ~ o ) 2 @ - ~ 2 C Q H 4 0 M e ) j ~ F J  @.Z) Wi* Mej3O h THF. 

A s~oichi01pleei.i~ af~lommt of ~ k H h y i d e  N-oxide was ~~ ars a d i d  to a s " t d  

solution of 2.2 in fr;eshly distilled THF (10 mL). An IR spectrum, recorded immediately 



after the addition, showed the complete disappearance of 2.2 and the presence of a broad, 

very strong absorption at 1921 crn-I and a broad, moderately intense absorption at 1618 

cm-I assigned to the TED? complex fCp*Re(CO)(THF)(p-N2C6H30Me)JfBF,] (2.18). N1 

attempts to isolate 2.18 were not successful. However, the addition of excess PMe, 

directly to the THF solution gave the PMe, complex [Cp*Re(CO)(PMe,)(p- 

hT,C6H40Me)]pF,] (2.4) as characterized by IR and 'H NMR spectroscopy, 

corroborating the assignment of 2-18. IR (THF): 192 1 cm-I v(C0); 16 18 cm-I v(NN). 

Furthermore, an IR spectrum recorded immediately after the addition of two equivalents 

of Me,NO to a THF solution (10 mL) of the &carbony1 complex 2.2 showed the total 

disappearance of 2-2 and the presence of a single, broad, moderately intense absorption at 

1576 cm-1 assigned to the bis-THF complex [Cp*Re(THF),@-N2C6H,0Me) J[BF,] 

(2.19). Complex 2.79 did not survive pmifkation. However, the addition of excess 

PMe, directly to the THF solution gave the bis-PMe, complex [Cp*Re(PM%)2Cp- 

N&H,OMe)f @F,J (2-11) as characterized by IR and IH NMR spectroscopy, supporting 

the assignment of 2.19. IR 0: 1576 cm-l v(NN). 



Investigittio~t of Stereochemical Son-rigidity of a 

Singly-bent Aryldiazenido Ligand 

3.1. Introductio~~ 

Exploratory synthesis and product characterization have dominated the first 

qttarter-century of research in transition metal aryldiazenido (MNWAr) chemistry in 

order to establish not only the possible geometric and electronic features of these ligands, 

but also the metal and co-ligand requirements for forming stable isolable products. A 

variety of possible electronic structures and geometries can be visualized for the terminal 

NNAr ligand in a neutral NNNAr situation, and these are described in a simplified 

fashion by the valence bond dexripti3ns (1)-(4) (Scheme 3.1). 

Scheme 3-1. Valence bond descriptions for hSNNAr. 

In terms of the number of SpeGtroscopically or X-ray structurally characterized 

examples, the singly-bent terminal a r y l d i d d o  ligand represented by (1) is by far the 

mast common and weIl-estat,lished for both aIky1 (R), and aryl (Ar) substituents. All the 

rhenium uyldiazenido complexes presented in this chapter, and for that matter in this 



thesis, belong to this structural class. There is little evidence for examples approximating 

the electron distribution represented by the zwitterion (2). Much less common in 

transition metal chemistry is the doubly-bent structure (3) even though this is the 

configuration prevalent in purely organic diazenes such as azobenzene. Currently, (3) is 

known to be adopted in the X-ray structures of PtCl@-N2C,H4B(PEt3),,82 IrCl,(o- 

N2C,H4N02)(CO)(PPh3)2,83 and mCl(triphos)(N,Ph)]+ (triphos = PhP(CH,PPh2)2).84 

Finally, only a single example of the side-on bonded arrangement (4) is known, namely 

CpTiCI, (N,Ph) .g5 

It is worth noting that, despite the large number of structurally characterized 

examples, there has been little attempt to review and discuss the specific orientations 

adopted by these aryldiazenido ligands. For example, in the case of (I),  what is the 

favored orientation of the NNC (aryl) plane of the singly-bent aryldiazenido ligand 

relative to the other co-ligands or the coordinate axes and is the geometry of the complex 

influenced by the nature of the co-ligands? Answers to these questions would provide 

insight into the conformational behavior exhibited by the aryldiazenido ligand (NNAr), 

and may in turn, infer information regarding the specific orientation adopted by the 

hydrogen atom of its diazenido analog o. 
fn this chapter, I report the results of an X-ray structural and variable temperature 

solution IH, 3IP{lH), and 13C{fH) NMR ,study of the half-sandwich complexes 

[Cp*Re(L,)&)@-N,Csff40Me)]@FJ ((a) L, = L, = CO (2.2), PMe, (2.11), or P(OMe), 

(2.14) and (b) L, = GO; L2 = P- (2.4), PEt3 (2.5)- PPh, (2.6), PCy3 (2.7), P(OMe)3 

(2.8), or PCage (29)) (Scheme 3.2). 



2.11 and 2.14 

Scheme 3.2. Structilres of 2.2,2.4-2.9,2.11, and 2-14 (Ar = p-C,H,BMe). 



I show that these complexes have ground state structures in the solid state and in 

solution in which the aryldiazenido ligand does not orient with the NNC(ary1) plane 

bisecting the L,ReL, angle, but lies with the aryl substituent oriented closer to one of the 

ligands L, or &; furthermore, interconversion between these structures can take place by 

a confornational isomerizaiion of the aryldiazenido ligand illustrated schematically in 

Figure 3.1 

Figure 3.1. Newman projections of the idealized conformations of the complexes 

[Cp*Re&,>&)(h'2Ar)l* (Ar = &&OMe)- 

Thus, complexes of type (a), where L, = b, are 1: 1 mixtures of the two possible 

enmtiomers while those ofrype (b), where L, l?t I& are in principle mixtures of the two 

pussible diastereomers along with their corresponding enantiomers arising fiom chirality 

at Re. The barriers to interconversion ofthe enantiomers in (a) or diastereomers in (b) 



have been measured and the possible mechanisms for the reorientation of the 

stereochemically non-rigid aryldiazenido ligand in these complexes are discussed. 

3.2. Results 

3.2.1. X-ray Structure of [Cp*Re(CO)(PMe3)(p-N2C6H40Me)]pFJ (2.4) 

The structure was solved with the intention of determining (i) how the geometrical 

details of this structure compare to previously determined rhenium aryldiazenido 

structures86.87 and (ii) the specific orientation or conformation adopted by the 

aryldiazenido ligand for a comparison with the solution behavior to be discussed, where 

chemically distinguishable structures are observed at low temperame. 

The results of the X-ray structural analysis indicated disorder of the expected 

anion BF,- as well as a large excess of residual electron density at the boron atom site(s). 

This can be most reasonably explained by partial substitution of the BF,- ion with another 

anion such as I- or perhaps Re04-. Iodide was identified as the most reasonable anionic 

impurity, since it probably arises from PhIO used in the method of preparation and iodine 

was detected qualitatively by an X-ray fluorescence (XRF) analysis. Using a 

crystallographic model, the I- occupancy was determined to be 5%. 

The X-ray structure contains discrete molecular ions [Cp*Re(CO)(PMe,)@- 

N2C6H40Nfe)]+ and BF4-/I- (9515). There are no interionic separations significantly less 

&an the sums of the appropriate pairs of van der Wads radii. A perspective view of the 

€&ion is shown in Fi,- 3.2. The important geometrical details of the structure are 

given in Tables 3.1 and 3.2. As a point of intaest, a pair of BF4- and I- salts of the 

rhenium complex fCp*RefCO)2@O)]* were recently reported and their structures were 

aIso determined by X-ray crystallography.8g 





Table 3.1. Selected Geometrical Details for [Cp*Re(CO)(PMe,)@-N2C6H40Me)]+ 

/I 
ii Distances (A) !! , Re - p 2-3W2) 1 Re - C(3  1 2.283(9) 1 

i 
Re - N(l) 1.816(6) Re - Cp* 1 .956 

I Re - C(1) 2.304(9) i Re - C(6) 1.9 12(9) 

Cp* denotes the center of mass of the five carbon atoms of the ring. 



Table 3.2. Selected Geometrical Details for [Cp*Re(CO)(PMe,)(F-N2C6H40Me)]+ 
! 

-4ngles (") 
:! 

u 

! i 
Cp* - Re - C(6) 123.0 ib 

Cp* denotes the center of mass of the five carbon atoms of the ring. 



The @-methoxypheny1)diazenido ligand in 2.4 adopts the singly-bent structure 

expected to be present from the v o  V&W of ! 578 cm-1 in &e infrared spectrum and 

has reasunable values for the dimensions Re-N [1.8 16(6) A], N-N [l.209(8) A], Re-N-N 

[ l74.7(6)" 1, and N-hi-C(ary1) 11 19.1 (7)'J. These values are comparable to those 

determined for other singly-bent rhenium aryldiazenido structures already published. For 

example, ReC1,(N,Ph)(PM%Ph),86a has the dimensions Re-N rl.7712) A], N-N [l.23(2) 

A], Re-N-N [ 173(2)" 1, and N-N-C(ary1) [ 1 19(2)"] and ReBr,m2Ph)v2Wh)(PPh,),86b 

bas the geometrical details Re-N [1.793(11) A], N-N [1.212(16) A], Re-N-N 

[172.4(10)"], and N-N-C(q1) [120.2(11)0]. Furthermore, the half-sandwich complex 

CpRe(CO)(p-N,C6H,1Me)(AuPPh,), the only other structurally determined example of a 

singly-bent rhenium aryldiazenido complex from our laboratory, has the following 

geometrical values:87 Re-N [1.78(2) A], N-N [l Z ( 2 )  A], Re-N-N [17 1 (l)"], and 

N-N-C(ary1) 11 19(1)"] and a v(NN) value of 1612 cm-I. These values are also 

comparable to the those obtained for structure 2.4. The N-N bond len,@h in complex 2.4 

(1 -209 A) is much shorter than typical values of N-N single bonds, which are near 

1.43 A, and thus indicates the retention of significant multiple bond character in this 

bond. The short Re-N bond length in complex 2.4 (1.816 A) indicates that this bond has 

some multiple bond character as well. 

The most important piece of information provided by the X-ray structure of 2.4 is 

the specific orientation of the aryldiazenido ligand relative to the other co-ligands. From 

Figure 3.2 it is clear that complex 2.4 has a structure in which the aryldiazenido ligand 

does not orient "symmetrically", i.e., with the NNC (aryl) plane bisecting the L,ReL, 

angle, but lies "unsymnetrical!y" with the aryl substituent oriented towards the carbonyl 

ligand. This is dramatidy illustrated in Figure 3.3 which shows a view of the cation 

down the NNRe direction, i.e,, essentially the view of a Newman projection in this 

direction. 





In fact, the torsion angle with respect to the carbonyl co-ligand, defined by C(6)-Re- 

N(2)-C(2 I), is -50.0(4)" while the torsion angle with respect to the trimethylphosphine 

co-2igand represented by P-Re-N(2)-C(21) is -142.6(5)". In addition, both the Re-N-N 

and the 0-C(methoxy) fia,gments are approximately coplanar with the aryl ring, which 

suggests a degree of charge delocalization into this ring. 

3.2.2. Dynamic NRIl[R Spectroscopy of Bis(phosphom-figand) Complexes 

The room temper~hlre 31P{1H} NMR spectrum of [Cp*Re(PMe&p- 

Y C H 0Me)]/?3F4] (2.11) exhibited a single trimethylphosphine resonance at 6 -43.28. ' 2  6 4 

However, a variable temperature 3lP{lH} NMR study of 2.11 revealed that as the 

temperature was lowered fie single resonance began to broaden, decoalesced (192 K), 

and then sharpened again at 183 K into two equal intensity resonances separated by a 

chemical shift difference (h) of 217 Hz (Figure 3.4). The spectrum recorded at 183 K 

exhibited no apparent phosphorus-phosphorus coupling. This is the expected result if 

each signal results from different species, each of which possesses two magnetically 

equivalent phosphines, but it could also be consistent with a single species with 

magnetically inequivalent phosphine ligands, provided that Jp-p is too small to be 

observed. The linewidth at half-peak-height for each of the 3lP resonances of 2.11 at 183 

K is 69 Hz, therefore the magnimde of Jp-p must be significantly smaller than this value. 

This is consistent with the literature89 and with an example from our laboratory where 

phosphorus-phosphorus coupling has been observed for the cationic complex cis- 

[Cp*ReH~,)~Me,),][CF,COO] which has a Jp-, value of 48.6 Hz (see Chapter 6). The 

lH NMR spectnun of 2-21 showed no broadening of any of the proton resonances down 

to a temperature of 190 K. 





The bis-trimethylphosphite complex [Cp*Re(P(OMe):), )2(p-N,C,H,0Me)] WF,] 

i2.14) was dm invesfiga~d by vaiiable iempiat'riie 31i)(lH j hTva spsectroscopy and 

results similar to 2.11 were obt&ed. A room temperature 31P{'H} NMR spectrum of 

2.14 showed a single resonance at 6 113.63. This began to broaden as the temperature 

was lowered, decodesced at 180 K, and then separated into two equal intensity broad 

resonances at 173 K with a chemical shift difference (6v) of 1124 Hz. As was the case 

for 2.11, the low temperature limit spectrum of 2.14 exhibited no phosphorus-phosphorus 

coupling. For 2.12 2.14, a significant temperature-dependence of the chemical shifts 

was observed, and the dynamic NMR processes were confirmed to be reversible for both 

complexes. Attempts to collect spectra below 173 K were not successful because the 

NMR solvent (acetone*) froze at this temperature. Attempts to use a solvent of lower 

freezing point suitable for hrMR spectroscopy such as CDFCl, - also proved unsuccessful 

since this solvent was unable to solubilize the cationic complexes. 

3.23. Dynamic NMR Spectroscopy of Carbonyl Phosphine and Phosphite 

Csmpkxes 

The room temperature 3IP{lH) NMR spectrum of [Cp*Re(CO)(PMe,)(p- 

N2C,H,0Me)] PFJ (2.4) exhibited a single trimethylphosphine resonance at 6 -28.23. 

As the temperature was lowered the single resonance began to broaden until the signal 

decodesced into two unequally populated resonances at 185 K (Figure 3.5) which must 

be assigned to the presence of m o  stereoisomers (6 -27.01 for the major isomer and 

6 -27.77 for the minor isomer). Integration of both resonances at the low temperature 

Emit gave a population of 95% for the major isomer and 5% for the minor isomer. 

Similar results were aim obtained for the phosphite compiexes, 

[Cp*Re(CO) {P(Ol~le)~ } (p-N2c6H40Me)] pF4] (2.8) and 

[Cp*wCo) ( P ( m 2 ) 3 a e  1 @N2c6H40Me)l [ (2.9)- 





A room temperature 3P(1H) & !  spectrum of 2.8 showed a single resonance at 

6 110.35. This resonance began to broaden as the temperature was lowered, decoalesced, 

and then sharpened again into two nnequd intensity resonances at 283 K assignable to 

two stereoisomers (6 114.99 for the major isomer and 6 1 16.93 for the minor isomer). 

Integration of both resonances at the low temperature limit gave a population of 86% for 

the major isomer and 14% for the minor isomer. A room temperature 31P(1H) NMR 

spectrum of 2.9 also exhibited a single resonance at 6 104.40. The resonance began to 

broaden as the temperature was lowered, decoalesced, and then sharpened again into two 

unequd intensity resonances at 183 K assignable to two stereoisomers (6 103.40 for the 

major isomer and 6 106.79 for the minor isomer). Integration of both resonances at the 

low temperature limit gave a population of 59% for the major isomer and 41 % for the 

minor isomer. Once again, for 2.4,2.8, md 2.9 a significant variation of the chemical 

shifts with temperature was observed, and the dynamic NMR processes were confirmed 

to be reversible. 

Comparing the low temperature 31P(1H) spectra of complexes 2.4,2.8, and 2.9, it 

is clear that in 2.4 the major isomer is deshielded relative to the minor isomer whereas in 

2.8 and 2.9 the major isomer is shielded with respect to the minor isomer. This result is 

most likely due to the paramagnetic component (a,) of the shielding constmt which is 

the dominant tern influencing changes in chemical shift for heavier nuclei such as 

phosphorus. Unfortunately, a complete understanding of how q contributes to the 31P 

NP/IR chemical shift of phosphorus nuclei in metal-phosphorus-ligand complexes has not 

yet been achieved-rn Furthermore, the ratio of minor:major isomers for the complexes 

24,2.8, and 2.9, as obtained #om their respective low temperature 31P(lH) spectra, are 

I:f 9, 1:6.1, and 1 :f -4 respectively. 

A room temperature W(W) NA/IR spectrum of 2.8 also exhibited a single 

resonance for the carbon of tbe CO l igad This single resonance dso began to broaden 



as the temperature was lowered and began to decoalesce at 185 K. Unfortunately, we 

were unable t~ decrease the temperature M e r  to allow complete decoalescence to occur 

since the solution froze at i85 K. Mthough this experiment suggests that W(IH)  NMR 

spectroscopy may be used to probe the isomerizztion process, 31P(lH) NMR 

spectroscopy is a better choice because 31P is a more NlMR sensitive nucleus, it can be 

used to monitor the isomerization process for both the carbonyl phosphorus-ligand 

complexes and bis(phosphorus-ligand) complexes, and complete decoalescence was 

attained within the low temperature limit of the NMR solvent (acetone-d,). 

In contrast with these results, the 31F f 1H) NMR spectra of complexes 2.5-2.7, 

where the phosphorus ligand is PEt,, PPh,, a d  PCy, respectively, showed the presence 

of only a single pinosphine resonance in each case, with no evidence of broadening down 

to 185 K. 

3.2.4. Determination of Rate Constants and Activation Parameters 

The rate constants (Q for the conformational isomerization of the aryldiazenido 

ligand in the bis(phosphorus-ligand) complexes 2.11 and 2.14 were determined from the 

variable temperature 3lP{lH) NMR studies. The kc values for the interconversion in 

these uncoupled, equally populated, two-site systems were calculated using two different 

methods. 

Using Equation 3.1 (generally referred to as the coalescence expression)?l an 

approximate value for k, (Table 3.3) was obtained for 2-11 and 2.14 at their respective 

temperamres of coalescence (TJ 



Table 3.3. Rate Constants (kc) h i  Conformational Isomerization of the -4rylcliazenido Ligand 

Temperature (KIa I kc ( s - ~ ) ~ ,  

i 90 f 
i 6.0 = 0.2 

191 7.0 + 0.2 
192 8.5 + 0.5 
193 1 10.0 i 0 . 5  
199 25 f 1 
210 110f5  

550 f 25 

9.0 f 0.5 
l 9 f  1 
3852 

197 55 f 4  
199 75 2 5  
210 325 + 25 
223 1400 f 100 

188 
I 
i 45.0 + 2.5 

f M i 3 - I  i 6.554 
193 j 90 1 5  
198 I 250 + 20 
203 500 f 25 
208 , 750 f 50 
223 4000 f 400 

i 86 135 f 5 
1% 270 + 15 
f 91 300 f 20 

T, = 192 400 It 25 
193 1 450 f 25 
i 95 ! 580 f 30 
198 i 860 f 50 
203 

i 
i 2000 f 150 
I 

I75 I 975 f 50 
T, = 180 2200 f 100 

185 5100i300 
190 

i I 1MXX)+500 
195 19000 k 1000 
200 / 3 W 0 f  2000 

a All errors in temperature are f 1 K. 
Calculated from lineshape analysis for the isomerization process from the more populated to the less 
aoputated conformer for complexes 2,4,2-.8, and 2.9. 
&&dated from lineshape analysis for 2-11 and 2.14. 
Calculated from Lineshap analysis for the isomerization process from the less populated to the more 
populated conformer for complexes 2.4,2.8, and 2.9. 

+ Calculated at T, using Equation 3.1 for 2.11 and 214. 



This equation relates the rate constanr to the difference in 3'P Nh/fR peak separations 

- (6~): the parameter 6v is generdly extracted from the iour temperature spectrum. I ne 

errors in the rate constant derived from kc were detennined from the errors associated 

with detemining 6v. An obvious disadvantage of Equation 3.1 is that the rate constant is 

obtained at only one temperature and thus kinetic comparisons between related 

complexes such as 2-13 and 2-14 are not meaningful unless the two complexes have the 

same temperature of coalescence; this is not the case for complexes 2.11 and 2.14. 

To overcome the shortcomings of Equation 3.1, rigorous lineshape analyses cf 

the variable temperature 3lP{Wf NI1/IR spectra obtained for 2.11 and 2.14 were 

performed using the program DNMR3.g2 Rate constants were obtained for a number of 

temperatures (Table 3.3) by visial comparison of the experimental spectra with those 

calculated by DNMR3 for various rates; the errors were considered to be the ranges in 

rates over which it was impossibfe to distinguish between the experimentd and 

calculated spectra. 

The rate constants for the conformational isomerization of the aryldiazenido 

group in the carbonyl phosphine and phosphite complexes 2.4,2.$, and 2.9 were also 

detennined from their variable temperature 31P{ lH) T\TMR spectra using DNMR3. 

Because the interconversion In these complexes was between two unequally populated 

sites, kc values were extracted for the isomerization process from the more populated to 

the less populated conformer as well as thc reverse isomerization process (Table 3.3). 

From the rate constants &), activation parameters were cdculated for complexes 

2.4,2,8,2.9,2.11, and 2.14 (Table 3.4). Values for the free energy of activation (A@) 

were determined from the Eying equation (Equation 3.2)93 assuming a transmission 

coefficient of I. 



where K = transmission coefficient 

i;=, = Bof'mmn constant 

h = Pianck constant 

R = Gas constant 

T = Temperature 

Table 3.4. Activation Parameters for Isornerization of the Aryldiazenido Ligand 

a For the isomerization process from the more populated to the less populated conformer. 
"or the isomerization process from the less populated to the more popuiated conformer. 

Values for AGf are given for a temperature of 190 K. 
Values for A@ are given for the respective coalescence temperatures, which are 192 K 
for 2-31 and 180 K for 2-14 



Errors in the A@ values were obtained by use of Equation 3.3 for the linearized relative 

s t a t i ~ t i d  e~0f.9" 

Values for the enthalpy of activation (AHf) and for the entropy of activation (ASf )  were 

calculated from Equation 3.2 (substituting - TASf for AW), expressed as an 

equation of the form y = a + bx, by plotting a graph of In(kJT) versus 1/T using a linear 

least-squares pr~gram?' An example of such a plot is shown in Figure 3.6 for complex 

2.4. Values for the activation energy (E,) and the frequency factor (A) were determined 

from the Arrhenius equation (Equation 3.4)93 by following the previous protocol and thus 

plotting a graph of In kc versus I/?' utilizing a linear least-squares program.95 An 

example of the graphic application of the Arrhenius equation is presented in Figure 3.7 

for complex 2.11. 

where R = Gas constant 

T = Temperature 

Errors in AH*, AS*, E,, and A were obtained from the standard deviations derived from 

the Eykg and Arrfienius plots multiplied by the appropriate statistical fact0r.9~ 



Figure 3.6. Eyring plot for the conforrnational isomerization of the aryldiazenido ligand 

Figure 3.7. Arrhenius plot for the conformational isomerization of the aryldiazenido 



3.3. Discussion 

3.3.1. The Aryldiazenido Ligand: Conformational Preference 

Although there have been numerous X-ray structure determinations of complexes 

with singly-bent aryldiazenido ligands,g6 rather scant attention has been paid to 

evaluating the confonnational preference adopted by this ligand with respect to the co- 

ligands. The X-ray structure of the carbonyl phosphine complex 2.4 is consistent with 

the suggestion that the steric properties of the ancillary ligands Cp*, CO, and PMe, 

contribute to the orientation of the rhenium aryldiazenido fragment. The aryl ring is 

virtrrally coplanar with the hie backbone, and is situated as shown in the Newman 

projection in Figure 3.3. The conformer observed is represenred by structure 3.1, which 

is stcrically less congested than the conformer depicted by structure 3.2 (which places the 

aryl ring adjacent to the sterically larger PMe3 ligand) (Scheme 3.3). The observed 

dihedral angle, as defmed by Cp*(centroid)-Re-N(2)-C(21), is 82". An inspection of the 

stereochemistry of the aryldiazenido ligand as revealed by the X-ray structures of other 

3-legged piano-stool complexes related to 2.4 indicates that this type of unsymmetrical 

orientation of the aryldiazenido ligand co~rmonly prevails. Examples include 

C~MO(CO>(PP~,)@-N,C,H,M~),~~ [C~MO(NO)(PP~,)(~-N,C,H,F)]+,~~ and 

CpRe(CO)(AuPPh,)@-N,C,M,OMe) .g7 

To gain a better understanding into the conformational preference adopted by the 

aryldiazenido ligand in the complexes mentioned above, the X-ray structures of half- 

smdwich aryldiazenido complexes containing two identical co-ligands were examined. 

It was of interest to see what orientation the aryldiazenido ligand would adopt in 

complexes which were not s~erically predisposed as a result of the different co-ligands 

(as was m a p s  the case in the carbony1 phosphine complex 2.4). 



f"' 

Scheme 3.3. Structural representations of the plausible conformers resulting from the 

orientation adopted by the aryldiazenido ligand. 

Although no X-ray structures were obtained for the dicarbonyl or the bis(phc;phorus- 

ligand) rhenium complexes [Cp*Re(L,)&)(p-N,C&OMe)]+ (L, = L, = CO or PR,), 

the structureg8 of the manganese complex [(q5-C,H,Me)Mn(CO)2(o-N2C6H4CF3)][BF,] 

has been reported. The Newman projection viewed down the MnNN axis (Figure 3.8) 

clearly shows that the aryl ring of the aryldiazenido ligand is coplanar with the NNMn 

backbone (as was also the case for complex 2.4) as depicted by structure 3.3 (Scheme 

3.3). The observed dihedral angle, as defmec! by MeCp(centroid)-Mn-N-N-C(aryl), is 

95". Similar results were found for the related molybdenum dicarbonyl complex 

~ ( P ~ ) $ W C ~ ) ~ ( N , P ~ ) - ~ ~  





These observations infer that the stereochemistry of the aryldiazenido ligand in these 

complexes may be influenced by electronic, as well as steric factors. Furthermore, that 

there is a stereoelectronic preference is vividly illustrated by the X-ray structure of 

[Cp*Ir(C,H,)m2Ar)]+ (Ar = p-C,H40Me), where the IrNN(ary1) plane does not lie in the 

plane defined by the iridium aid centroids of the Cp* and C2H4 ligands, but bisects it and 

thus destroys the mirror symmetry. )is a consequence, the aryl group makes a closer 

approach to one ethylene carbon than the other?0 

To sumarize, examination of the X-ray structures of numerous metal 

aryldiazenido complexes, in all cases, show a ground state structure in which the aryl. 

ring of the aryldiazenido group lies unsymmetrically, as shown in structures 3-1 or 3.3 

(Scheme 3.3 ), with the plane of the aryl ring approximately coplanar with the NNM 

backbone. In addition, this stereochemical preference appears to be electronically as well 

as sterically driven. 

3.3.2. Temperai-ore-dependence of the 311P(lH} NMR Spectra for the Aryldiazenido 

Complexes 

As described previously, the room temperature 31P(]H) NMR spectrum of the 

symmetrically phosphorus-substituted complex [Cp*Re(PMe3),@-N2C6H40Me)JpF4] 

(2.11) exhibited only a single phosphorus resonance. The trimethylphosphite complex 

2.14 behaved similarly. One possible explanation for this would be a ground state 

structure 3.4 in which the PR, ligands are made equivalent by virtue of the aryldiazenido 

ligand adopting a position on the mirror plane containing the Cp* centroid and Re, and 

bisecting the angle subtended by the two PR, ligands (Scheme 3.3). However, this 

possibility contradicts the ubse~ed X-ray structure for 2.4 as well as the X-ray structures 

of related complexes just presented, and is not consistent with the variable temperature 

31P{ lH) NMR spectra. 



An alternative explanation which I believe to be correct is that the room 

temperature spectrum arises from a fast interconversion of the unsymmetrical structure 

illustrated in 3.3 with its enantiomer, as was shown in Figure 1. This readily explains the 

variable temperature 31P(1H) NMR spectra, where, at the low temperature limit two 

equal density 3lP resonances were observed and subsequently assigned to the 

inequivalent phosphine or phosphite groups in configuration 3.3 (L = PMe, or P(OMe)& 

However, each 3'P resonance should have appeared as one half of an A3 quartet. It was 

mentioned in the Results section that at the lowest temperature achieved, the expected 

JPqp coupling was not observed (perhaps being obscured, since the resonances were still 

exchange broadened). The expected AB quartet has been observed in comparable 

examples, such as a related irsn vinylidene complex for which I,-, had the vdue 42 Hz.89 

There are other possibilities to consider. One is interconversion of 3.3 with the 

symmetrical conformer 3.4. This cannot alone be responsible for the observed 

temperature-dependence for two reasons. First, the pathways from 3.4 to both 3.3 and its 

enantiomer are equivalent, so that if 3.4 equilibrates with 3.3 it also must have an equal 

probability of equilibrating with the enantiomer of 3.3 and therefore these enantiomers 

a .  themselves interconverting. Second, 3.4 cannot be significantly populated at the low 

temperature, otherwise a separate resonance for the equivalent PMe, ligands of 3.4 

should be observed in addition to the two equal intensity resonances for 3.3. Thus, while 

the interconversion of 3.3 and its enantiomer may possibly proceed by way of rotamer 

3.4 (see discussion of possible mechanisms below) it is not plausible to account for the 

DMFt  behavior simply by interconversion of rotamers 3.3 and 3.4. A second possibility 

(that also would readily account for the absence of P-P coupling) is that the low 

gemperatme resonances arise from the two conformers where the plane of the 

aryldiazenido group lies in the mirror plane of the c ~ * R ~ L ,  fragment and the aryl ring is 

either down, as illustrated by structure 3.4, or up as depicted by structure 3.5 (Scheme 



3.3). I consider this implausible for two reasons. First, it would be highly unlikely that 

these two conformers would be equally populated and give rise ta the observed equal 

intensity resonances; second, molecular modelling calculations using PCMODEL'O' 

show that eclipsed conformations such as 3.5 do not correspond to minima. 

To gain furtLer insight into the isomerization process which had been established 

with the bis(phosphorus-ligand) complexes, the investigation was extended to include the 

carbonyl phosphorus-ligand complexes 2.4-2.9. In the case of the mono-substituted 

complexes [Cp*Re(CO)(PMe,)(p-N2C6H40Me)] PF,] (2.4), [Cp*Re(CO) {P(OMe), } @- 

Pr',CSH,OMe) J PF,] (2.8), and [Cp*Re(CO) (P(OCH2),CMe) (p-N,C,H40Me)] [BF,] 

(2.9) again a single 31P(lH} NMR resonance was observed at room temperature, but the 

low temperature spectrum consisted of two resonances that differed considerably in 

intensity (Figure 3.5). Precedents in the literature suggests that if there is a strong 

preference for one conformer in solution, the molecular conformation observed in the 

crystal usually dominates in solution.102 Thus, using the carbonyl trimethylphosphine 

complex 2.4 as an exampfe, it is reasonable to assign the major resonance at 185 K to 

conformer 3.1, i.e., the conformer observed in the X-ray structure. The minor conformer 

cannot be assigned unambiguously. It could be the rotamer 3.4, but since we have 

argued above that, for the bis-PMe, complex 2-11 this conformer cannot be significantly 

populated, this possibility is unlikely. More probable is that the minor resonance arises 

from conformer 3.2 where the aryl ring of the aryldiaenido ligand occupies the sterically 

less favorable position adjacent to the PMe, group. The single 31P resonance observed at 

room temperature then results from rapid interconversion of diastereomers 3.1 and 3.2. 

halogous confeOmers are proposed fur two Lolable geometric i s o m s  in the case of the 

related vinylidene complex [CpRe(NO)(PPh,)(=C=CHPh)]+, which are present at 

equilibrium in solution in a 4: 1 ratio.103 Notably, as with the bis(phosphorus-ligand) 

complexes, the conformations where the aryldiazenido ligand eclipses either the Cp*, 



CO, or the BR, co-ligands are rejected, since they do not correspond to minima, as 

indicated by molecular modelling calculations using PCMODEL.101 

Furthermore, and of utmost importance, the differences in the rninor:major 

isomer ratios for complexes 2.4,2.8, and 2.9 are seen to reflect the differing steric 

demand of the phosphorus ligands and support assigning the minor and major isomers to 

3.2 and 3.1 respectively. The ratio was found to be 1: 19 for the PMe, complex 2.4, 1:6.1 

for the P(OMe), derivative 2.8, and 1 : 1 -4 for the PCage derivative 2.9. The larger 

conformational preference shown for 2.4 is reduced when PMe, is replaced by the less 

sterically demanding ligand P(OMe), and reduced further when PMe3 is substituted by 

PCage (the cone angles of PMe,, P(OMe),, and PCage are 1 IS0, 107", and 101" 

respectively)6* and as a result the population of the minor conformer is increased for 2.8 

and is greatest for 2.9. 

In principle, 1H Nuclear Overhauser Enhancement WOE) spectroscopy might be 

considered as a suitable technique to assign the major and minor conformers in 

complexes 2.4,2,8, and 29-  However, it is not feasible since variable temperature 'H 

NMR spectroscopy indicated no apparent decodescence of the aryl ring or ligand proton 

resonances into the necessary unique sets. 

If interconverting diastereomers 3.1 and 3.2 are present in solution for 2.4 (and 

similarly for 2.8, and 2.9), it might be possible to detect these by IR spectroscopy in view 

of its shorter timescale when compared ta NMR spectroscopy. We carefully examined 

the v(C0) and v(NM) absorptions for 2.4,2.8, and 2.9 both for solution (G3,Cl-J and 

solid state (KBr) room temperature spectra, but in all cases tkese appeared to be single 

absorptions. Reasons for this could be rhe preponderance of one diastereomer, or small 

and unresolvable differences in the v(C0) and v(NN) values for each diastereomer. 

It should be noted that the results from the dynamic 3lP(lH) NMR study of 2.4, 

2.33, and 2.9 indicate the presence of two diastereomers, where each ciiastereomer is 



responsible for one 'lP resonance at 185 K. Each diastereomer is actually comprised of 

L- - 
LWO emndorneis, arising from cht-aMy at Re, which are indistinguisha5le from each 

other by NMR spectroscopy. Formation of the enantiomers arises from the method of 

synthesis, i.e., there is equal probability of removing either one of the two carbonyl co- 

Iigands in complex 2.2 during the synthesis of complexes 2.4-2.9. 

The triethylphosphine (carbonyl), triphenylphosphine (carbunyl) and 

tricyclohexylphosphine (mbonyl) complexes 25,2.Q, and 2.7 respectively, were also 

investigated by variable temperature 3lP(lH) NMR spectroscopy. Complexes 25,2.6, 

and 2.7 were chosen because triethylphosphine (cone angle = 132•‹),68 

triphenylphosphine (cone angle = 145"),68 and tricyclohexylphosphine (cone angle = 

170•‹)6* are sterically larger Iigands than PMe,, P(OMe),, or PCage, and PEt3 and PCy, 

have similar electronic properties to PMe, but varying size. Variable temperature 

3P(lH) XMR spectra of 2.5,2.6: and 2.7 indicated no decoalescence of the single 

phosphorus resonance observed at room temperature even down to ca. 183 K. 

To summarize, the bis(phosphoms-ligand) complexes 

fCp*~e(P&)2@-N2G6H40Me)jE~F~ (EX3 = PMe, (2.11) and P(OMe), (2x4)) exhibited 

a single 3lP resonance at room temperature which decoalesced into two equally populated 

resonances at low ternperatme. The carhnyl phosphorus-ligand complexes 

[Cp*Re(CO>(PR,)@-N2C6H40Me)]fBF,] (PR, = PMe3 (2.4), PEt, (2.5), PPh, (2.6), 

PCy, (2.7), P(OMe), (2.8), and Kage (2.9)), in all cases, exhibited a single ,lP 

resonance at room temperature, but ody  for the ones with the smallest cane angle, i-e., 

24,2.8, and 2.9, could separate low temper- resonances for the major and minor 

stereoisomers be observed- The failure to observe this in the case of the remainder could 

possibly be due to a lower temperature of decoalescence in these cases. However, as is 

c1ei~1y ihstrated by the minormajor isomer ratios from the low temperature 31P{1H) 

NlW3 spectra for 24,2S, and 29, the population of the minor conformer decreases as 



the cone angle of the phosp5orus ligand increases on going from PCage to P(OMe), to 

PMe,. Tbe~efore, it is more I i d y  that in 2.5-2.7 the crowded c~~nformer 3.2 is not 

significantly populated and the observed resonance is essentially that of the uncrowded 

conformer 3.1. 

Interestingly, hhe variable temperature lT{lH) NMR spectrum of the dicarbonyl 

complex [Cp*Re(CO),@-N,C,H40Me)]fBF4] (2.21, which exhibited a single carbonyl 

resonance at room temperature, showed no decoalescence of the carbonyl signal even 

down to a temperamre of 173 K* Unlike complexes 2.4-2.9 which have a sterically 

demanding phosphorus co-ligand, the two carbonyl co-ligands of complex 2.2 offer little 

if any steric contribution to the orientation of the aryldiazenido substituent. Although no 

X-ray structure of 2.2 has been obtained, it was pointed out in the previous section that 

the structure of the related M n  complex f (q5-C,H4Me)Mn(CO)2(~-E\J2C6H4CF3)] [BF, ] 

shows that the two CO groups are indeed inequivalent as a result of the unsymmetrical 

orientation of the aryldiazenido group (Figure 3.8).9* The rhenium complex 2.2 is 

expected to be entirely similar. Furthermore, as will be addressed in the discussion 

which follows, the energies of activation for confomatisnal isomerization of the 

aryldiazenido ligand are larger for complexes whose ligands are good o-electron donors 

and poor n-electron acceptors (i-e., 2.11 > 2-14 and 2.4 > 2.8 or 2.9). With this in mind 

it is reasoned that the room temperature 13C{'H} NhiR spectrum of 2.2 arises from a fast 

interconversion (Figure 3.1) of the unsymmetrical structure illustrated in 3.3 (L = CO) 

with its enantiomer (as was postulated for complexes 2.11 and 2.14) and that the static 

spectrum is not achieved even at 173 K perhaps because of a small 13C chemical shift 

difference in the indiyid-ial CCO resonances, or, more likely as a result of a very low 

activation barrier- A similar explanation would account for the apparently equivalent 

MeCN ligands in the lH and lX{lH) NMR spectra of the bis-acetonitrile complexes 2.10 

and 2.16 (see Chapter 2)- Furthermore, this explanation is also in keeping with the 



findings reported for the related methyldiazenido complex CpW(CO),(N,Me) where it 

was observed that the CO groups, which were shown to be inequivalent in the X-ray 

structure, exhibited only a single CO resonance in the ambient temperature '3C NNLR 

spectrum.1O4 

3-3.3. Activation Parameters for Conformational Isomerization of the 

Aryidiazenido Ligand 

From the dynamic j1P(IH) NMR investigation, the activation parameters for the 

isomerization of the aryldiazenido ligand in complexes 2.4,2.8,2.9,2.11, and 2.14 were 

determined and are summarized in Table 3.4. Values of A@ for the bis(phosphorus- 

iigand) complexes 2.11 and 2.14 were determined initially at their respective coalescence 

temperatures. For the bis-PMe, complex 2.11, A P T c  was calculated to be 36.5 + 0.4 

Wlmole at 192 K while a value for A@,, of 3 1.6 + 0.4 Wlmole at 180 K was determined 

for the bis-P(OMe), complex 2.14. These results indicate that the energy of activation 

for the isomerization of the aryldiazenido ligand is raised when the co-ligands are both 

trimethylphosphine instead of trimethylphosphite. This statement is made with caution 

since it is recognized that the AWTC values for complexes 2.11 and 2.14 were calculated 

at different coalescence temperatures. However, these energy of activation values for 

2.11 and 2.14 are sufficiently different that a qualitative comparison is still likely to be 

meaningful.94a The lineshape analysis substantiates this. The observed and simulated 

spectra for 2.11 are shown in Figure 3.4. For the bis-PMe, complex 2.11, AGfIg0 was 

calculated to be 37.0 + 0.6 kJ/mole, whereas for the bis-P(OMe), complex 2.14, AGfiIgO 

was 3 1.4 + 0.4 kJ/mole. These values are consistent, within experimental error, with the 

energies of activation calculated for 2.11. and 2.14 using the temperature of coalescence 

approximation, and taken together these results indicate that the energy of activation is 

raised by cu. 5 kJ upon substituting P(OMe), by PMe,. 



For complexes 2.4,2.8; and 2.9, where the interconverting diastereomers have 

unequal populations, the rate constants were determined from the lineshape analysis for 

the interconversion from the more populated conformer to the less populated conformer, 

and for the reverse direction (Table 3.3). The observed and simulated spectra for 2.4 are 

shown in Figure 3.5. The values of A@ for the isomerization process (major isomer to 

minor isomer) for the carbonyl phosphine and phosphite complexes 2.4,2.8, and 2.9 

were found to be 43.0 + 0.4,41.2 f 0.4, and 39.2 + 0.6 kJ/mole respectively at 190 K. 

The trimethylphosphine ligand again evidently causes a small increase in the energy of 

activation compared with either phosphite, but less than the ca. 5 kJ difference observed 

for the bis-trimethylphosphine and bis-trimethylphosphite complexes 2.1 1 and 2.64 at the 

same temperature. The data, though iimited, indicate a higher energy of activation for 

the better o-donor (and poorer n-acceptor) PMe, ligand. 

The two unequally populated ground state conformers in 2.4,2.8, or 2.9 give rise 

to two different values of AGf for the interconversion processes which correspond to the 

kinetic energy of activation for conversion ~f major to minor isomer and for minor to 

major isomer. The difference in A@ fur these forward and reverse interconversions 

equals AGO. The AGO value obtainzd in this fashion was then compared to the AGO value 

determined from the relztive populations of the major and minor isomers at the low 

temperature limit and these were found to be in complete agreement within experimental 

error (Table 3.5). (Note: this compariso~ was done as a check to assure that the 

program DNMR3 was being used correctly). 



a From lineshape analysis. 
From equilibrium populations. 

Table 3.5. Comparison of AGO Values Determined from Lineshape Analysis and 
from Equilibrium Populations 

It is apparent that the entropy of activation terms (AS*) for the interconversion 

process are of comparable magnitudes, and are small positive values, indicative of an 

il 

intramolecular exchange (Table 3.4).105 Several reliable examples of positive values for 

i i 

j Complex / Temperature (K) 

AS* have been reported in the literature for intramo!ecular processes in organometallic 

AGO (hT/mol) I 

complexes.106 It is believed that different interactions with the solvent in the ground and 

190 4.4 + 0.8" 

4.7 + 0.8b 

2.9 _+ 0.8a 

2.9 + 0.8b 

0.6 + 1.2" 

0.6 + 1 .2b 
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excited states is responsible for these positive entropy of activation values.93, lo7 If the 

I 
I 
i 
I 

11 
I 

transition state is significantly less polar than the ground state then interactions with polar 

I 
I 

2.4 I 
j 
I 

t 

I 2.4 1 190 
ji 

sdvent molecules will be diminished, resulting in a decreased order in the solvent cage 

I 

i 
I 

I 

around the molecule in the transition state and thus an appreciable positive value for ASf. 

The variation of the 33P(lH) NMR chemical shift with temperature for complexes 

2.4,2.8,2.9, 2.11, and 2.3 4 was mentioned previously. The temperature-dependence of 

chemical shifts in the literatare has been explained in terns of changes in fat  Totamer 

2.8 /I 190 

equilibria and in solute-solute andlor solute-solvent  interaction^.'^^ The positive values 

2.8 I 
// 2.9 

2.9 

190 

1 90 

190 



for 4Sf and the considerable temperature-dependence observed here are therefore 

consistent with solvent (acetone-d,) interactions with these complexes and the positive 

4Sf values are indicative of fewer solvent-complex interactions in the transition state. 

To justify this explanation for positive AS* values requires the solvent-dependence 

exhibited by the variable temperature 3JF{lH} NMR spectra to be studied, especially 

using a nonpolar solvent. Unfortunately, these are all cationic complexes and are not 

soluble in nonpolar solvents. To conclude, although the AS* values support an 

intramolecular exchange process, they do not distinguish between different possible 

intramolecular mechanisms for isomerization. 

Further support for an intramolecular isomerization process is provided by a 

series of comptiticn experiments. The czrbony! trimeth~jlphosphiae complex 

[Cp*Re(CO)(PMe,)@-N2C6H40Me)][BF3] (2.4) was examined in acetone-d, for 

dissociative exchange in the presence of excess P(OMe), by lH NMR. A spectrum of 

this solution acquired after 24 h indicated no substitution of PMe, in 2.4 by P(OMe),. 

Furthermore, the IH h'MR spectrum obtained after this solution was refluxed for 4 h, also 

showed only the resonances corresponding to complex 2.4 and excess 

trimethylphosphite. Analogous results were obtained when this procedure was repeated 

for [Cp*Re(CO) (P(OMeI3 } (p-N&H,OMe)]PF,] (2.8) in the presence of excess PMe, . 

33.4. Confo~lllfltiod Isomerization of the Aryldiazenido Ligand 

Despite the numerous singly-bent aryldiazenido complexes that have been 

synthesized and characterized, there has k n  remarkably little note taken of whether the 

aryldiazenido ligand adopts a rigid structure and orientation with respect to the co- 

figands, or whether it readily undergoes some En6 of rearrangement. Indeed, there are 

Y ~ V  f t ~ ~  C Z S ~ S  the r p i k d  &OW exziihatim of &his fe~ttiie. F o ~  exaiiple, it 

has been mentioned that the CO p u p s  are inequivalent in the X-ray structure of 



[(q5-C5H4NI(=)b(CO]Zf~-X2C6H4q)]- as a result of the orientation of the 

aryldiazenido figand. yet whether or not &fie expected two CO resonances occur is not 

know since the CMR spectrum has not been reported.98 Ftrrthermore, the 

bis(pheny1diazenido) complex [(acacjAVo(0CH,)(N,Ph - ),IT - -  has been isolated and 

crystallopaphicalfy characterized in two isomeric forms in which two of the N,Ph 

Iigands are mutually either en or mzti. These isomers inrerconvert in solution, and a 

confornational isomerizatiors of the pfienyldiazenido ligand was suggested to be 

respon~ib ie .~~  A variable temperature :fi *t-iR study resulted in a value of 

A@ = 57 -t 1 k.J/mole (at Tc = 280 K) for the energy of activation. It was suggested that 

this value was in the region of the enera  of activation for restricted rotation about a 

partial double bond Isomers resulting from bis(ary1diazenido) ligands have been 

discussed in other cases."%stances where stereochemical non-rigidity of the angular 

singly-bent aryldiazenibo ligand seems to have been automatically assumed (though not 

commented upon) in interpreting solution h3fR data have alsc been found. In one 

example. there are more equivalent Mo and 0x0 sites by Q5Mo and 170 r;fMR 

spectroscopy in ~ o , O , , ~ I h ~ ~ ~ j ~ -  than the static structure would predict.f Iln motfier, 

although there is no pJane of symmetq equating equatorial dimethyldithiocarbamate 

f dtc-) figads in the X-ray structure of ~40(h),(N2fh)f, nevertheless these methyl 

groups are pairwise equivalent in tfie room temperature NMR spectrumH2 For the 

complexes in this study, we have been able to obtain direct NMR evidence for the 

s~ereochem~caf nun-rigidity of the aqddiazenido group and have been able to observe the 

slowed-exchange conditions in particular examples. 

The two possible mechanisms that must be considered for the confonnational 

isomerization of the ary1diazenid.o ligand are (i) an sp2 nitrogen inversion at Ng, 

sometimes called a fareral shift mechanism, or (ii) a restricted rotation around the Re-N- 

N axis. These are illustFated in Scheme 3-4. 



Inversion 

Rotation 
f 

Scheme 3.4. Plausible mechanistic pathways for the conformational isomerization of the 

aryldiazenido ligand: fi) sp2 nitrogen inversion at $ or (ii) restricted 

rotation around the Re-N-N axis. 



Even in the evidently much simpler cases of organic Schiff bases or imines (R,C=NPh) 

the prevailing mechanism of isomerization has been much debated.113 For an unactivated 

imine such as Me,C=NPh, AGf is approximately 88 kJ/mole.H4 This corresponds 

reasonably well to the calculated energy of activation for a lateral shift mechanism, 

whereas that for rotation about the C=N double bond is about twice as large.115 It 

therefore seems to be generally thought that the lateral shift mechanism operates in 

simple unactivated imines. However, the presence of substituent heteroatoms on the 

imino carbon atom can lower the energy of activation dramatically, and rotation about 

the C=N bond (of reduced bond order) becomes dominant.113 ConverseIy, the presence 

of a phenyl group on the imino nitrogen is expected to act to stabilize the transition state 

for the lateral shift mechanism.l13 

Phenyl-substituted vinylidene (M=C=CHPh) and linear azavinylidene 

(M=N=CHPh) ligands are interesting systems with which to compare the energy of 

activation for the singly-knt phenyldiazenido ligand (M=N=NPh). In these, of course, ii 

would nappea that rotation is the only possible isomerization mechanism (but see 

subsequent discussion of azavinylidene). The energy of activation in the Glaclysz et al. 

rhenium vinylidene complex [CpRe(NO)(PPh3)(=C=CHPh)]+ (AW = 92 Wmole at 298 

K) is very similar to that for the corresponding alkylidene complex 

[CpRe(NO)(PPh,)(=CHPh)Y despite the expectation that steric hindrance to rotation of 

the more remote phenyl group in the former might be significantly Iess.lO3 To the best of 

my knowledge, this is the only vinylidene system for which geometric isomers have been 

isolated. Energies of activation for rotation are generally much lower in other vinylidene 

complexes. For example, AGf = 38-42 Mlmole has been estimated for 

fCpFe(diphosphine)(=C=CHPh)]+.89 Turning to the azavinylidene ligand, the energy of 

activation has been measured recently for some tungsten hydridotris(3,5- 

dimethylpyrazolylborate) (Tp') complexes of the type TplW(CO),(=N=CHR). * l6 For R = 



n-Pr, a vaIue of AG* = 40.2 &ole at 193 K was obtained, but for the complex with R = 

Ph the energy of activation is presumably smaller since, while spectral broadening was 

observed, decoalescence could not be achieved down to 168 K. A low energy of 

activation, and consequently only axleraged NMR spectra have been reported for other 

azavinylidene c ~ m p l e x e s . ~ ~ .  118 It has been suggested that low energies of activation 

may be the result of isomerization of the azavinylidene ligand to a nonlinear structure in 

which the nitrogen is sp2-hybridized.117 However, the energy of activation in 

Cp,ZrCl(=N=CKPh) may be very hgh, since geometric isomerization could not be 

achieved thermally or photochemically.l17 

It is clear from the above comparisons that even the rotational energies of 

activation for linear metallocumulene ligailds of this type can cover a wide range, and 

show significant dependence on such variables as the metal, its d-electron configuration 

and row in the periodic table, the number and nature of the co-ligands, and the geometry 

of the complex. Therefore, with only the limited data that we have presently 

accumulated in this study for the much more complex case of the aryldiazenido ligand, it 

would be premature to venture an opinion at this time as to whether this ligand 

isomerizes by way of rotation or inversion in these rhenium complexes. Nevertheless, it 

is notable that the energies of activation we observe are extremely low in comparison to 

the closest analog presently available, i-e., the rotation energy of activation for the 

Gladysz et al. rhenium nitrosyl vinyfidene complex103 and thus the suggestion that the 

more facile inversion process may be the operative mechanism is an intriguing one. 

3.4. ConcIusion 

In this chapter we have demonstrated that the rhenium half-sandwich complexes 

[Cp*Re&I)(L2)@-NzC6E.f40Me)]@FJ ((aj L, = L, = CO (2.3, PMe, (2.li), or P(ORiie), 

(2.14) and (b) Li = CO; L, = PM% (2.4), PE,t, (2.9, PBh, (2.61, PCy, (2.7), P(OMe), 



(2.8), or PCage (2.9)) have ground state structures in which the aryl ring of the singly- 

bent aryldiazenido ligand orients with its molecular plane orthogonal to the plane 

bisecting the L,ReL, angle. This conformational preference adopted by the 

aryldiazenido Iigand is based on the results of a variable temperature IH, 31P(lH}, and 

'3C{lH} NMR study of complexes 2.2,2.4-2.9,2.11, and 2.14 as well as on X-ray 

structural analyses of complex 2.4 and related complexes. Furthermore, the 

aryldiazenido ligand is capable of undergoing a confornational isomerization which 

interconverts the conformer in which the aryl group is oriented towards L, with its 

enantiomer (or diastereomer) in which it is oriented towards L,. The relative populations 

of the two conformers were examined in selected examples, and the barriers to 

isomerization were ineasured. 

3.5. Experimental 

3.5.1. General Methods and Syntheses 

Manipuiations, solvent purification, and routine spectroscopic measurements were 

carried out as described in Chapter 2. The cationic rhenium aryldiazenido complexes 

which were investigated in this chapter were prepared and purified following the 

procedures detailed in Chapter 2. 

The deuterated solvents used for h W  spectroscopy were degassed prior to use to 

remove any residual oxygen. 31P NMR chemical shifts are referenced to external 85% 

H,PO,. 

X-ray fluorescence (,W) spectroscopy was accomplished with a Kevex 

Corporation system utilizing a molybdenum secondary target. 



Hexane and dichloromethane, which were used to grow X-ray quality crystals of 

complex 2.4, were purified and dried by conventional methods, disti!kd under nitrogen, 

and used immediately. 

3.5.2. X-ray Structure of [Cp*Re(CO)(ipMe,)(p-N2C6H40Me)] [BF,] (2.4) 

X-ray quality crystals of 2.4 proved difficult to grow initially as the complex had 

a tendency to oil out of solution. This problem was overcome by dissolving 2.4 in a 

minimum amount of CH2C1,; the solution was then cooled to 195 K and an excess of 

hexane was then slowly layered over the CH2C12 to achieve a distinct solution-solvent 

interface. The s'~1ution was warmed to 263 K and allowed to intermix for 24 h. At the 

end of this time, block-like red crystds of 2.4 suitable for X-ray crystallography had 

formed. 

The crystal structure analysis of 2.4 reported in this chapter was determined by 

Professor F. W. B. Einstein and Dr. R. J. Batchelor at Simon Fraser University. 

3.5.3. Variable Tem2eratux-e h l  and Lineshape Analysis 

The variable temperature lH, 3lP(lH), and W(1H) NMR spectra of complexes 

2.2,2.4-2.9,2.11, and 2.14 were recorded at 400, 162, and 100 MHz respectively on a 

Bruker AMX 400 instrument equipped w& a B-VT 1000 variable temperature unit. A 

cooling unit containing liquid nitrogen and a heater coil was attached to the NMR probe 

and was used to attain the ciesired temperature. The NMR sample, in a 5 mrn tube, was 

allowed to equilibrate for 30 min at the desired temperature prior to acquisition of the 

spectra. A Bruker single frequency probe was used to obtain the 1H and 13C( IH) spectra. 

A Bnaker tunable broad band probe was used to acquire the 3lP{lH) spectra. Acetone-d, 

(Isotec hc.) was used as the solvent for all the low temperature NMR work and spectra 

were obtained at decreasing temperatures until the solution froze. 



Temperatures, which were obtained directly from the VT unit, were checked by 

measuring peak separations foi a standard Bruker sealed sample of methanol and 

converting these into temperature values using the quadratic equation of Van Geetllg for 

methanol. Temperature gradients within the sample region of the AMX 400 

spectrometer are considered tc be negligible because of the large distance between the 

cooling unit and the probe; temperatures are accurate to f 1 K. Chemical shifts in the 

exchange-broadened region were derived from a linear extrapolationg5 of the values 

obtained at the higher temperatures; this procedure resulted in excellent matching of the 

experimental and calculated chemical shifts. Linewidths were found to be unchanged at 

the slow and fast exchange limits and were assumed to be temperature invariant. 

Calculation of simulated lineshapes was performed by use of a slightly modified version 

of the program DNMR3.92 



CHAPTER 4 

Investigation of the Formation of Ligated Dhitrogen 

from Rhenium-bound Aryldiazenido 

4.1. Introduction 

The first examples of rhenium dinitrogen complexes were reported in 1969 by 

Chatt et al.120 These octahedral rhenium (I) dinitrogen complexes trans- 

ReCI(N,)(dppe),, trans-ReClfN,)(PMe,Ph),, and ~~~~s-R~C~(N,)(PP~~),(PF~)~ were 

prepared by the degradation of the chelated benzoyldiazenido complex 

ReC12(PPh, ),CN,COPh) (Scheme 4.1). 

Scheme 4.1. Synthetic route to rhenium dinitrogen complexes developed by 

Chatt et d.l20 

Tine prociuction of methyPbemate in the reactions illustrated in Scheme 4.1 suggested 

that nucleophitic attack of methanol or rnethoxide ion on the carbonyl carbon atom may 



be involved in the production of the dinitrogen c0mplexes.12~ Unfortunately, the 

mechanistic details have as yet to be ascertained. 

Since the initial discovery by Chatt et al., numerous dinitrogen complexes of 

rhenium have been prepared via many different routes. For example, the rhenium 

hydrido dinitrogen complex ReH(N2)(dppe), resulted from the reaction of the ammonium 

salt ~ , ] , ~ e & ]  with two equivalents of dppe in 2-propanol under an atmosphere of 

dinitrogen.122 Furthermore, the half-sandwich rhenium dinitrogen complex 

CpRe(CO),(N,) was synthesized by controlled oxidation of the correspondicg hydrazine 

complex CpRe(CO),(N2H,) with H202 in the presence of copper ( f f )  salts123 or by 

displacement of the labile THF figand in CpRe(CO),(THF) by dinitrogen under high 

pre~sure.12~ 

Despite these synthetic accomplishments the original Chatt synthesis remained, 

for more than a decade, the only example in which an organodiazenido ligand was 

transformed into a dinitrogen ligand. However, it was observed several years ago by co- 

workers in our laboratory that the aryldiazenido ligand in the cationic manganese 

complex [(q5-CSH4Me)W(COi,(N2Ar)If was converted into ligated dinitrogen by I- , 

Br-, or C1- to yield the neutral complex (q'-CSH4Me)Mn(CO)2(N2);9* the only other 

product formed during the reaction was the respective substituted arene IAr, BrAr, and 

CIAr- The limited available experimental evidence obtained for these reactions was 

consistent with a nucleophilic displacement mechanism. 

Interestingly, identical results were not obtained when these nucleophilic addition 

reactions were repeated with the analogous cationic aryldiazenido complexes of rhenium. 

For example, reaction of the rhenium aryldiazenido complex [CpRe(CO),@- 

N2C,H,0Me)]+ with l- gave not only the expected dinitrogen cornpiex CpRe(CO)2(N2), 

h t  the howii &id0 complex CpRe(CC),I, as -;lrefl.l25 Treatment of the rhenium 

aryldtazenido complex with Br- yielded the dinitrogen complex, the corresponding 



dibromo complex CpRe(CO)&3r2,126 and the carbonyl substituted complex 

CpReBr(CO)(p-N,C6H40Me). GC-MS analysis of the reaction mixtures resulting from 

these halide ion additions showed in each case the presence of the respective iodo and 

bromo arene compounds (IC6H40Me or BrC6H,0Me) as well as the formation of anisole 

(C6H50h!k). Using C1- as the reagent produced only the carbonyl substituted complex 

CpReC1(CO)@-N2C6H,0Me); the dichloro derivative CpRe(CO),Cl, and the dinitrogen 

complex were not formed. Furthermore, the reaction of the halide ion X- (X- = I-, Br-, 

or C1-) with the pentamethylcyclopentadienyl analog [Cp*Re(CO),(p-N,C6HWe)]+ 

yielded in all cases the respective carbonyl substituted complex Cp*ReX(CO)(p- 

N,C,H40Me) exclusively with no production of the expected dinitrogen complex.j7 

These results, unlike hose obtained for the related manganese complexes, could not be 

explained by invoking solely a nucleophilic displacement mechanism, but instead were 

suggestive of a competitive radical process. 

It was clear from the synthetic results just presented that the chemistry associated 

with the conversion of the aryldiazenido ligand to the dinitrogen ligand, especially at a 

rhenium metal center, was complex and waiianted further investigation. Subsequently, a 

novel general route to a wide variety of rhenium dinitrogen complexes has now been 

developed, the details of which are described in this chapter. It is shown that chemical or 

electrochemical reduction of the cationic rhenium arydiazenido complexes generates the 

corresponding neutral dini~ogen complexes of the type Cp'Re(L,)(LJ(N,) ((a) Cp' = Cp; 

L, = L, .. = CO (4.1),*23,124 (b) Cp' = Cp*; L1 = CO; L2 = PMe3 (4.3)59 or P(OMe)3 (4.4),59 

and (c) Cp' = Cp*; L, = L, = CO (4.2),59 PMe, (4.51, drrrpe (4.6), or P(OMe), (4.7)) 

(Scheme 4.2) cleanly, quickly, and in high yield. Furthemore, the mechanism of this 

conversion was investigated by cyclic voltammetry, scanning electrochemical 

miosmpy,  coat.ro1led pete~itia! electrolysis. These findings are also given in this 

chapter. 



4.3 and 4.4 

4.5 and 4.7 

4.3 1 PMe, 

Scheme 4.2. Structures of 4.1-4.7. 



4.2.1. Synthesis and Characterization of Dinitrogen Complexes 

The dinitrogen complexes of general formula Cp1Re(L,)(L2)(N2) ((a) Cp' = Cp; L, 

= L, = CO (4.1),123, (b) Cp' = Cp*; Li = CO; L2 = PMe3 (4.3)59 or P(OMe)3 (4.4),59 

and (c) Cp' = Cp*; L, = L, = CO (4.2),59 PMe, (4.5), dmpe (4.6), or P(OMe)3 (4.7)) 

(Scheme 4.2) were synthesized by reacting the respective cationic aryldiazenido complex 

with a variety of reagents. For example, addition sf excess NaBH, as a solid to a 

solution of the cationic dicarbonyl aryldiazenido complex [Cp*Re(CO),@- 

N,C,H,OMe)]~F,] (2.2) in methanol or acetone resulted in the immediate formation of 

a deep red solution. After sevcral minutes the color of the solution changed from red to 

yellow and this color change was accompanied by the production of the dinitrogen 

complex 4.2. Reactions of 2.2 with hexamethylphosphoramide (HMl'A), 

trimethylphosphine, or sodium metal also afforded the dinitrogen complex 4.2. 

The cationic dicarbonyl aryldiazenido complexes [Cp1Re(CO),(p- 

N2C6H40Me)]@F4] (Cp' = Cp (2.1) or Cp* (2.2)) were also converted to the 

corresponding neutral dinitrogen complexes 4.1 and 4.2 at room temperature by reaction 

with a TKF solution containing an excess of the triphenylmethyl radical fPh3C-) or with 

an acetone solution containing excess cobaltocene (Cp,Co). The Cp,Co reactions 

resulted in the instantaneous formation of the respective dinitrogen complexes in 

excellent yield. Furthermore, the neutral carbonyl trimethylphosphite dinitrogen 

complex Cp*Re(CO)(P(OMe),)(NJ (4.4) was also synthesized from the corresponding 

cationic aryldiazenido complex 2.8 by reaction with excess Cp,Co in acetone at room 

temperature. However, none of the reagents previously mentioned, including Cp2Co, 

were capable of converting the cationic aryldiazenido complexes [Cp*Re(CO)(PMe,)@- 

N2C,H40Me)] [BFJ (2.4), [Cp*Re(PR,),(p-N,C,H,OMe)] @F4] (PR, = PMe, (2.11) or 



P(OMe), (2.14)), or [Cp*Re(dmpe)@-N,C,H,OMe)]@F,] (2B) to their respective 

neutral dinitxogen complexes 4.3 and 4.5-4-7. these dinitrogen complexes were 

synthesized by treatment of a solution of the corresponding aryldiazenido complex in 

THF with sodium amalgam at room temperamre. 

The dinitrogen complexes 4.1-4.7 were obtained as pale yellow solids analytically 

and spectroscopically pure, and were very soluble in the majority of organic solvents. 

From the IR spectra of the dinitrogen complexes 4.1-4.7, recorded in hexane, 

v(NN) was observed as a strong absorption in the 2145-1975 cm-I region (Table 4.1). 

The assignment of v(NN) was confirmed by 15N isotopic substitution at the rhenium- 

bound nitrogen atom (N,) in 4.1-4.5. In all cases an isotopic shift to lower wavenumber 

by ca. 33 cm-I was observed for v(NN). This 15N isotopic shift is similar to that 

observed for the rhodium dinitrogen complex RhCl(PiPr,),(N2) [Av(Nh3 = 35 ~ r n - ~ ] . ~ ~ ~  

The dicarbonyl dinitrogen complexes 4.1 and 4.2 each exhibit two very strong 

v(C0) absorptions, as expected, at 1973, 191 9 and 1954, 1902 cm-I respectively in 

hexane (Table 4.1). The IR spectra of the carbonyl phosphine and phosphite complexes 

4.3 and 4.4, recorded in hexane, showed a single, very strong absorption at 1865 and 

1877 cm-* respectively for v(C0) (Table 4.1). 

The 1H NNfR spectra for complexes 4.1-4.4 exhibited the typical resonances 

expected for the Cp, Cp*, and phosphorus groups. The only observation of note was that 

the Cp* resonance in the carbonyl phosphine and phosphite complexes 4.3 and 4.4 was 

split into a doublet with JKp couplings of 0.7 and 0.8 Hz respectively, which supports the 

presence of a singie phosphorus ligand in these complexes (Table 4.1). For complexes 

4.5-4.7, the 1H NMR spectra showed some notable features. The Cp* resonance for both 

the bis-trimethylphosphine dinitrogen complex 4.5 and for the bis-trimethylphosphite 

dinitrogen complex 4.7 appeared as a triplet indicating that the Cp* methyls were 

observably coupled to two equivalent phosphorus ligands (Table 4.1). 
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Interestingly, for the bidentare phosphine dinitrogen complex 4.6 unfy a singlet Cp* 

rescniioce was observed from the 1H NMR spectra (Table 4.1). In 4.5 and 4.7 &s J,, 

couplings were determined to be 0-7 md 0.8 Hz respectively. and may be too small to be 

observed for 4.6. Fur&emore. the 'H hMR spectrum of 4.6 exhibited the typical 

resonances expected for the bidentate dmpe ligand. However, in 4 5  the 'H resonance at 

6 1.48 assigned to the PAM% ligands was observed to be a virtual doublet integrating to 18 

protons. The apparent coupling constant pJH-p + 4J,-p), given by the separation between 

the w o  outside peaks, was 7-4 Hz. In 4,7 the IN resonance at 3 3.35 assigned to the 

P(01Mej, ligands was also observed to be a virtual doublet inteegating to 18 protons with 

a coupling constant (3JH-p + 'JHHP] of 11 -5 Hz. 

The 31PC IH j h34R spectra of complexes 4.3-4-7, in each case, displayed a single 

resonance in the normal region for a coordinated phosphine or phosphite (Table 4.1). 

These results are also in aCIpement with the suggestion made previously from the IH 

MkfFt spectra of 4 5  and 3.7 that the phosphorus ligand in these bis(phoqhorus-ligand) 

complexes are equivalent by symmetry. The 13C(IH) I t J  spectra of complexes 4.1-4.4 

showed a c&op.! carbon resmmre h the region 195.79-207.18 ppm; a singlet was 

observed for 4.1 and 4.2 whereas the resonance was split into a doublet for the 

phosphoms-ligand complexes 4 3  and 4.4 with a JC-, coupling of 7 and 12 Hz 

respectively (Table 4.1). The single resonance observed for &CO) for the dicarbonyl 

dinitrogen complexes 4.1 and 4 2  indicates  at these two CO ligands are also symmetry- 

equivalent- 

Further characteriza6on for the dinitrogen complexes 4.24.7 was provided by 

mass spectroscopy. In dl cases the molecular ion Mf was observed as a weak peak and 
- 

was always accompanied by a hgment corresponding to loss of the dinitrogen figand , 

@I+ - N-& 



42.2. Efectrocfiemid Methods 

4.2.2.1. Cyclic Voltammew and Scanning Electrcpchemical Microscopy 

Cyclic voltammetry (CV) of the cationic aryldiazenido complexes 2.1,2.2,2.4, 

2.8,2.11,2.13, and 2.14 was carried out at a stationary platinum electrode in an 

acetonitrile solution containing tetraethylammonium perchlorate (TEAP, 0.2 M) as the 

supporting electrolyte. The cyclic voltammograms of these complexes, recorded at a 

scan rate of 0.2 V/s, displayed in each case a single cathodic wave between -0.46 V and 

-1.89 V vs SCE but no observable return oxidative wave, representative of a chemically 

irreversible process. The CV data are summarized in Table 4.2. 

Table 4.2. Cyclic Voltammetric Cathodic Peak Potentials for Complexes 2.1,2.2,2.4, 
2.8,2.11,2.13, and 2.14.a 

I 

Complex 
I 

[CPR~(CO)~@-N~C~H~OM~)I [BFJ (2.1) -0.46 



The cyclic voltammograms of complexes 2.1,2.2,2.11,2.13, and 2.14 showed no 

signs of approaching electrochemical reversibility as the scan rate was increased to 1.0 

V/s as evidenced by those recorded for the cationic dicarbonyl zryldiazenido complexes 

2.1 and 2.2 (Figures 4. I and 4.2). However, at this scan rate a return anodic wave was 

clearly resolved for the cationic carbonyl phosphine and phosphite complexes 2.4 and 2.8 

(Figures 4.3 and 4.4). Unfortunately, a well-defined reversible wave form could not be 

achizved for 2.4,2.8, or any of the other cationic complexes by e~ploying scan rates 

faster than 1.0 V/s 'because of finitations in the electrochemical equipment. 

To overcome these limitations a collaborative effort with Bard and co-workers 

was undertaken. Bard et al. successfully employed fast scan rate cyclic voltamrnetry and 

scanniilg electroehenicai microscopy (SECM) to examine the electrochemical behavior 

of the cationic dicarbonyl aryldiazenido complex [Cg*Re(CO),(p-N,C6H40Me) ] [BF,] 

(2.2).128 Cyclic voltamrnetry of a solution of 2.2 in acetonitrile with 

tetrabutylamonium tetrafluoroborate (TBA-BF,, 0.1 M) as the supporting electrolyte 

was conducted at a 25-pm-diameter Pt electrode (Figure 4.5). The cyclic voltammogram 

of 2.2 exhibited a reversible wave with a cathodic peak potential of -0.66 V with respect 

to AgQRE at a scan rate of 10 V/s. The anodic wave was first resolved at this scan rate 

and became well-defined at 50 Vls. Digital simulationlZ9 of these cyclic voltammograms 

assuming an electrochemical ErCi mechanism afforded a rate constant kc = 145 + 10 s-I 

for the decomposition of the reduced species to products (Figure 4.5). The error in kc 

was considered to be the range in rates over which it was impossible to distinguish 

between the experimental and simulated CV spectra. The validity of this rate constant 

was substantiated by SECM13G136 which also produced a value of 145 s-I for kc. 



Hgure 4.1. Cyclic voltammogram of 2.1 (1.0 ~ M . M ~ ( S N  solution); 0.2 M TEA?; Pt 

working electrode. 



Figure 4.2. Cyclic voltammogram of 2.2 (1.0 mM MeCN solution); 0.2 M TEAP; Pt 

working electrode. 
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Figure 4.3. Cyclic voltammogram of 2.4 (1.0 rnM MeCN solution); 0.2 M ' F E N ;  Pt 

working electrode. 



E (V vs SCE) 

Figure 4.4. Cyclic voltammogram of 2.8 (1 -0 mM MeCN solution); 0.2 M TEAP; Pt 

working electrode. 



Figure 4.5, Experimental (solid h e s )  and simulated (dashcd fines) cyclic 

voitammograms of 2.2 (1.1 mM MeCN solution); 0.1 M 'EM-BF,; 25-pm- 

diameter Pt working electrode. 



4.222, C~ntroUed Pokntkd EEledroIysis 

The controlled potential electrolysis (CPE) of solutions of the cationic 

aryldiazenido complexes 2.1,2.2,2.4, and 2.11 in acetonitrile (5 mM) were performed at 

a large Pt gauze electrode with tetraethylammonium perchlorate (TEAP, 0.2 M) as the 

s~pporting electrolyte. From Equation 4.1,13? and by monitoring the amount of charge 

consumed at the end of the CPE experiment, a value for the number of electron(s) 

involved in the overall reduction reaction was determined for 2.1,2.2, and 2.4. 

where q, = total charge consumed at the end of the experiment 

F = Faraday constant 

c = the concentration of the particular cationic aryldiazenido reactant 

V = volume of solution in the working electrode compartment 

Exhaustive CPE of 2.1, 2.2, and 2.4 (60 min) at a potential sufficiently larger (higher 

negative number) than their respective cathodic peak potentials vs SCE (Table 4.2) 

indicated the consumption of 1 equivalent of electrons in all cases. 

Monitoring the progress of the electrolysis of 2,1,2.2, and 2.4 by IR spectroscopy 

showed the clean production of the corresponding neutral dinitrogen complexes 4.1,4.2, 

and 4.3 respectively, in good yield; an example of the electrochemical reduction is 

illustrated in Figure 4.6 for the cationic dicarbonyl aryldiazenido complex 2.2. The 

results from the CPE studies of the cationic bis-trimethylphosphine aryldiazenido 

complex 2.11 were inconclusive since 2.11 proved to be very air-sensitive and was easily 

oxidized to the known trioxo complex Cp*Re03 (4.8)13* prior to or during the CPE 

measurements despite all  efforts to maintain an inert atmosphere in the CPE cell. 





4.3. Discussion 

4.3.1. Synthesis and Characterization of Dinitrsgen Complexes 

A wide variety of Cp and Cp* rhenium aryldiazenido complexes have been 

converted to the corresponding dinitrogen complexes of general formula 

Cp1Re(L,)(L2)(N2) ((a) Cp' = Cp; L, = L2 = CO (4.1),123, (b) Cp' = Cp*; L1 = CO; L2 = 

PMe3 (4.3)59 or P(OMe)3 (4.4),59 and (c) Cp' = Cp*; L, = L, = CO (4.2),59 PMe3 (4.5), 

dmpe (4.6), or P(OMe), (4.7)) (Scheme 4.2) by the use of NaBH,, Ph,C., Cp,Co, or 

Na/Hg. The synthesis of the phosphorus-ligand substituted dinitrogen complexes 4.3-4.7 

by this method is of utmost impo~ance since these types of dinitrogen complexes could 

not be prepared from Cp*Re(CO),(N,) (4.2) by conventional cabonyl substitution under 

thermal or photochemical conditions; instead, employing these conditions results in 

thermal or photoextrusion of the N, ligand. Furthermore, attempts to synthesize 4.3-4.7 

by oxidative removaI of the carbonyl ligand in 4.2 with PhIO or Me,NO in a 

coordinating solvent such as  MeCN, and then subsequent substitution of the ligated 

solvent by phosphine or phosphite were also not successful (this procedure was 

successful for the analogous aryldiazenido complexes described in Chapter 2). 

As solids, complexes 4.1-4.4 can be exposed to air for short periods of time 

without appreciable deterioration and can be stored indefinitely at low tem~erature (263 

K) under an atmosphere of N,; solutions are more sensitive to air. The bis(phosphorus- 

ligand) dinirrogen complexes 4.5 and 4.9, and the bidentate phosphine dinitrogen 

complex 4.6, either in solution or as solids, are very air-sensitive and exposure to air for 

even short periods of time results in the oxidation of these complexes to the known trioxo 

complex of rhenium, Cp*Re03 (4.8).138 I, fact, even exposure of complexes 4.5-4.7 to 

nondegassed solvents affords 4.8. Confurnation of the trioxo complex was achieved by 

bubbling O,(g) through a solution of the dinitrogen complexes 4.5-4.7 in hexane for 5 



min and then analyzing the product formed by *H NMR and mass spectroscopy. The 

mechanism for this conversion is not known, and is currently under investigation in our 

laboratory. 

In the IR spectra of complexes 4.1-4.7, v(I?N) was observed as a strong 

absorption in the 2145-1975 cm-1 region. This region is typical for v(NN) of terminal 

dinitrogen complexes where the N2 ligand is coordinated in an end-on (ql) fashion.23, 33 

For complexes 4-1-47 the relative electronic properties of the Cp, Cp*, or phosphorus 

ligands are borne out by changes in v(CO), or more dramatically, by changes in v(NN) 

(Table 4.1). The greater the o-donor (or poorer the E-acceptor) ability of these ligands, 

the higher the degree of charge delocalization into the carbonyl or dinitrogen antibonding 

orbitals and the lower v(C0) or v(NN). For example, the IR spectrum of the Cp 

dicarbonyl dinitrogen complex 4.1 exhibited absorptions for v(NN) that are substantially 

higher than those observed for the methylated analogue 4.2; the same trend was observed 

for v(C0). This result is in agreement with the general view that Cp* is a better electron 

donating ligand than Cp and these findings ars similar to those reported for the 

chromium dicarbonyl dinitrogen complexes (q-aryl)Cr(CO),(N,) (aryl = C6H6, C6H3Me3, 

or C6Me6).139 Furthermore, vdues for v w )  and where applicable v(CO), follow the 

order of the co-ligmds (CO)(P(OMe),) (4.4) > (CO)(PMe3) (4.3) > {P(OMe),), (4.7) > 

dmpe (4.6) = (PMe,), (4.5) which correlates with increasing o-donor ability (or 

decreasing n-acceptor ability) of the phosphorus ligand. Taken together, these results 

suggest that PMe3 is a significantly better electron donating ligand [Av(NN) = 8 1 cm-I on 

going from 4.2 to 4.31 than P(OMe), [Av(NN) = ca. 53 cm-1 on going from 4.2 to 4.41, 

and both these phosphorus ligands are dramatically better electron donors than Cp* 

[Av(NN) = 20 cm-I on going from 4.1 to 4.21. 

It should be noted here that the two resolved v(NN) absorptions reported for the 

carbonyl trimethylphosphite dinitrogen complex 4.4 (Table 4.1) were investigated by co- 



workers in our laboratory and as a result these absorptions have been accounted for by 

the presence of conformational isomers brought about by the specific orientation of the 

Me group of the P(OMe), ligar~d.~' In contrast to this result, the bis-trimethylphosphite 

dinitrogen complex 4.7 exhibited only a single IR absorption for vgUN) (TaSle 4.1). 

The concept of virtual coupling was addressed in Chapter 2 where it was first 

observed for the bis(phosphorus-ligand) aryldiazenido complexes 2.11 and 2.14. The 1H 

M R  spectrum obtained for the bis-PMe3 aryldiazenido complex 2.1 1 exhibited a virtual 

doublet for the resonance assigned to the PMe, ligand whereas a virtual triplet was 

observed for the P(OMe), ligand of the bis-P(OMe), aryldiazenido complex 2.14. 

Interestingly, the 1H LYMR spectra of the corresponding dinitrogen complexes 4.5 and 4.7 

exhibited in both cases a virtual doublet for the resonances assigned to the respective 

phosphorus ligands. The concept of virtual coupling was developed from studies 

involving metal complexes which adopt a square planar geometry. Therefore, an 

understanding of how these virtual couplings arise and what information they may 

convey to the particular orientation of the phosphorus ligands is still not clear in the case 

of the half-sandwich piano-stool type complexes such as 4.5 or 4.7. Before an 

understanding can be reached, more examples of such complexes must be examined. 

From the 13C{lH j NMR spectra of complexes 4.1-4.4, it was observed that the 

values for 6(CO) follow the order of the co-ligands Cp*(CO)(PMe,) > 

Cp*(CO){P(OMe),) > Cp*(CO), > Cp(CO), which also correlates with increasing 

electron donating ability of the co-ligands. This trend and the rationale for it is similar to 

that mentioned previously in Chapter 2 for the corresponding aryldiazenido precursors. 

4.3.1.1. Reactions Involving Hydride (H-) Sources 

Studies conducted on the cationic manganese complex 

[(qS-C,H,Me)Mn(CO)2w7Ar)]+ by previous co-workers suggested that the conversion 



of the Nfn-bound aryldiazenido group to the dinitrogen ligand may proceed by a 

nucieophilic dispiacement mmfimism.~g In order to investigate the v a l i d i ~  of this 

suggestion, the hydride sources LiAVI, and NaBH, were reacted with the cationic 

rhenium aryldiazenido complexes lCp*Re(C0)2@-N2C6H,0Me)]@F,] (2.2) and 

[Cp*Re(PMe,),(p-N,C6H2OMe)]~F4] (2.11) and the products were examined. 

Treatment of a solution of 2.11 in methanol with either LiAlH, or NaBH, 

produced no reaction at all even after a large excess of the hydride sources were added 

and the solutions were allowed to stir for severd hours. In contrast, treatment of a 

solution of the cationic dicarbonyl aryldiazenido complex 2.2 in methanol with excess 

solid LiAIH, afforded the known methoxycarbonyl complex Cp*Re(CO)(COOMe)@- 

N2C6H40Me) (4.9)61 as characterized by IR and *H NMR spectroscopy. Complex 4.9 

was most likely formed via attack of the carbonyl carbon atom in 2.2 by methoxide ion 

(MeO-) which was generated "in situ" from the reaction of LiAlH, with methanol. In 

support of this suggestion it was shown tbar 4.9 can also be synthesized quantitatively by 

addition of NaOMe to a solution of 2.2 in methanol. Furthermore, the evolution of gas 

which was noted upon addidon of L i M 4  to the methanol solution is consistent with the 

abstraction of a proton from the solvent which in turn would yield M e 0  and H,. The 

desired dinitrogen complex 4.2 was not formed in this reaction. However, addition of 

excess NaBH,, as a solid, to a solution of 2.2 in methanol at room temperature did not 

produce 4.9 but instead resulzed in the initial formation of a deep red colored solution. 

The reaction then progessed further, with loss of the red color and formation of a yellow 

colored solution containing the dinitrogen complex 4.2 (Equation 4.2). Similar results 

were obtained when this reaction was repeated using acetone as a solvent (Equation 4.2). 



GC analysis of this reaction mixture indicated that anisofe (C,fl,OMe) was also a product 

of this reaction (-Epafion 4.2 ), 

The results obtained for the reaction between the cationic dicarbonyl 

aryldiazenido compfex 2.2 and ,hd:a•’lf.f, suggest that a t h e m a y  unstable intermediate 

(red colored solution) may lie on the p& toward the &nitrogen complex 4.2. If that is 

the case, the reaction of H- with this complex can, in principle, be visualized to occur by 

initial nucleophilic attack at several sites on the metal complex followed by some type of 

nmangement to give the finitrogen complex 4.2 and anisole (Scheme 4.3). 

In (i), attack at the carbon atom of the CO group produces a fomyl complex whereas in 

(iil attack at the metal center, with substitution of a carbonyl ligand, forms a 

monocarbony1 hydrido compiex. Alternatively, if attack occurs at the aryldiazenido 

group, there are three potential sites for nucleophilic attack: (iii) at the ipso carbon of the 

aromatic ring to give direcrtiy the dinitrogen complex 4-2 and anisole; (iv) at the rhenium- 

bound nitrogen atom w,i to yield the aryldiazene complex or (v) at the terminal nitrogen 

atom fN) to f o m ~  the arykydrazido complex. 

An fR spectrum, recorded of the red colored solution whicb was formed 

immediately after the addition of NaBH, to a solution of 2.2, in acetone at room 

temperatwe showed tfie complete disappearance of 2.2 and the presence of two new 

strong absorptions of similar intensity a 1917 and t 852 cm-1 assigned to the intermediate 

species. The position and the intensity of these IR absorptions are consistent with their 

assignment as two terminal v(CO) bands. ZR spectra acquired every 5 min showed that 

the absorptions conresponding to the inmediate  species smoothly disappeared as the 

bands due to the dinitrogen compfex 4.2 gradually appeared. Complex 4.2 was the final 

p'&ct- 





The synthesis of the red colored solution was repeated at 195 K using acetone-d, 

as the solvent. A lh' Nk4R spectrum of this solution acquired zt 233 K demonstrated the 

disappearance of 2.2 and the presence of resonances attributable to a Cp* and an 

aryldiazenido group common to all the intermediates shown in Scheme 4.3. Most 

notably, however, the lH spectrum also exhibited a broad singlet at 6 15.68 integrating to 

one proton. No simd upfield from TMS was observed. 

The presence of two terminal v(C0) bands in the I .  spectrum and the lack of a 

rhenium hydndo signal in the 'H NMR spectrum (expected to be upfield of TMS) 

eliminates the metal hydrido derivative [pathway (ii)] as a possible intermediate. 

Furthermore, the fact that the IR and 1H NhlR results establish the presence of an 

intermediate is not in agreement with pathway (iii) since no spectroscopicaliy observable 

intermediate is expected from direct nucleophilic attack of H- at the ipso carbon of the 

aromatic ring. 

The downfield broad proton signal at 6 15.68 could correspond to the hydrogen 

atom of a fomyl (M-HCO) ligand since this is the typical region where these fomyl 

resonances are found.140 However, the presence of two terminal v(C0) absorptions in 

the IR spectrum at 191'7 and 1852 cm-1 is not consistent with a monocarbonyl species 

[pathway (i)]; Y(CO) for the fomyl ligand is typically found at ca. 1658 ~ m - 1 . ' ~ ~  

The two remaining pathways {(ivj and (v)] are both consistent with all the 

spectroscopic data obtained thus far. To differentiate between these two pathways the 

intermediate species was once again prepared at 195 K by adding NaBH, to an 

acetone-d, solution of the dicarbonyl aryldiazenido complex which was specifically 

labeled at the rhenium-bound nitrogen atom (N,) with 15N (2.2-IT,) (Figure 4.7a). A 

lR NMR spectrum of this solution acquired at 233 K exhibited, in addition to the typical 

resonances expected for the Cp* and the aryldiazenido group, a doublet at 6 15.68 (JH-N = 

69 Hz) integrating to one proton (Figure 4.7%). 







Furthermore, a 15N NMR spectruni obtained of this solution at this temperature also 

showed a doublet at 6 46.7 with the same coupling constant (JN, = 69 Hz) (Figure 4.8). 

The NMR solution was then allowed to warm to room temperature. Purification of this 

solution afforded exclusively the dinitrogen complex 4.2. GC analysis of the solvent 

remains confirmed the presence of anisole, 

The downfield doublet at 6 15.68 (J, = 69 Hz) observed in the low temperature 

1H NMR spectrum and the doublet at 6 -46.7 (JN, = 69 Hz) detected in the low 

temperatwe 15N spectrum are confirmation of a l5N-H coupling. Therefore, since the 15N 

label was introduced at the rhenium-bound nitrogen atom (N,) exclusively, the 

intermediate was unambiguously assigned as the ar-yldiazene complex Cp*Re(CO),(p- 

l5NHL4NC,H,OMe) (4.10-WE). Thus, the hydrazido species can be ruled out as an 

observable precursor to the dinitrogen complex in this reaction. 

To summarize, the evidence clearly demonstrates that the reaction between 

NaBH, and the cstionic dicarbonyl aryldiazenido complex 2.2 proceeds by initial H- 

attack at the rhenium-bound nitrogen atom (N,) to give the neutral aryldiazene complex 

4.10, which then eliminates anisole resulting in the formation of the respective neutral 

dinitrogen complex 4.2. Thus, the mechanism which best describes this conversion is 

pathway (iv) (Scheme 4.3). 

The I '  spectra of the ayldiazene complex 4.10 showed two v(C0) absorptions 

(1917 and 1852 cm-I in acetone), which were lowered substantially from the 

corresponding positions in the aryldiazenido complex 2.2 (2054 and 1995 cm-I in 

acetone). The v o  band for the aryldiazene complex 4.10 was not obierved, nor was 

the absorption due to v o .  Notably, even FN isotopic substitution of the rhenium- 

bound nitrogen atom (NJ in the aryldiazene complex Cp*Re(CO),@- 

1SNH'4NC5H40Me) (4.10-1~ did not lead to the assignment of v(NN) or v(NH). 





The lH NMR spectrum of 4.10 demonstrated that the NH resonance occurs well 

downfield (6 i5.68), at the lower end of the range (ca. 6 11-15) observed for many other 

a r y l d i a ~ e n e s , ~ ~ l - ~ ~ ~  and the resonance was split into a sharp doublet [J(H-'5N) = 69 Hz3 in 

the spectrum of the 15N, derivative Cp*Re(CO)2@-15NH14NC6H40Me) (4.lO-lSNJ. 

This coupling constant is in agreement with J(H-15N) values reported for other 

aryldiazene complexes, such as [PtC1(PEt3)2@-15NH14NC6H4F)][BF4] [J(H-15N) = 74 

Hz] ,141 ~ U C I ( ~ ~ N H ~ ~ N P ~  j(CO)2(PPh3)2] [ClO,] [9(H-W) = 65 Hz] and 

fW(CO)2(NO)(PPh3)2(15NH14NPh)][PF6] [J(H-W) = 63 H~1.143 

The spectroscopic evidence clearly supports the formulation of 4.10 as an 

aryldiazene complex, but the actual bonding mode of the ligand (i.e., end-on (ql) or side- 

on (q2) bonded) could not be deduced from these data (Figure 4.9). 

Figure 4.9. Structures illustrating the end-on (ql) and side-on (q2) bonding modes for 

the aryldiazene ligand. 

To gain some insight on the bonding mode adopted by the aryldiazene ligand, complex 

4.10 was examined by low temperature 13C(lH) NMR spectroscopy. A l3C{lH) NMR 

spectrum of this complex recorded at 233 K in acetone-d6 exhibited, in addition to the 

typical resonances for the Cp* and aryldiazene groups, a single resonance in the carbonyl 

region at 8 208.32 indicative of two symmetry-equivalent CO ligands (Figure 4.10). 
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To verify that a second resonance was not hidden under the solvent resonance, the 

l3C{lH) NMR spectrum of 4.10 was reacquied at 233 K in methanol-d,; the resultant 

spectrum was identical to that obtained previously using acetone-d,. The observed single 

carbonyl resonance is consistent with a structure in which the CO ligands are made 

equivalent by virtue of the aryldiazene ligand adopting a position on the mirror plane 

containing the Cp* centroid and Re, and bisecting the angle subtended by the two CO 

ligands. This criterion strongly infers that the aryldiazene ligand is bound in an q '  

manner to the Re metal since a complex containing a rigid q2-bound aryldiazene ligand 

(but not a fluxional one) is expected to adopt a pseudo four-legged piano-stool type 

geometry, thereby making the CO ligands inequivalent (Figure 4.9). This particular 

geometry was shown by crystal structure to be adopted for the related q2-bonded 

diphenyldiazene complex CpRe(CO),(N,Ph,).144 Furthermore, to date, all previously 

reported aryldiazene complexes have been shown, or are believed to be, ql-bonded to the 

metal center. 

Surprisingly, the dicarbonyl and bis-trimethylphosphine aryldiazenido cations, 

2.2 and 2.11 respectively, showed no evidence of undergoing reactions analogous to 

those of the closeIy related nitrosyl complex [CpRe(CO),(NO)]+ with NaBH,. The 

nitrosyl complex is capable of stepwise reduction of the CO group by NaBH4 to HCO, 

CH,OH, and CH, ligands.145 Furthermore, precedence in the literature suggests that 

reactions of aryldiazenido complexes with borohydride typically give products arising 

from attack at the metal center (i-e., metal hydrido c ~ r n Q e x ) l ~ ~  or attack at an ancillary 

ligand.147 In contrast, the results just presented illustrate that H- from the NaBH, reagent 

attacks the aryldiazenido complex 2.2 exclusively at the rhenium-bound nitrogen atom 

resulting in the novel conversion of the aryldiazenido complex to the identifiable 

aryldiazene complex 4.10.56 Remarkably, the replacement of both CO ligands by PMe, 

appears to block this reaction, as neither the corresponding aryldiazene nor the dinitrogen 



complex was observed. Instead, the treatment of the bis-trimethylphosphine complex 

2.11 with N&H4 resulted in no reaction at d!. The differences in reactivity toward 

NaBH, shown by 2.2 and 2.11 are attributed to the relative electronic properties of the 

ancillary ligands (0-doaor or x-acceptor abilities). An increase in the electron donating 

ability of a ligand, as is achieved by substituting a CO group with PMe,, causes an 

increase of electron density at the metal center which in turn leads to greater metal 

d-n'*(NPTA,r) backbonding. The end result is that the rhenium center and the rhenium- 

bound nitrogen atom are made less susceptible to nucleophilic attack by H-. 

4.3.1.2. Reactions InvoIving the Triphenyhethyl Radical (Ph,C-) 

Investigations conducted several years ago by co-workers in our 1aboratol.y on the 

cationic rhenium complex [CpRe(ZOj,(N,Ar)]+ suggested that the conversion of the 

rhenium-bound aryldiazenido group to ligated dinitrogen may follow a radical 

me~hanism.59.6~ To test the validity of this suggestion, a variety of cationic rhenium 

aryldiazenido complexes were treated with the triphenylmethyl radical (Ph3C-) and the 

products arising from these reactions were examined. 

Addition of excess Ph,C., formed froin the reduction of Ph,CCl with zinc dust in 

THF, to a solution of the cationic dicarbonyl aryldiazenido complexes 2.1 or 2.2 in 

CH2C12 at room temperature afforded the corresponding neutral dinitrogen complexes 4.1 

and 4.2 respectively in moderate yield (Equation 4.3). 

ICp'Re(Co),@-N2~&0~e)llBF41 
Ph3C- 1 THF 

CH2C12 

Cp' = Cp or Cp* 



In both cases the production of the dinitrogen complex was accompanied by the 

formation of a white precipitate. The precipitate was identified by melting point, 1H 

NMR spectroscopy, and elemental analysis as the peroxide Ph3COOCPh3 which was 

formed f r ~ m  the oxidation of the Ph3C. radical. Using freshly distilled and degassed 

solvents and high purity Ar as the inert atmosphere for the radical reactions prevented the 

formation of this peroxide. 

A gas chromatogram of the solvent, which was removed under vacuum and 

condensed into a Iiquid nitrogen trap prior to the purification of the dinitrogen complexes 

4.1 or 4.2, indicated the presence of anisole (Equation 4.3). Notably, no evidence to 

support the formation of the radical addition product Ph,CC6H,0Me or Ph,CCPh, was 

obtained. Hov~ever, !H hMR spectroscopy and elemental a~dys i s  confirmed the 

presence of ph3C]@3F,]. The formation of anisole and [Ph3C]pF,] is consistent with an 

electron transfer mechanism for the conversion of the cationic dicarbonyl aryldiazenido 

complexes 2.1 or 2.2 to their respective neutral dinitrogen derivatives. The mechanism is 

believed to proceed by electron transfer from the triphenylmethyl radical (Ph,C.) to the 

metal complex, resulting in the formation of the stable triphenylmethyl cation Ph,C+ and 

an organometallic radical of the type Re-NNAr-. The organometallic species could then 

decompose to give the desired dinitrogen complex Re-NN and Ar-, and in turn, the 

organic radical could then abstract a hydrogen atom from the solvent to give anisole. 

To conf;m the existence of the organometallic radical Re-NNAr. the reaction 

between the triphenylmethyl radical and the aryldiazenido complex 2.2 was monitored by 

electron spin resonance (ESR) spectroscopy. However, no ESR signal was obtained 

when this reaction was carried out at ambient temperature or at low temperature (195 K). 

These results were nut conclusive since these experiments would not detect radical 

species with very short lifetimes. 



Interestingly, the addition of a large excess of the triphenylrnethyl radical to a 

solution of the cationic carbonyl phosghine or phosphite aryldiazenido complexes 2.4 or 

2.8 in CH2C1, did not yield the desired dinitrogen complexes 4-3 and 4.4 respectively, 

nor any other product. In fact, the starting aryldiazenido complexes 2.4 or 2.8 were 

recovered quantitatively even after the mixtures were allowed to stir for 24 h. Identical 

results were obtained for the bis(phosphorus-ligand) complexes 2.11,2.13, and 2.14. 

4.3.1.3. Reactions Involving a One-electron Chemical Reduction 

The results obtained from reactions between the cationic aryldiazenido complexes 

and the triphenylrnethyl radical showed that Ph,C, was particularly effective in 

converting the dicarbonyl qldiazenido complexes 2.1 and 2.2 to their corresponding 

neutral dinitrogen complexes, but was completely ineffective in the analogous conversion 

of the phosphorus-substituted aryldiazenido complexes 2.4,2.8,2.11,2.13, and 2.14 to 

their respective dinitrogen derivatives. To clarify these results, a systematic study 

involving the treatment of these cationic aryldiazenido complexes with a number of one- 

electron reducing agents was carried out. 

Addition of excess cobaltocene (Cp,Co) to a solution of the dicarbonyl 

aryldiazenido complexes 2.1 a d  2.2 in acetone at room temperature gave the 

corresponding neutral dinitrogen complexes 4.1 and 4.2 in extcllent yield (Equation 4.4). 

[Cp1Re(C0j(L) (p-NCsH4oMe)l BF4l Cp2Co * 
acetone 

Cp' = Cp or Cp* 
L = CO, P(OMeh 



Unlike the triphenylmethyl radical chemistry mentioned previously, Cp,Co was also 

effective in reducing the cationic carbonyl trimethylphosphite qldiazenido complex 2.8 

to its respective neutral dinitrogen complex 4.4 in good yield (Equation 4.4). 

Furthermore, anisole, confirmed by gas chromatography, was also formed in each of 

these reduction reactions (Equation 4.4). The salt [Cp,Co]pF,] was also detected by 1H 

NMR spectroscopy as a byproduct in these reduction reactions. Notably, when this 

reduction procedure was repeated for the carbonyl trimethylphosphine or bis(phosphonxs- 

ligand) aryldiazenido complexes 2.4,2.11,2.13, or 2.14, the corresponding dinitrogen 

complexes were not produced. The fact that no reaction occurred at all inferred that the 

reduction potential of Cp,Co was not sufficieatfy large enough to rechaw these 

aryldiazenido complexes to their corresponding dinitrogen derivatives 4.3,4.5-4.7. As a 

consequence, stronger reducing agents such as sgdium metal were investigated as 

possible candidates for the production of the dinitrogen complexes 4.3,4,5-4.7 from their 

aryldiazenido precursors. 

The effectiveness of sodium metal as a reducing agent was inirially tested using 

the cationic dicarbonyl aryldimnido complex 2.2 since the reduction of this complex to 

4.2 had already been established. Treatment of a solution of 2.2 in liquid ammoniaPTHF 

with sodium metal did not give the desired dinitrogen complex 4 2  but instead the known 

neutral carbamoyl complex Cp*Re(CO)(CONH,)(p-N2C6H40Me) (4.11) was produced,6l 

and subsequently identified by IR and lH MMR spectroscopy. Complex 4.11 was also 

synthesized in the absence of Ma by direct addition of 2.2, as a solid, to liquid NH,. The 

latter result strongly suggests &at the ammonia, which was chosen as a solvent for the 

reduction reaction because it is capabIe of soiubilizing the sodium metai, is responsible 

for the formation of die d a m o y i  cornpiex 4,ii prim to the Wtm of the idicing 

agent. PreSumaffZy the production of 4.11 results from nucleophilic attack of the amide 

ion i'ZZ2, which is in. exyxili-tnrimn wit-fi NH,, on ttte relatively electropMic cartronyf 



carbon atom in 2-2- It is worth mentioning &at repeating the NaRVH, reduction with a 

cationic aryldiazenido complex where the carbony1 ligands - are replaced by PMe,, - such as 

2.11, did not yield the desired dinitrogen complex 4 3  either: instead, the dihydride 

complex tram-Cp*Re(PMe3),H, (trans4.12) was produced as characterized by lH and 

"Pi IN) NtMR spectroscopy. 

To prevent the fornation of the carbamoyl complex 4.11 and thus allow complex 

2.2 to react with the sodium metal and not the liquid ammonia, the reduction reaction 

was repeated using only THF as the solvent. Sonication of a mixture of sodium metal 

and 2.2 in THF afforded the dinitrogen complex 4.2 in poor yield. The production of 

4.2. even though the yield was low. suggested that the dinitrogen complex could be 

synthesized by sodium reduction of its aryJdiazenido derivative. ih an effort to increase 

the efficiency of the sodium reduction. the reactive surface area of the sodium was 

increased by preparing a sodium amalgam, Addition of a solution of 2.2 in THF to 

NaWg at room temperamre gave exclusively the diniuogen complex 4.2 in excellent 

yield, More importantly. treatment of the cationic carbonyl trimethylphosphine 2.4 or 

the bis(phosphorus-ligand) aryldiazenido complexes 2.11,2.13, or 2.14 with Na/Hg 

afforded the neutral &nitrogen coinplexes 4 3 , 4 5 4 7  respectively in good yield 

(Equation 4.5). 

LI = CO, Lz = PAMes 
L1= L2 = PMe3, dmp,  or P(OMe)3 



Once again, anisole was determined by gas chromatography to accompany the productio~l 

of the dinitrogen complexes 4.3,4.5-4.7 (Equation 4.5). Notably, treatment of 2.1,2.2, 

and 2.8 with N a g  also gave the corresponding dinitrogen complexes 4.1,4.2, and 4.4. 

To summarize, the cationic rhenium aryldiazenido complexes 2.1,2.2,2.4, 2.8, 

2.11,2.13, or 2.14 were d l  converted to the corresponding neutral dinitrogen complexes 

4.1-4.7 and anisole cleanly and efficiently at room temperature by using the appropriate 

one-electron reducing agent. The mechanism believed to be responsible for this 

conversion is illustrated in Scheme 4.4. 

solvent - ArH 

Scheme 4.4. Proposed mechanism for the conversion of rhenium-bound aryldiazenido to 

ligated dinitrogen (Ar = p-C,H,OMe). 

The initial step in this mechanism is the transfer of one-electron from the reducing agent 

(i-e., Cp,Co, Na/Hg, or as described in the previous section Ph,C.) to the cationic 

arylldiazenido complex to give the neutral 19-electron intermediate. Once formed this 

unstable intermediate then decomposes to produce the desired dinitrogen complex and 

the p-methoxyphenyl radical. The organic radical then abstracts a hydrogen from the 

solvent to give anisole. fR or NMR spectroscopy, used to monitor these reduction 

reactions, provided no evidence to confirm the existence of the proposed 19-electron 

intermediate. 



4.3.1.4. Reactions Involving a One-electron Electrochemical Reduction 

The suggestion that a one-electron chemical reduction was responsible for the 

conversion of the cationic aryldiazenido ligand to the neutral dinitrogen moiety was 

quantitatively corroborated by electrochernicai measurements conducted on the 

complexes 2.1,2.2,2.4,2.8,2.11.2.13, 2.14 The cyclic voltammograms of these 

complexes displayed in each case a single irreversible cathodic wave which was 

representative of the reduction potential required to convert the wyldiazenido complexes 

to their corresponding neutral aryldiazenido complexes (Table 4.2). 

For these complexes the relative electronic properties of the Cp, Cp*, or 

phosphorus ligands were revealed by differences in the reduction potentials which were 

obtained. For example, the Cp dicarbonyl aryldiazenido complex 2.1 was found to have 

a smaller negative value for the reduction potential (-0.46 V) than its methylated 

analogue 2.2 (-0.62 V). Furthermore, the reduction potentials for the remaining 

aryIdiazenido complexes follow the order of the co-ligands (PMe,), (2.11, -1.89 V) > 

dmpe (2.13, -1.74 V) > {P(OMe),), (%,Id, -1 -41 V) > (CO)(PMe,) (2.4, -1.24 V) > 

(CO)(P(OMe),] (2.8, -0.98 V). Taken together, these results suggest that an increase in 

the o-donor ability (or decrease in the z-acceptor ability) of an ancillary ligand leads to 

an increase in the magnitude of the reduction potential. Thus, substituting Cp by Cp" 

(2.1 -+ 2.2) or a CO ligand by PMe, (2.2 + 2.4) leads to a significant increase in the 

reduction potential and as a result the chemical reduction of these aryldiazenido 

complexes to the corresponding dinitrogen complexes becomes dependent on the 

reduction potential of the chemical reagent which is used. For example, it was 

previously demonstrated that Cp2Co was capable of reducing the aryldiazenido 

complexes 2.1,2.2, and 2.8 to their respective dinitrogen complexes 4.1,4.2, and 4.4 but 

was incapable of reducing the remaining aryldiazenido complexes. These results are in 

agreement with the reduction potential of Cp2Co, which was reported to be ca. -0.9 V vs 



SCE in CH2C12.148 Similarly, the reduction potential of sodium is ca. -3.0 V vs SCE,l30b 

and therefore it is not surprising that Na/Hg was shown to be capable of reducing all the 

aryldiazenido complexes to the corresponding dinitrogen derivatives. More importantly, 

the CV data also clarifies the inconsistency provided by the results obtained previously 

for the reactions involving the cationic aryldiazenido complexes and the triphenylmethyl 

radical (Ph3C-). Specifically, the fact that Ph3C. was capable of reducing the dicarbonyl 

complexes 2.1 and 2.2 but not the phosphorus-substituted complexes 2.4,2.8,2.11,2.13, 

and 2.14 to their corresponding nitrogen derivatives suggests that the reduction capacity 

of Ph3C- is of the order of the reduction potential determined for the Cp* dicarbonyl 

aryldiazenido compiex 2.2 (-0.62 V). The reduction potential of Ph,C-, to the best of our 

knowledge, has not been reported in the literature. 

Further evidence to support an electron transfer mechanism for the observed 

transformation of the aryldiazenido moiety to the respective dinitrogen derivative was 

provided by tbe application of fast scan rate cyclic voltammetry (CV), scanning 

electrochemical microscopy (SECM), and controlled potential electrolysis (CPE) to the 

cationic aryldiazenido complex [Cp*Re(CO)2@-N2C,H40Me)] pF4] (2.2). The fast scan 

rate CV and SECM analyses reported in this chapter were conducted by Professor Allen 

J. Bard and Dr. Thomas C.  Richards at the University of Texas at Austin (see 

Experimental section of this chapter). 

Assuming that 2.2 is reduced to the neutral 19-electron complex Cp*Re(CO),(p- 

N,C,H40Me) which then decomposes to give products (Equation 4.6) allows treatment 

as an dectrochemicd ErCi mechanism149 following Equations 4-7 and 4.8 wherein 0 and 

R correspond to the cationic and neutral forms of the rhenium complex respectively and 

P designates products, Both fast scan rate CV and SECM are -useful techniques for 

studying the kinetics of ch&d reactions coupled to electron transfer1322 133 and can be 



used to determine the rate constant (kc) for the decomposition of the neutral 19-electron 

complex (R) to products (P). 

O + e -  - R 

kc 
R - P  

The cyclic voltammogram of 2.2 exhibited a reversible one-electron wave with a 

cathodic peak potential of -0.66 V corresponding to the reduction of 2.2 to the neutral 

lg-electron complex Cp*Re(CO),@-N2C,H,0Me) (Figure 4.5). A return wave for the 

oxidation of the neutral 19-electron complex was first resolved at 10 V/s and became 

well-defined at 53 V/s. CV spectra were obtained at fast enough scan rates such that the 

cathodic and anodic peak potentials were independent of the scan rate, and their peak-to- 

peak separation approached a value of 60 mV expected for a one-electron reversible 

process. Digital s im~la t ion l~~  of these cyclic voltammograms assuming an 

electrochemical E,C, mechanism afforded a rate constant (lea of 145 + 10 s-I for the 

decomposition of the neutrd 19-electron complex (R) to products (P) (Figure 4.5). The 

validity of this rate constant was supported by SECMl30-136 which also gave a value of 

145 s-1 for kc. 

The CPE study lends further support to the electrochemical E& mechanism. 

Exhaustive controlled potentid electrolysis of 2.2 (60 min.) at -0.62 V versus SCE 

indicated the consumption of one equivalent of electrons. This result is obviously 

consistent with the production of the neurral 19-electron complex (Equation 4.6) and its 



subsequent decomposition. Notably, exhaustive CPE of the Cp dicarbonyl(2.1) and the 

carbonyl trimethylphosphine (2.4) aryldiazenido complexes also established these 

reactions to be clean one-electron processes. 

Monitoring the progress of the electrolysis for 2.2 by IR spectroscopy showed the 

production of the neutral dinitrogen complex Cp*Re(CO),(N,) (4.2) which was 

accompanied by the complete disappearance of 2.2 (Figure 4.6). Upon completion of the 

electrolysis, the solvent a d  volatiles were removed by vacuum and a gas chromatogram 

of the condensate confirmed the presence of anisole, as expected to result from hydrogen 

abstraction from the solvent by the p-methoxyphenyl radical formed in the irreversible 

chemical step. Once again, similar results were observed for the aryldiazenido 

complexes 2.1 a d  2.4. These electrochemicd results 5 d y  establish the existence of 

the 19-electron intermediate which was proposed previously but never detected 

spectroscopically by IR, NMR, or ESR because of its short lifetime. 

4.3.2, Mechanism of Formation of Ligated Dinitrogen &om Rhenium-bound 

Aryldiazenido 

The chemistry displayed by rhenium aryldiazenido complexes, in particular, the 

unique transformation by which they proceed to ligated dinitrogen was found to be 

dependent on the particular chemical reagent used. The cationic dicarbonyl 

atyldiazenido complex 2.2 can be converted to the corresponding dinitrogen complex 4.2 

by reaction with NaBH& The mechanism for this conversion involves initial H- attack at 

the rhenium-bound nitrogen atom to give the neutral aryldiazene complex 

Cp*Re(CO),(p-NHPJC&I40Me) (4.101, which then eliminates anisole resulting in the 

formation of the respective neutrd dinitrogen complex 4.2. Tfiis mechanism appears to 

'be dependent on fhe eiecironic properties or" the anciliary iigmds in cornpiex 2.2; iigmcis 

such as CO which remove eIectron density from the metal center and to some degree the 



metal-bound mtrogen are believed to facilitate this mechanism whereas ligands such as 

PMe, which have the opposite electronic properties do not. Thus, treatment of the bis- 

PMe, aryldiazenido complex 2.11 with NaBH, does not afford the respective dinitrogen 

complex nor any product at all. However, complex 2.2 as well as all the other cationic 

aryldiazenido complexes which were investigated (2.1,2.4,2.8,2.11,2.13, and 2.14) can 

be converted to their corresponding dinitrogen complexes by reaction with a suitable 

one-electron reducing agent. The initial step in this mechanism is the transfer of one- 

electron from the reducing agent to the cationic aryldiazenido complex to give the neutral 

19-electron intermediate. Once formed this unstable intermediate then decomposes to 

produce the desired dinitrogen complex and the p-methoxyphenyl radical. The organic 

radici then abstracts a hydrogen from the solvent to give anisole. This mechanism 

appears to be independent of the electronic properties of the ancillary ligands in the 

respective aryldiazenido complexes. Although these properties influence the particular 

reduction potential required for conversion to the corresponding dinitrogen derivatives, 

their influence can be compensated for by selecting a suitable reducing agent and thus the 

mechanism remains nn&ected. 

As alluded to in the Introduction to this chapter, investigations conducted several 

years ago by co-workers in our laboratory on the cationic manganese complexes 

[(qS-C,H4Me)h4n(CO)2(N2Ar)]+ suggested that the conversion of the metal-bound 

aryldiazenido group to the corresponding neutral ligated dinitrogen complex by reaction 

with a halide ion X- (X- = I-, Br-, or Cl-) was consistent with a nucleophilic 

displacement mechanism. Indeed, this type of mechanism was suggested by Chatt et al. 

to occur in the only other example that we h o w  of, in which an organodiazenido ligand 

is t isfom& b t o  Iigzwd bir.imgen.QQ- Tliis is the reaction of the kmcy1diazenido 

wmplex Ra,(PPhS),@12COPh) with phospb~es iin methsnnl, previously itlustrated in 

Scheme 4.1. It was suggested that this reaction is initiated by nucleophilic attack of 



methanol or methoxide ion on the carbonyl carbon since methylbenzoate was also 

piodiiced. My iiivestigations into the conversion of the qldiazenido group to the 

corresponding ligated dinitrogen at a rhenium metal center by using the reagents 

presented here have yieIded no evidence in support of a nucleophilic displacement 

mechanism. 

In this chapter, a series of neutral dinitrogen complexes of the type 

Cp'Re(L,)(L,)(N,) ((a) Cp' = Cp; L, = L, = CO (4.1),'23, n4 (b) Cp' = Cp* ; L1 = CO; L, = 

PMe, (4.3)59 or P(OMe)3 (4.4),59 and (c) Cp' = Cp*; L, = L, = CO (4.2),59 PMe3 (4.9, 

dmpe (4.6), or P(OMe), (4.7)) were synthesized cleanly, quickly, and in high yield from 

the corresponding cationic aryldiazenido complexes. This conversion was shown to be 

consistent with two different mechanisms. First, reaction of the cationic dicarbonyl 

aryldiazenido complex 2-2 with NaBH, results in initial H- attack at the rhenium-bound 

nitrogen atom to give the neutral aryldiazene complex Cp*Re(CO),(p-NHNC,H,OMe) 

(4.10), which then eliminates anisole resulting in the formation of the respective neutral 

dinitrogen complex 4.2. Second, treatment of any of the cationic aryldiazenido 

complexes 2.1,2.2,2.4,2,8,211,2.13, and 2.14 with a suitable one-electron reducing 

agent leads to the initial transfer of one-electron from the reducing agent to the cationic 

aryldiazenido complex to give a neutral 19electron intermediate. Once formed this 

unstable intermediate then &xomposes to produce the desired dinitrogen complex and 

the p-m?hoxyphenyl radical which then abstracts a hydrogen from the solvent to give 

anisole. This one-electron reduction mechanism was corroborated by cyclic voltammetry 

(CV), scanning electrochemical microscopy (SECM), and controlled potential 

electrol ysis (CPE). 



4.5.1. General Methods 

Manipulations, solvent purification, and spectroscopic measurements were carried 

out as described in Chapter 2. Acetone-d,, CDC13, CD3CN, and benzene-d, were used as 

the solvents for all the NMR spectra recorded at ambient temperatures. All NMR data 

were recorded on a Bruker AMX 400 instrument at an operating frequency of 400, 162, 

iOO, 40.6, and 28.9 MHz for 'H, 31P, 13C, l5N, and 14N nuclei respectively. The term 

"virtual doublet" refers to the non-first-order multiplet which is seen in some of the 1H 

NMR spectra; the apparent coupling constant is given by the separation between the two 

outside peaks. Electron spin resonance (ESR) spectra were recorded both at room 

temperature and at low temperature on a Varian E-4 instrument. Gas chromatography of 

the solutions after chemical and electrochemical reductions were complete was 

performed on a Hewlett-Packard 5890 A Series gas chromatograph containing a DB- 1 

capillary column and equipped with a Hewlett-Packard 3392 A integrator. Identification 

of the chromatographic peak for anisole was made by comparison with that of the 

authentic compound. 

The cationic rhenium aryldiazenido complexes used in this chapter were prepared 

and purified following the protocol established in Chapter 2. Methanol was distilled 

from calcium sulfate under nitrogen and used immediately. Hexamethylphosphoramide 

(HMPA) (Aldrich Chemical Co.) was distilled from calcium hydride and stored over 4A 

molecular sieve, which had been activated by drying under vacuum at 573 K for several 

days. 

Anisole (Fisher Scientific Co.) was used as received. Sodium metal (BDH 

Chemicds Ltd.) was washed with hexane prior to use a d  was cut from a piece prior to 

use to ensure an unhydrofysed surface. Mercury (Aldrich) was cleaned by filtration 



through fine filter paper and then distilled under vacuum. Ammonia gas (Linde Union 

Carbide) was used as purchased. Sodium borohydride @DH) and lithium aluminum 

hydride (AJfa Products, Ventron Division) were used as purchased and were stored under 

nitrogen. The triphenylmethyl radical (Ph3C-) was synthesized by zinc (Aldrich) 

reduction of triphenylchloromethane (Ph3CCl)150 which was grepared initially by 

reaction of triphenylmethanol (Ph3COH) (Aldrich) with acetyl chloride (Fisher Scientific 

Co.).l51 Cobaltocene (Cp,Co) was prepared by reaction of anhydrous cobalt (II) chloride 

(Alfa) with sodium cyclopentadienide prepared from sodium and dicyclopentadiene 

(Aldrich)l52 and was sublimed under vacuum onto a dry ice-cooled cold-finger before 

use. 

1H and 13C INMR chemicai shifts are reported in ppm downfield (positive) of 

tetramethylsilane. 31P NMR chemical shifts are referenced to 85% H3P04. 14N and l5N 

NMR chemical shifts are referenced to external nitromethane (MeNO,). The low 

temperature IH, W, and l5N NMR spectra of complex 4.10 were obtained in a similar 

manner to that outlined in Chapter 3. Acetone-d, (Isotec Inc.) and methanol-d4 (Isotec) 

were used as solvents for aU the low temperature BMR work. 

4.5.2. Syntheses 

The bis-trimethylphosphine dinitrogen complex 4.5 was prepared with the 15N 

isotopic label at either the rhenium-bound nitrogen atom (N,) or at the terminal nitrogen 

atom 0. The importance of the 15N isotopic label being introduced exclusively at 

either N, or Ng is demonstrated in this chapter and in Chapters 5 and 6 as well. 14N and 

l5N NNDR data are given in this chapter as characterization for complexes 4.1-4.5 but will 

excess of Cp,Co was dissolved in a minimum amount of acetone (5 rnL) and then added 



via syringe to a solution of the cationic dicarbonyl complex 2.1 or 2.1-l5N, (100 mg, 

0.189 mmol ) in acetone (10 rnL) at room temperature. The IR spectrum of this mixture 

recorded iinmediately after the cobaltocene addition showed the total disappearance of 

the cationic complex and only the presence of absorptions due to the dinitrogen complex 

4.1 or 4.1-15Na. Diethyl ether (20 mL) was added to precipitate the cobaltocenium cation 

(Cp2Cof) and the solution was stirred for 30 rnin. The solution was then filtered through 

a short column of Celite and the solvent was removed under vacuum to give a pale brown 

oil. The oil was then absorbed by a small amount of neutral alumina, dried under 

vacuum, and the mixture was then added to the top of a neutral alumina column and then 

chromatographed. Elution with hexane afforded 4.1 or 4.1-15Na as a pale yellow colored 

microcrystalline solid in 87% yield (55 mg, 0.16 rnmol), IR (hexane): 2145 cm-1 v(NN) 

(21 10 cm-1 for 15N, labeled complex); 1973, 1919 cm-1 v(C0). 1H NMR (CDCl,): 

8 5.23 (s, SH, Cp). 13C(IH) NMR (CDCI,): 6 93.72 (s, Cp), 195.79 (s, CO). l5N NMR 

(acetone-d,): 6 -120.9 (s, 15Naj. 14N NMR (acetone-d6): 6 -120 (s, 14Na), -26 (s, 14Np). 

M.S. (EI): m/z 336 (337 in 4.1-15Na) (Mf), 308 (M+ - N,). Anal. Calcd: C, 25.06; H, 

1.49; N, 8.35. Found: C ,  24.97; H, 1.71; N, 8.43. 

Preparation of Cp*Re(CO),&) (4.2) and (4.2-I%). A 5-fold stoichiometric 

excess of Cp,Co was dissolved in a minimum amount of acetone (5 mL) and then added 

via syringe to a solution of the cationic dicarbonyl complex 2.2 or 2.2-15Na (100 mg, 

0.167 mmol ) in acetone (10 mL) at room temperature. The TR spectrum of this mixture 

recorded immediately after the cobaltocene addition showed the total disappearance of 

the cationic complex and only the presence of absorptions corresponding to the 

dinitrogen complex 4.2 or 4.S15N,. Purification following the procedure used for 

complex 4.1 gave 4.2 or 4.215N, as a pale yellow colored microcrystalline solid in 89% 

yield (60 mg, 0.15 mmol). fR (hexane): 2125 cm-1 VO (2092 cm-I for i 5 ~ a  labeied 

complex); 1954,19012 cm-I v(C0). 1H NMR (CDCI,): 6 2.09 (s, 15H, Cp*). 13C(lH} 



,'VMR (CTDCI,): 6 10.38 (s, C*,), 96.27 {s, C5Me,), 200.09 (s, CO). 15N NMR 

(acetone-d,): 6 - 1 10.8 (s, lSN,). 14N NMR (acetone-d6): 6 - 1 10 (s, 14N,), -26 { s ,  14Np). 

M.S. @I): d z  406 (407 in 4.2J-Wa) (Mf-), 378 (M+ - N,). Anal. Cdcd: C, 35.55; H, 

3.70; N, 6.91. Found: C, 35.52; H, 3.74; N, 6.98. 

Preparation of Cp*Re(CQ)(PMe,)(N,) (4.3) and (4.3-lSN,). A sodium 

amalgam was prepared by adding small freshly cut pieces of sodium metal (5-fdd 

stoichiometric excess) to a pool of mercury (5 mL) under argon; with gentle stirring the 

sodium pieces were taken up by the mercury. The orange-brown solution of the cationic 

carbonyl phosphine complex 2.4 or 2.4-15Na (100 mg, 0.155 mmol ) in THF (10 mL) 

was then added via syringe to the sodium amalgam at room temperature and the mixture 

was vigorously stirred for 30 min. An IR spectrum of the resulting yellow-brown 

solution recorded at this time showed the total disappearance of the cationic complex and 

only the presence of absorptions corresponding to the dinitrogen complex 4.3 or 

4.3-l?N,. The solution was then filtered through a short column of Celite and the solvent 

was removed under vacuum to give a pale brown oil. The oil was then absorbed by a 

small amount of neutral alumina, dried under vacuum, and the mixture was then added to 

the top of a neutral alumina column and then chromatographed. Elution with hexane 

afforded 4.3 or 4.3-15N, as a pale yellow colored microcrystalline solid in 82% yield (58 

mg, 0.13 mmol). IR (hexane): 2044 cm-I v(NN) (201 1 cm-1 for 15N, labeled complex); 

1865 cm-I v(C0). lH NMR (CDCI,): 6 1 -57 (d, 9H, PMe,, JE-, = 8.7 Hz), 2.00 (d, 15H, 

Cp*, JH-p = 0.7 Hz). 13C{lH) NMfC (CDC13): 6 10.76 (s, C&,),20.67 (6, PMe,, JC-, = 

33 Hz), 93.29 (s, C5Med, 207. h 8 (d, CO, Jo = 7 Hz). 3lP{lH) NMR (CDC13): 6 -29.86 

(s, PMe3). I5N NMR (acetone-d6): 6 -91 -3 (s, 15NJ. 15N NMR (CD,CN): 6 -93.2 (s, 

15Na). I4N NMR (acet0ne-Q: 6 -9 1 (s, 14Na), -30 (s, l4NP). M.S. (EI): d z  454 (Mt), 

426 (Mi - N,). And. Calcd: C,  37.08; H, 5.30; N, 6. i6. Found: C ,  36.92; H, 5.42; N, 

6.28. 



Preparation of Cp*Re(CO){B(OMe),)(l\J,) (4.4) and (4.4-15Na). A procedure 

similar to that described for the preparation of 4.2 was used. The carbonyl phosphite 

dinitrogen complex 4.4 or 4.4J5N, was obtained in 79% yield as a pale yellow 

microcrystalline solid (57 mg, 0.1 3 mmol). IR (hexane): 2078,2066 cm-1 v(NN) (2045, 

2033 cm-I for I5Na labeled complex); 1877 cm-1 v(C0). lH NMR (CDCI,): 6 2.04 (d, 

15H, Cp*, JH-, = 0.8 Hz), 3.52 (d, 9H, P(OMe),, JH-, = 12.1 HZ). 13C{lH) NMR 

(CDCI,): 6 10.3 1 (s, C&k5), 5 1-27 (s, P(OMe),), 94.15 (s, C,Me5), 204.96 (d, CO, JC-, 

= 12 Hz). "P{lH) hMR (CDCL,): 6 139.12 (s, P(OMe),). 15N NMR (acetone-d,): 

6 -99.4 (s, 15N,). 15N NMR (CD,CN): 6. -100.8 (s, 15Na). 14N h ?  (acetone-d,): 6 -99 

(s ,  14Na), -29 (s, 14Ng). MS.  (El): m/z 502 (M+), 474 (M+ - N2). Anal. Calcd: C, 

33.46; H, 4.78; N, 5.57. Found: C ,  33.37; H, 4.89; N, 5.69. 

Preparation of Cp*Re(PMq),(N,) (4.9, (4.5-15ET,), and (4.5-l5Ng). A 

procedure similar to that described for the preparation of 4.3 was used. The bis- 

trimethylphosphine diniirogen complex 4.5, 4.5-15Na, or 4.5-15Ng (synthesized from 

2.17-lWP) was obtained in 74% yield as a pale yellow microcrystalline solid (53 mg, 

0.1 1 mmol). IR (hexane): 1975 cm-1 v(F3i) (1943 cm-I for '5Na or 15NP labeled 

complex). IH NMR (acetone-d,): 6 1.48 (virtual doublet, 18H, PMe,, Jqp = 7.4 Hz), 

1.88 (t, 15H, Cp*, JH-P = 0.7 HZ). 31P{lH) NMR (acetone-d6): 6 -35.31 (s, PMe,). 15N 

NMR (acetone-d6): 6 -82.1 (s, 15Na), -51.7 (s, lSN$). 14N NMR (acetone-$): 6 -82 (s, 

I4NJ, -49 (s, I4Np). M S .  (EI): m/z 502 (Mi), 474 (M+ - N,). Anal. Calcd: C, 38.3 1 ; 

H, 6.58; N, 5.59. Found: C, 38.01; H, 6.92; N, 5.87. 

Preparation of Cp*Re(dmpe)(N,) (4.6). A procedure similar to that described 

for the preparation of 4.3 was used. The bidentate phosphine dinitrogen complex 4.6 was 

obtained in 79% yield as a pale yellow microcrystalline solid (54 mg, 0.11 mmolj. IR 

(hexane j: 1 977 em-! viWKj. % I t n I  (acetone-d6 j: 6 1 3 3  jd, $El, P ~ 2 ~ 2 ~ 2 & & 2 P ,  



7.8 Hz), 1.92 (s, 15H, Cp*). jlP{IH} NMR (acetone-d,): 6 -16.88 (s, dmpe). M.S. (EI): 

m/z 500 (M+), 472 (1M+ - N,). Anal. Calcd: C,  38.46; H, 6.21; N, 5.61. Found: C ,  

38.22; H, 6.37; N, 5-81. 

Preparation of Cp*Re(P(OMe),),(NJ (4.7). A procedure similar to that 

described for the preparation of 4.3 was used. The bis-trimethylphosphite dinitrogen 

complex 4.7 was obtained in 7 1% yield as a pale yellow microcrystalline solid (54 mg, 

0.090 rnrnol). Ili (hexane): 2014 cm-I v(NN). lH NMR (acetone-d,): 6 1.87 (t, 15H, 

Cp*, JH-P = 0.8 HZ), 3.45 (virtual doublet, 18H, P(OMe),, J,, = 1 1 -5 Hz). 31P { IH} NMR 

(acetone-d,): 6 138.80 (s, P(OMe),). M S .  (EI): m/z 598 (M+), 570 (M+ - N2)- Anal. 

Calcd: C ,  32.15; H, 5.53; N, 4.69. Found: C, 3 1.79; H, 5.78; N, 4.93. 

AJ P TT RtZdoFZ of fcp*Re(co),@-i~~~~n~oMe)]f8f;& (2.2) wS& LMK,. A 2-fold 

stoichiometric excess of LiAIH, was added as a solid to a solution of the cationic 

dicarbonyl complex 2.2 (50 mg, 0.083 mmol) in methanol (10 mL) at room temperature. 

Upon addition, an immediate reaction occurred, with considerable gas evolution, and the 

color of the solution changed from red-brown to yellow. The solution was then filtered 

through a short column of Celite. Removal of the solvent under vacuum and subsequent 

extraction with hexane (3 x 20 mL) gave the methoxycarbonyl complex 

Cp*Re(CO)(COOMej(p-NZC6H10Mej (4.9) as a yellow solid in 89% yield (40 mg, 

0.074 mmol). The dinitrogen complex 4.2 was not formed in this reaction, IR (MeOH): 

1937 cm-I v(C0); 1632 cm-1 vO; 1614 v(CO0Me). 'M INMR (CDCI,): 6 2.10 (s, 

15H, Cp*), 3.66 (s, 38, COOMe), 3.82 (s, 3H, OMe), 6.93 (d, 2H, C,H,), 7.45 (d, 2H, 

c6H4)' 

Reaction of [Cp*Re(CO),fp-N,C~40Me)]~FJ (22) with NaBH,. A 2-fold 

stoichiometric excess of NaBH, was added as a solid to a solution of the cationic 

diebonyi compiex 2.2 (50 mg, 0.083 mmoij in acetone (10 mLj at room temperature. 

An instantaneous reaction m k  place and the wlor of the solution changed from red- 



brown to deep red. An IR aqectrurn of this solution demonstrated the total disappearance 

of 2.2 and the presence of minor absorptions corresponding to the dinitrogen complex 4.2 

which were also accompanied by major absorptions at 19 17 and 1852 cm-I. The solution 

was stirred for I h during which time the color of the solution changed from red to 

yellow. An IR spectrum then obtained showed only the presence of 4.2; the absorptions 

due to the unknown complex had disappeared. The solvent was removed under vacuum 

to give a yellow oil. The oil was then absorbed by a small amount of neutral alumina, 

dried under vacuum, and the mixture was then added to the top of a neutral alumina 

column and then chromatograpfied. Eiution with hexane afforded 4.2 in 47% yield (16 

mg, 0.039 mtnol). 

Low Temperature lH, 13C(W), and lsN NMR Experiments: Reaction of 

[Cp*Re(C~),(p-~,~6ajoMe)]fBF4] (2.2) or (2.S15N,) with K&H4. A s~lution of 

the cationic dicarbonyl complex 2.2 or 2.2-1% in acetone-d6 was transferred to an NMR 

tube (5 mm tube for and l3C(W); 10 mm tube for 15_N) which was kept in a Schlenk 

nrk under a positive presslwe of argon. The Schlenk tube containing the NMR solution 

was then cooled to 195 K in a dry ice-acetone bath. With a strong purge of argon, 

addition of a 2-fold stoichiometric excess of solid NaBH, directly to the h m  tube then 

lead to the formation of a deep red solution. The M tube was then quickly removed 

from the cold temperature bath and placed into the Bruker AMX 400 spectrometer whose 

cooling unit had been previously set to 233 K. The NTvR sample was allowed to 

equilibrate for 30 min at this temperature before spectral acquisition. An identical 

procedure was used for obtaining spectra for each of the NMR active nuclei. The species 

v(C0). *H NMR (acetone*, 233 K): 6 2.02 (s, 15H, Cp*), 3.83 (s, 3H, OMe), 6.97 (d, 

2H, c6H4), 7-60 (d, 2H, CPJ, 15.68 (broad singlet, lH, NH) (d, IH, 15N3, J,-, = 69 



Hz). I3C('H) IYMR (acetone-d,, 233 K): 6 10.15 (s, C&e5), 55.58 (s, OMe), 99.35 (s, 

C51de5), 1 15.13, 120.99, 149.80, 160.03 (s, C,H,), 208.32 (s, CO). 13C { 1H) NMR 

(methanol-d,, 233 K): 6 10.19 (s, C&&), 55.61 (s, OMe), 99.41 (s, C,Me5), 115.32, 

121.22, 149.97, 160.65 (s, C,H,), 208.79 (s, CO). 15N N M R  (acetone-d,, 233 K): 

6 -46.7 (d, 15?JaH, 3v-H = 69 HZ). 

Reaction of [Cp*Re(CO),(p-ni,C,B,OMe)]pF J (2.2) with HMPA. The 

cationic dicarbonyl complex 2.2 (50 mg, 0.083 rnmol) was added directly to neat 

hexamethylphosphoraxnide (HMPA) (10 rnL) at room temperature. An IR spectrum 

recorded immediately after the addition showed the presence of absorptions 

corresponding to the startiag material 2.2 as well as the newly formed dinitrogen 

complex 4.2. The solution was allowed to stir for 24 h. No apparent color change was 

noted. An IR spectrum obtained at this time displayed the complete disappearance of the 

c&onic complex and only the presence of absorptions due to 4.2. The dinitrogen 

complex was then extracted with &ethyl ether (2 x 20 mL) and the extractions were then 

fdtered through a column of Celite. The solvent was removed under vacuum to give a 

pale brown oil. The oil was the2 absorbed by a small mount of neutral alumina, dried 

under vacuum, and the mixture was then added to the top of a neutral alumina column 

a d  then chromtogaphed. Elution with hexane afforded 4.2 in 35% yield (12 mg, 

0.029 mmol). 

Reaction of [Cp*~~Co)2(p-~CQ&o~e)]~F~ with PM%. A 1 @fold 

stoichiometric excess of neat PM% was added via syringe to a solution of the cationic 

dicarbanyl complex 2.2 (50 mg, 0.083 mmol] in acetone (10 mL) at room temperature. 

TEe durlon was allowed to sstir fur 30 min. No apparent color change was noted after 

this time- An TR spectrum of this solution showed the total disappearance of the cationic 

compkx and only the presence of absozptiom corresponding to the dinitrogen complex 

42. The solvent was then  moved under vacuum and the remaining pale brown oil was 



extracted with diethyl ether (2 x 20 mL). The ether extractions were then concentrated to 

ca. 2 rr;L lirrdei vvaciiirm and c=l iomato~p~ed on a neii'cI-d ahin-Jra eolum. Elution 

with hexme produced 4.2 in 42% yield (14 mg. 0.035 mmol), 

Reaction of [CpRefCO),Ip-N,C,H,OMe)]DF J (2.1) with Ph,C-. A solution 

of the tiriphenylmethyl radical (Ph3C-) (commonly referred to as the trityl radical) was 

prepared by reduction of the corresponding chloride Ph3CCl with zinc dust in TIE. A 

10-fold stoichiomethic excess of the yellow colored triphenylmethyl radical solution was 

then added by cannula to an orange-brown solution of the cationic dicarbonyl complex 

2.1 (50 mg, 0.095 mmol) in CZ-I,Cl, (10 m'L) at room temperature. The resulting orange 

solution was allowed to stir for 30 a. An IR spectrum measured at this time showed 

the total disappearance of 2.1 and the presen2e of absorptions corresponding exclusively 

to the dinitrogen complex 4.1. The solvent was then removed under vacuum and the 

remaining pale brow- oil was extracted with diethyl ether (2 x 20 mL). The ether 

extractions were then concentrated to CQ. 2 xiL under vacuum and chromatographed on a 

neutral alumina column. Elution with hexane yielded 4.1 in 58% yield (18 mg, 0.055 

mn01 j. 

Reaction of jCp*R@CO),(p-8,C6H40Me)]@FJ (2.2) with Ph&- . A 

procedure identical. to that described for the Cp analog 2.1 was used. The dinitrogen 

complex 4.2 was obtained in 638 yield (21 mg, 0.052 mmol). 

&?action of fCp*Re(.Co)2(p-~C6H40~e)]~F~ (2.2) with Na/THF. A 

stoichiometric amount of sodium metal was added in small pieces to a solution of the 

cationic dicabonyl complex 2 2  (50 mg, 0.083 mrnol) in TKF (10 mL) at room 

rempa&we. The solution was &en sonicated for 60 min. During this time period the 

red-brown solution of 2 2  became yellow-brown in color. An lR spectrum of this 

solu~on showed the comple2e disagpearance of 2 2  and the presence of minor absorptions 

corresponding to the dinitrogen complex 43. Major absorptions at 1929 and 161 5 cm-I 



were present as well. Attempts to isolate this unknown neutral species were not 

successfir3 &fie to its loti;' sf&i!i9 to silica gel or neutral &r:mina columns. A partially 

purified sample obtained by extraction with hexane gave unsatisfactory 1H NMR and 

mass spectra. Column chromatography using hexane as the elutant gave 4.2 in 17% yield 

(6 mg, 0.014 rnmol). 

Reastion of [Cp*Re(CO),(p-N,C,H,OMe)][BFIJ (2.2) with Na/NH3. A two- 

necked flask was equipped with a dry ice condenser containing a dry ice-acetone 

mixture. The flask was also fitted with an ammonia gas line, so as to provide the solvent 

for the reaction by condensation, and a gas line to maintain a nitrogen atmosphere. The 

cationic dicarbonyl complex 2.2 (50 mg, 0.083 rnmol) was then added to the colorless 

liquid ammonia (100 mL). To this solution was added a minimum amount of THF (10 

mC) to completely soiubilize 2.2. A stoichiometric amount of sodium metal, as 

monitored by the color of the mixture (blue color indicates excess sodium), was then 

added in small pieces to the reaction flask. The mixture was allowed to stir for 30 min. 

The ammonia was then allowed to escape and the remaining THF solution was filtered 

through a short column of CeEte, Renova! of the solvent under vacuum and subsequent 

extraction with hc-cane (3 x 20 rnL) gave the neutral carbamoyl complex 

Cp*Re(CO)(COM.f,)@-NZC5H40Me) (4.11) as a yellow solid in 78% yield (34 mg, 

0.065 mmol). The dinitrogen complex 4.2 was not formed in this reaction. IR (CH,Cl,): 

193 1 an-* v(C0); 1625 em-I v(NN); 1586 v(C0NHJ. IH NMR (CDC1,): 6 2.12 (s, 

1 SHY Cp*), 3.83 (s, 3H, OMe), 6.95 (d, 2% C5H4), 7.29 (d, 2H, C,H& &-, was not 

observed. 

Reaction of [Cp*Re(PMe;)2fs-N,C,H,0Me)][BFJ (2.11) with NaNH3. A 

two-ne;ked flask was quipped with a dry ice condenser containing a dry ice-acetone 

mixture. The flask was aZso fitted with an ammonia gas line, so as to provide the solvent 

for the reaction by condensation, and a gas Iine to maintain a nitrogen atmosphere. The 



cationic bis-trimethylphosghine complex 2.11 (50 mg, 0.072 m01)  was taken up in THF 

(10 mL) and then added to the colorless liquid ammonia (100  mL). A stoichiometric 

amount of sodium metal, as monitored by the color of the mixture (blue color indicates 

excess sodium), was then added in small pieces to the reaction flask. The mixture was 

allowed to stir for 30 min. The ammonia was then allowed to escape and the remaining 

THF solution was filtered through a short column of Celite. The solvent was removed 

under vacuum and the remaining yellow-brown oil was then extracted with diethyl ether 

(2 x 20 mL). The ether extractions were then concentrated to ca. 2 mL under vacuum 

and chromatographed on a neutral alumina column. Elution with hexane gave the 

organic product p-anisidine (NH2C6H,0Me). This product was verified by GC-MS and 

by comparison of its 'H hTMR spectrum to that of an authentic sample. Using diethyl 

ether as the elutant afforded the dihydrido complex tnm-Cp*Re(PMe3),H, (trans-4.12) 

as a yellow solid in 58% yield (20 mg, 0.042 mmol). The dinitrogen complex 4.2 was 

not formed in this reaction. 1H NMR (benzene-d,): 6 2.04 (s, 15H, Cp*), 1 S O  (virtual 

doublet, 18H, PM%, J,,= 7.5Hz), -11.89 (t, 2H, ReH, J,,=43.5 Hz). 31Pi1H) NMR 

(benzene-d,): 6 -37.57 (s, PMe,). 

45.3. Efectrochemid Methods 

Acetonitrile was distilled from calcium hydride under a nitrogen atmosphere and 

used immediately. The supporting electrolyte was electrometric grade 

tetraethylammonium perchlorate (TEAPI (Anachemia Science Inc.) and was purified by 

recrystallization from distilled water (2 times) and then dried under vacuum for two days. 

4S3.1. Cycfic Vof&mme€ry 

Experiments were performed in a single-compartment cell as  shown in Figure 

4.11. 



figore 4.1 1. Electrochemid cell used for CV. (A) working electrode; (B) counter 

e f e c W ,  (C) reference electrode; @) nitrogen inlet; (E) nitrogen outlet; 

(F) Teflon cap- 



The working electrode was a stationary, mirror-polished, platinum (Pt) disk which 

measured 1 mm in diameter pine Instrument Co.). The Pt disk was surrounded by a 

cylindrical Teflon collar of 2.5 mm thichess. Before each experiment, the electrode was 

dipped sequentially in concentrated HNO,, then saturated FeSO, in 2 M W,SO,, and 

finally rinsed thoroughly with distilled water; this procedure provided a consistent 

electrode surface. 

A Pt wire was used as the counter electrode. The reference electrode was either a 

silver wire in a saturate0 solution of silver chloride (Ag/AgCl) or a standard calomel 

electrode (SCE) .  However, for convenience of comparison, the results are reported with 

respect to SCE.  

The s m p k  sdubms were &orot?gh1y deaerated with oxygen-free B4, a d  an N, 

atmosphere was maintained throughout the voltammetric measurements. All experiments 

were carried out at room temperature. All experiments were performed using solutions 

of 0.2 M TEAP (as the supporting electrolyte) in MeCN. Concentrations of analytes 

were 1.0 mM for all experiments. The scan rate was 0.2 V/s unless stated otherwise. 

The CV apparatus consisted of a Princeton Applied Research EG&G 175 

programmer and an EG&G 170 potenhostat. Electrical responses were recorded on a 

Hewfett-Packard 7046A X-Y recorder. 

CV measurements were carried out as folIows. An acetonitrile solution 

containing the electrolyte was placed in the cell and then deaerated with a continuous 

stream of nitrogen gas until a cyclic voltammogram of the solution showed no 

fluctuations in the current. A solution of the particular cationic rhenium aryldiazenido 

complex in a minimum amount of degassed acetonitrile was then injected into the cell. A 

cyclic voimmmogram of h e  soMon using a potential range of +2.0 V to -2.0 V was then 

mctdied. 



4.5.3.2. Fast Sean Rate Cycfic Voltammetry and Scanning Electrochemical 

Microscopy 

The fast scan rate cyclic voltammetry (CV) and scanning electrochemical 

microscopy (SECiM) analyses of the cationic rhenium aryldiazenido complex 

[Cp*Re(CO),@-X,C,H,OMe)]~F,] (2.2) reported in this chapter were conducted by 

Professor Allen J. Bard and Dr. Thomas C. Richards at the University of Texas at Austin. 

Detailed theory for the SECM and fast scan rate CV studies, a description of the 

apparatus used, and how these experiments were performed has been reported recently by 

Bard et al.13@136 These analyses are not repeated here but instead the pertinent results 

obtained are used to elucidate mechanistic information for the conversion of the cationic 

zqddiazenido compIex 2 2  to the co~espnding neutral dinitrugen complex 4.2. 

4.5.33. Controlled Potential Electrolysis 

A two-compartment cell as illustrated in Figure 4.12 was used. A sintered-glass 

disk of fine porosity separated the counter and working compartments. The working 

electrode was a Pt gauze. A R counter electrode was positioned hove  the working 

dectrocie to obtain a uniform potential distribution. An AglAgCl or SCE reference 

electrode was positioned close to the working electrode. 

The CPE apparatus consisted of a Princeton Applied Research EG&G 175 

programmer, an EG&G 170 potentiostat, and a EG&G 179 coulometer. 

CPE measurements and analysis of the products were carried out as follows. The 

electrolyte solution was placed in the working electrode compartment of the cell. A 

small amount of the same solation was added to the counter electrode compartment until 

the suIutio11 Eeveis were eqaaiized- Tne solution in the working compartment was then 

A - a && &mge2 gs =me *-- I"g SWi& A- e~il~ui)'55ly. ~ e - e l ~ ~ o ~ y s i s  was 

canried out until the kkgmund current became negligible. 





A 0.5 rnL sample of the electrolyte solution was extracted by syringe and an IR spectrum 

was collected. The spectrum would serve as a backgrand for subsequent IR spectra. A 

solution of the particular cationic rhenium aryldiazenido complex in a minimum amount 

of degassed acetonitrile was then injected into the working compartment. A sample of 

the electrolysis solution was withdrawn and an IR spectrum was recorded. The spectrum 

was then corrected by subtracting the background spectrum and was used as a reference 

from which to monitor the electrolysis. The electrolysis was then allowed to proceed at a 

given potential. At specific time intervals aliquots of the solution were withdrawn and 

subsequently analyzed by IR spectroscopy. 

Preparation of the Dinitrogen Complexes 4.1-4.3 by CPE. Controlled 

potential electrolysis (CPE) was carried out on the cationic rhenium aryldiazenido 

complexes 2.1 (53 mg, 0.10 mmol), 2.2 (60 mg, 0.10 mrnol), and 2.4 (65 mg, 0.10 

mmol) using the procedure just described at the appropriate reduction potential (as 

determined by CV). An IR spectrum recorded after the bulk electrolysis was complete 

showed the total disappearance of the cationic complex and orJy the presence of 

absorptions corresponding to the respective dinitrogen complexes 4.1-4.3. For 4.1, IR 

(MeCN solution of TEAP): 2141 cm-I v(IYT4); 1956,1894 cm-I v(C0). For 4.2, IR 

WeCN solution of TEN): 2121 cm-1 vO; 1939, 1879 cm-1 v(C0). For 4.3, IR 

@leaT solution of TEAP): 2027 cm-1 v o ;  1834 em-* v(C0). The solvent was then 

removed under vacuum and the remaining solid was extracted with diethyl ether (3 x 20 

EEL). The ether extractions were then concentrated to ca. 2 mL under vacuum and 

chromatographed on a neutral alumina column, Elution with hexane yielded 4.1 in 73% 

yield (24 mg, 0.073 m o l ) ,  4 2  in 78% yield (32 mg, 0.078 =d), and 4 3  in 74% yield 

(34 mg, 0,074 m 0 1 ) .  



CHAPTER 5 

End-to-end Rotation of Rhenium-bound Dinitrogen 

5.1. Introduction 

The details of the coordination mode and dynamics of ligated dinitrogen are of 

fundamental interest with regard to its activation, reduction, or chemical 

transformztion.33 Dinitrugen typically binds to a mononuclear metal center in an end-on 

(q l) fashion with a linear or near linear MNN skeleton (Figure 5. l).153. 154 This particular 

bonding mode for the dinitrogen ligand has been spectroscopically and structurally 

characterized in many different transition metal complexes including the first ever 

reported dinitrogen complex ~u(NH,),(N,)]~*.~~ In stark contrast, the side-on 

(q" bonded form of the dinitrogen ligand has yet to be structurally determined for 

mononuclear metal complexes (Figure 5. I), whereas, it is well-established for 

polynuclear systems.*g* 2 g ~  29 

end-on (q1) side-on (q2) 

Fi,aure 5.1. Bonding modes for the dinitrogen ligand in mononuclear metal complexes. 

In fact, only one reasonably established exampie of the side-on 'bonded arrangement, 

illusuakd in Figure 5. I, has 'ken reported so date and I i  EECS ali S ~ W C O ~ ~  evidence 

for its formulation. That is, the ESR spectrum of the 17-electron zirconium dinitrogen 

compfex Cp.&r((A4e,Si)2CH)(NJ showed &at the unpaired electron was coupled with 

150 



two eqilivalent nitrogen nuclei, which is supportive of an q2-bound N2 ligand.32 The 

side-on bonded mode for the ciiniuogen ligand was also suggested to occur in a matrix- 

isolated cobalt system;155 unfortunately, the limited spectroscopic evidence available was 

also consistent with a binuclear complex. 

As alluded to in the Introduction of this thesis, recent developments in the 

research area of nitrogen fnation have renewed interest into the accessibility of the side- 

on bonded form of dinitrogen, either in stable complexes or as a reactive intermediate. 

For example, it was demonstrated by Schrock et al. that dinitrogen can be converted to 

ammonia at a transition metal center and that an q2-dinitrogen derivative lay on this 

mechanistic pathway.*, 48 Furthennore, evidence obtained from a crystallographic 

analysis of the N, "fixing" enzzme, nitrogenase, suggested that the active site of this 

enzyme, which contained several metals, was predisposed toward the binding of a 

dinitrogen molecule in a side-on fashion.13. 

In this chapter, I report the results of a variable temperature and time-dependent 

solution 15N NMR study of the rhenium dinitrogen complexes Cp'Re(CO)(L)(1SN14N) 

((a) Cp' = Cp; L = CO (4,1-15N,)123. 124 and (b) Cp' = Cp*; L = CO (4.2-15N,),59 PMe3 

(4.3-l5Na),59 or P(OMe)3 (4.4-Wa)59) which were specifically labeled at the rhenium- 

bound nitrogen atom ma) with 1% (Scheme 5.1). The coordinated ql-dinitrogen ligand 

in these complexes was shown to undergo a remarkable end-to-end rotation process via 

the elusive q2-bonded dinitrogen species to the alternative ql-dinitrogen complex where 

the l5N label was now at the terminal nitrogen atom (Ng) The rates for the linkage 

isomerization of Cp'Re(CO)(L,)f1W4N) to Cp'Re(CO)(L)(14NW) were measured, and 

subsequently the barriers for this end-to-end rotation process were determined. 
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4-3-'5Na and 4.4-13%, 

Scheme 5.1. Structures of 4.1-f3Xa to 4.4-FN,. 

5.2.1. Synthesis of the l3% Linkage Isomers 

The neutral carbonyl phosphine and phosphite dinitrogen complexes 

Cp*Re(CO)(PR3)(1sN14N) (PR, = PMe, (4.3-WJ or P(OMe), (4.4-15Na)) were 

prepared from their corresponding cationic aryldiazenido complexes, which were 

specifically labeled at the rhenium-bound nitrogen atom (NJ with 15N, by treatment with 

NaRfg at room temperature. The ISN NHR spectra obtained for these complexes in 



acetone-d, at room temperahue exhibited, in both cases, a single sharp resonance with no 

measurable coupliog to phosphoms, at 6 -91.3 and 6 -99.4 respectively (Table 5.1). 

Table 5.1. 15N and 14N &TMR Data for the Dinitrogen Complexes 

-- --- 

a In acetone-d6; referenced to external MeNO,; 6 given in ppm. 
Samples enriched with I'M (99%)- 
Equimolar mixture of *5Na and 15Np singly-enriched species. 
WB resonznce was observed only after the corresponding 15N, linkage isomer was 
maintained at an elevated temperature in Cf)3CN for several hours. 

// I Complex 15N NMW b If 

The cationic dicarbonyl aryldiazenido complex [Cp*Re(CO),@- 

1W4NC,H,0Me)]@F4] (22-llWa), which was specifically labeled at N, with 15N, was 

presumably converted to the neutral dinitrogen complex Cp*&e(CO),(15N14N) (4.2m15NJ 

at room temperature by treatment with Ph,C-, Cp,Co, or NaBH,. However, a 15N NMR 

I 
14N N M R a  11 

i j 

spectrum acquired of the isolated dinitrogen complex in acetone-d, at room temperature 

exhibited two resonances of equal intensity at S -1 10.8 and 6 -28.1 (Table 5.1) (Figure 

5.2). 

i 
I j/ 

// 1 !! 8(15N,) 1 1 6(!5Np) l a ; ,  ! I 1 
iI 11 I; I i 

i 11 II 4.1C !I -120.9 1 i -27.3 -120 -26 , 1 
j i i 

-110.8 / -28.1 
!I 

-91.3 i -32.7d I 

I 
1 -1 10 1 -26 
I 1 -91 

i 
-30 

4.4 -99.4 

i 

-32.9 -99 -29 





Similar results were obtained for the analogous Cp dinitrogen complex 

CpRe(CO),(15N13?41 (4.1 -f~3J after it was synthesized from the corresponding "N, 

labeled aqldiazenido complex fCpRe(CO),(p-15N14NC6H40Me)]~F,] (2.1-15Na) by 

reaction with Cp2Co. The room temperature 15N NMR spectrum of the isolated product 

in acetone-d6 showed two resonances of equal intensity at 6 -120.9 and 6 -27.3 (Table 

5.1). 

GC analysis of the solvent removed from either the Cp or Cp* dicarbonyl 

dinitrogen reaction mixtures prior to purification indicated that anisole (C6H50Me) was 

formed as the only other observable reac'ion product. This result suggested that the 

dinigmgen complexes prod~ced in these reactions were solely responsible for the two 

obsersed l5N NMR resonances and not the formation of an additional I5N labeled 

byproduct. Therefore, it was postulated that these findings reflected the presence of an 

equimolar mixture of the respective linkage isomers Cp'Re(CO),(~~M14N) (Cp' = Cp (4.1- 

15NJ or Cp* (4.2-13N,1) and Cp'Re(CO)2(14N15N) (Cp' = Cp (4.1-I%p) or Cp* (4.2- 

l-Wg)) even though the precursor aryldiazenido complexes were both specifically 15N 

labeled at N, only (Scheme 5.2).59 

Scheme 5.2. Production of the W linkage isomers of rhenium-bound dinitrogen from 

the corresponding 15Na labeled aryldiazenido complex. 



5.2.2. Experiments to Examine She Distribution of the l5N Label 

5.2.2.1. Dynamic '5N h'MR Spectroscopy of Cp*Re(CO),(l'W5N) (4.2-lWa) 

Prepared Using Ph,C- 

An excess of the triphenylmethyl radical (Ph3C-), prepared from the reduction of 

Ph3CCl with zinc dust in THF, was added to a solution of the 15N, labeled aryldiazenido 

complex [Cp*Re(CO),(S-15N14NC6H10Me)] PF,] (2.2-15Na) in CD,Cl, - - at room 

temperature. IR spectra of this solution recorded 15 and 33 min respectively after the 

addition of Ph3C- showed the slow disappearance of 2.2-1?N, and the concomitant 

formation of absorptions corresponding to the ISN, labeled dinitrogen complex 

Cp*Re(CO),(l5N14N) (4.2-13%,) (Figure 5.3). A 15N NMR spectrum of this solution 

recorded at 293 K, 27 min after the Ph,C- addition, displayed resonances at 6 -7.3, 

-1 10.6, and -66.2 corresponding to unreacted 2.2-1Wa, to the concurrent production of 

the i5N, linkage isomer Cp*Re(CO),(15N14N) (4.2-Wa), and to an unknown product 

respectively (Figure 5.4). No resonance due to the 15Np linkage isomer 

Cp*Re(C0),(l4NW) (4.2-l5NP) was observed. A sequence of l5N NMR spectra 

acquired in the same manner over time showed the eventual disappearance of 2.2-15Na 

and the unknown species, along with the growth of a new resonance at 6 -28.4 assigned 

to 4.215Np Figure 5.5). M e r  202 min, the 1% NMR spectra showed two equally 

populated resonances attributable to the linkage isomers 4.2-15N, and 4.2-15Ng (Figure 

5.5). An fR spectrum of this solution containing the linkage isomers 4.2-l5N, and 4.2- 

15Ng exhibited a single absorption for coincident at 2092 cm-I. 
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Figure 5.3. Time-dependent IR spectra of the reaction between (2.2-15NJ and Ph,C- in 

TIIF:CDZCf2 (1: 1) at room temperature. (a) 15 mine (b) 33 min. 

[c~*Re(Co),@-~%~~Nc~H~oMe)] VF,] (2.2-I%): 2049, 1992 cm-I 

v(C0); 1703 cm-1 v o .  Cp*Re(CO),(15Nl4N) (4.2-I%,): 2090 cm-l 







5.2.2.2. Dynamic lSN hMR Spectroscopy of CpRe(C8)2(15N14PJ) (4.1-'5Na) and 

C~*fie(CO)~( '~~~rtu4 (4.V -%a) Prepared Using Cp2Co 

The addition of excess cobaltocene (Cp,Co) to a solution of the Wa labeled 

aryldiazenido complex fCp*Re(CO),(p-15N14NC,H,0Me)] [BF,] (2.2-I W,) in acetone-d6 

at room temperature proved to be a much more efficient route to the 15Na labeled 

dinitrogen complex Cp*Re(CO),(1sN14Nj - (4.2-15Na). An IR spectrum of this solution 

obtained immediately after the Cp,Co addition showed the total disappearance of 2.2- 

W, and the presence of absorptions corresponding exclusively to the dinitrogen 

complex 4.2-W,. A 15N Nh'IR spectrum of this solution acquired at 284 K, 25 rnin after 

the Gp,Co addition, exhibited a single resonance at 6 -1 10.8 assigned to the 15Na linkage 

isomer Cp*Re(CO),(1W4N) (4.2-x3Xa) (Figure 5.6). A sequence of 15N NMR spectra 

then demonstrated the slow, gradual decay of this resonance and the concomitant growth 

of a second resonance at 6 -28.1 due to the 15Ng linkage isomer Cp*Re(CO)2(14N15N) 

(4.2-fW& equilibrium was estAlished in ca. 7 h (Figure 5.6). 

Similar results were obtained for the 15Na labeled Cp analog CpRe(CO)2(15N14N) 

(4.1-l9XJ when it was synt%esized from the corresponding 15N, labeled aryldiazenido 

complex [CpRe(CO),(p-15N14NC,H,0Me)] PI;,] (2.1-15N,) by reaction with Cp,Co in 

acetone-d, at room temperature. A sequence of 15N NMR spectra of this solution 

recorded at 291 K showed that the 15N label was once again scrambled from the 15Na 

linkage isomer 4.1-15Na (6 -120.9) to the linkage isomer (4.1-1Wp) (6 -27.3) until 

an equimolar mixture of the isomers was obtained (ca. 7 h) (Figure 5.7). 



Figure 5.6. Time-dependent 1% NMR spectra (40.6 MHz) of the 15Na linkage isomer 
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Figure 5.7. Time-dependent 1% NMR spectra (40.6 MHz) of the 15N, linkage isomer 



5.2.2.3, D-mamir: 15x AZWR Spectroscopy of Cp*We(CO),(1?N14,aT) (4.2-15Na) 

Prepared Uskg Naf!IIq 

An excess of sodium borohydride (NaBH,) was added to a solution of the 15Na 

labeled aryldiazenidc complex [Cp*Re(CO),@-15N14NGH40Me)]fBF4J (2.2-Wa) in 

acetone-d, at room temperatme. An lR spectrum of this solution recorded immediately 

after the NaBH, addition demonstrated the total disappearance of 2.2-15Na and the 

presence of minor absorptions corresponding to the '5N, labeled dinitrogen complex 

Cp*Re(COj,(15W4N) (42-f5N,) and major absorptions due to the aryldiazene complex 

Cp*Re(CO),(p-fiNH14NC6H10Me) (4.10-I%,) (see Chapter 4). An IR spectrum 

obtained after 35 min showed only the presence of absorptions attributable to 4.2.15N,. 

A 15N NMIR spectrum of this solution acquired at 280 K, 40 min after the borohydride 

addition, exhibited a single resonance at 6 -1 10.8 due to the 15% linkage isomer 

Cp*Re(C0)2(1SN14N) (4.2-l%,) (Figure 5.8). The NMR solution was then warmed to 

293 K. A 15N NlllR spectrum acquired after ca. 8 h showed an equimolar mixture of the 

linkage isomers 4.2-15N, and the newly formed 15Ng isomer Cp*Re(CO),(14N15N) (4.2- 

1%) (6 -28.1) (Figure 5.8). 

5.2.2.4- Dynamic l?N Nh4R Spectroscopy of Cp*Re(CO)(PM%)(FW4N) (4.3J5N,) 

and Cp*Re(CO)(P(OMe),)(lW4N) (4.4-Wa) Prepared Using N a g  

A solution of the 15N, labeled aryldiazenido complex [Cp*Re(CO)(P(OMe),)(p- 

W14NC,H40n/le)]mFJ (2.8-lWa) in THF was treated with N m g  at room temperature. 

An IR spectrum of this mixture obtained 38 rnin later showed the total disappearance of 

2.8-1%, and the presence of absorptions corresponding to the 15N, labeled dinitrogen 

complex Cp*Re(CO){P(OMe)3)(15N14N) (4.4-l%,). A 15N NMR spectrum of the 

purified dinitrogen complex in acetone-%, acquired at room temperature, exhibited a 

single resonance at 6 -99.4 corresponding to 4,4-l5N,. 





Notably, a W &CvfR spectmm obtained of this sample after 24 h was unchanged; n~ EN 

resonance corresponding to the "NB linkage isomer CpXRe(CO) {P(OMe), j (WW) 

(4.4-15Ng) was observed. The 15N NMR experiment was then repeated at 320 K using 

CD3CN as the hlMR solvene. A sequence of 15N NMR spectra obtained at this 

temperature showed initially a single resonance due to 4 . 4 ~ ~ ~  at 8 -100.8, which then 

began to decay to produce a second resonance at 8 -32.5 assigned to 4.4-ljNp; 

equilibrium was established in ca. 3 h (Figure 5.9). 

The W, labeled trimethylphosphine dinitrogen complex 

Cp*Re(CO)(PMe,)(WIW) (4.3-15N,), which was synthesized in a similar manner to its 

P(OMe), analog, also gave similar fiN hlMR results. Once again, a 15N NMR spectrum 

of the purified dinitrogen complex, acquired at room temperature in acetone-d,, showed a 

single resonance at 5 -91-3 corresponding to 4.3-197, and the spectrum remained the 

same after 24 h. Repeatkg the W NMR experiment at 320 K in CD,CN also failed to 

produce the 15Ng linkage isomer Cp*Re(CO)(PMe3)(14N15N) (4.3-l5NP). However, a 

sequence of 1% NMR spectra obtained at 333 K demonstrated the slow decay of the 

resonance due to 4-3-x3%, (6 -93.2) a d  the concomitant growth of a second resonance at 

6 -32.7 corresponding to 4.3-lSNp until an equimolar mixture of these isomers was 

eventually obtained ca. 3 h (Figure 5.10). 

5.23. Determination of Rate Ccrndmts and Activation Parameters 

Tfie rate constants (kc) for the linkage isomerization of CP'R~(CO),(~~N~~N) (Cp' 

= Cp (4.1-IjNJ or Cp* (42-'3Wa)) to give Cp'Re(C0),(14Nl%) (Cp' = Cp (4.1-FNg) or 

Cpf (4.2-~33)) were determined from the sequence of 1% NMR spectra obtained 

immediately following the formation of these complexes by reaction with Cp,Co 

(Section 5.2.2.2.). 



Figure 5.9. Time-dependent l5N NNfR spectra (40.6 MHz) of the 15Na linkage isomer 

Cp*Re(CO)(P(OMe)3)(15N14N) (4.4-1WJ in CD3CN at 320 K. 



i r I t * I 1 I . 
PQ~S -40 -60 -80 -100 

Figure 5.10. Time-dependent I-% h m  spectra (40.6 MHz) of the lSN, linkage isomer 

Cp*Re(CO)(pM~(15N14h9 (43-I?&) in CD,CN at 333 K. 



Specifically, the kc values were determined by monitoring the growth of the I5Np NMR 

resonance over time by integration relative to a NaWCl, reference of known 

concentration which was sealed in a capillary and placed into the NMR tube containing 

the dinitrogen complex prior to the acquisition of the l5N NMR spectra. Treatment of tZle 

observed interconversion between the 15N, and l'NB linkage isomers as an "opposing 

reaction" and assuming first order kinetics (Equation 5. la) lead to the rate constant 

expression depicted as Equation 5.1 b.154 

(5. la) 

where Ng. = the concentration of the 15Np isomer at equilibrium 

Np = the concentration of the 15Ng isomer at a given time t 

Values for kc were then extracted from the slope of a straight line graph obtained by 

plotting (112) ln(NBJ(NB" - Ng)) vs t (Equation 5.lb) using a linear least-squares 

p r o g r d 5  (Table 5.2). The errors in the rate constants were obtained from the standard 

deviations derived from the linear least-squares program. 

*%I NMR spectroscopy was shown in the previous sections to be an extremely 

effective technique for probing the isomerization of the 15N labeled dinitrogen ligand in 

complexes 4.1-W, to 4.4-1%. However, the inherent properties of the 15N nucleus 

atso hindered the extraction of the kinetic data. The 15N nucleus (spin 112) has a natural 

abundance of O.37%, a receptivity ll1OO times that of W, and a very long spin lattice 

relaxation time (Le. 9.8 s for 4.21%,&59 





Despite the fact that highly concentrated 99% I5N enriched samples were used for the 15N 

hTMTC experiments, the acquisition of reliable spectra stiii required a lengthy period of 

time (ca. 40-60 min per spectra depending 02 the complex being investigated). As a 

result of this time-dependence, the temperature range over which meaningful IjN NMR 

data could be acquired was limited. For example, the conversion of 4.2-15Na to 4.2-15NB 

was too fast to be measured above 291 K, but yet no isomerization was detected below 

274 K (Table 5.2). For the isomerization of 4.1-15Na to 4.1-I%g the temperature range 

was even smaller and thus only a single reliable rate constant was obtained at 29 1 K 

(Table 5.2). Furthermore, a quantitative estimate of the rates of isomerization could not 

be obtained for the carbonyl phosphine and phosphite dinitrogen complexes 4.3-f5N, and 

4.4-15Na from measurements obtained by 15N NMR spectroscopy for the reasons 

mentioned above. 

From the rate constants (kc), activation parameters were calculated for complexes 

4.1-1SN and 4.2-l5N (Table 5.2). Values for the free energy of activation (A@) were 

determined from the Eyring equation (Equation 5.2)93 assuming a transmission 

coefficient of 1. 

where K = &ansmission coefficient 

IC, = Boltzmann constant 

h = Planck constant 

R = Gas constant 

T = Temperature 



Errors in the A@ values were obtained by use of Equation 5.3 for the linearized relative 

statistical error.94 

For the dinitrogen complex Cp*Re(CO),(1SNl4N) (4.2-1SNJ rate constants were 

determined at 274,281,284, and 291 K and thus a value for the enthalpy of activation 

( A H f )  and for the entropy of activation (ASf)  was determined. These values were 

calculated from Equation 5.2 (substituting AH* - TASf for A(?), expressed as an 

equation of the form jr = a + bx, by plotting a graph of In(kJT) versus 1/T using a linear 

least-squares program.95 Values for the activation energy (E,) and the frequency factor 

(A) were determined from the Arrhenius equation (Equation 5.4)93 by following the 

previous protocol and thus plotting a graph of In kc versus l/T utilizing a linear least- 

squares program.95 

where R = Gas constant 

T = Temperature 

Errors in LWf, AS*, E,, and A were obtained from the standard deviations derived from 

the Eyring and Arrhenius plots multiplied by the appropriate statistical factor.94 



5.3. Discussion 

5.3.1. Confinnation of the l5N Linkage Isomers 

The observation of a single resonance in the 15N NdMR spectrum of each of the 

singly 15N labeled carbonyl phosphine (4.3-15NJ and phosphite (4.4-15N,) dinitrogen 

complexes (Table 5.1) can be accounted for by either a stztic end-on (ql) coordinated 

dinitrogen ligand of the type Re-15Na=14Ng or by a rapid exchange of the dinitrogen 

ligands as ikstrated in Equation 5.5 which would result in a 15N signal at the average 

chemical shift for N, and Np. 

The 14N NMR spectra obtained for the corresponding unlabeled dinitrogen complexes 4.3 

and 4.4, which had been synthesized in an analogous fashion to the 15N labeled 

complexes, exhibited in each case two broad resonances at 6 -91, -30 and 6 -99, -29 

respectively (Table 5.1). More importantly, the single resonance present in the 15N NMR 

spectra of 4.3-l%, and 4.4-W, was observed in exactly the same position as one of the 

corresponding l4N NAlZR resonances allowing it to be assigned unequivocaI1y to the 

rhenium-bound nitrogen atom (NJ. Based on these results an end-on static coordination 

for the dinitrogen ligand in these complexes was confirmed and furthermore, the 14N 

NMR resonances at 6 -91, -99 and 6 -30, -29 were assigned to N, and the terminal 

nitrogen atom (Ng) respectively. 

To c o d i m  that the two 15N NMR resonances observed for each of the dicarbonyl 

&nitrogen complexes 4.1-W, and 4.2-lW, were due to their respective linkage isomers, 

14N NMR spectra were recorded for the unlabeled dicarbonyl dinitrogen complexes 4.1 

and 4.2 which had been prepared in a .  identical manner to the 15N labeled complexes. 



The 14N spectra showed in each case two broad resonances at 6 - 120, -26 and 6 -1 10, -26 

respectively, in approximately the same positions as their respective 15N resonances 

which unequivocally confirmed the presence of two linkage isomers (Table 5.1). The 

assignment of the N, and Np NMR resonances in these complexes was made by 

comparison with the NMR spectra obtained for the phosphorus-ligand dinitrogen 

complexes 4.3-15N, and 4.4-ENa. The positions of the N, and Np resonances for 

complexes 4.1-15N, to 4.4-f5Na are also in the region observed in other studies of 

dinitrogen complexes by I5N NMR.37b, 6% 157-159 

To verify that the reducing agent was not responsible for the observed 

differences between the 15N NMR spectra of the dicarbonyl dinitrogen complexes and 

those of the carbonyl phosphorus-ligand complexes, the carbonyl phosphite dinitrogen 

complex 4.4-15N, was prepared again using Cp,Co (same reagent used for the 

preparation of 4.1-15Na and 4.2-15Na) instead of Na/Hg; a 15N NMR spectrum acquired 

of this complex reproduced the spectrum obtained previously. 

The 15N NMR spectra of Cp'Re(CO),('W4N) (Cp' = Cp (4.1-lSNa) or Cp* (4.2- 

13Wa)) are also accountable if the dinitrogen ligand in each complex is instead doubly- 

labeled, i.e., Cp'Re(CO),(lSN15N). This was disproved by mass spectroscopy and is not 

in accord with the method of synthesis (from the singly '5N, labeled aryldiazenido 

complex), or the absence of I5Nl5N coupling. 

The IR spectra of the singly 15N labeled Cp'Re(CO),(l5Nl4N) (Cp' = Cp 

(4.1-lWa) or Cp* (4.2-15Na)) exhibited in each case a single sharp absorption at 21 10 

and 2092 cm-1 respectively (2 cm-1 resolution, hexane solution) for v(NN) (see Chapter 

4). However, from the '5N NMR evidence just presented, which supports scrambling of 

the label, it is theoretically feasible that two absorptions corresponding to v(NN) for 

Re-15N=14N and Re-l4N=W should have been observed. It is concluded that these 

absorptions are coincident at this resolution. A similar result was reported for trms- 



RhCl(N,)(PEtJ,, where the 15N, md 15NB labeled complexes synthesized from 15Nl4N 

both exhibited V@R-4) at b5e s m e  position at 2 cm-1 resolution.127 

From the I4N and 15N NMR spectra of complexes 4.1-4.4, it was observed that the 

chemical shift for the N, resonance of the dinitrogen ligand follow the order of the co- 

ligands Cp*(CO)(PMe,) > Cp*(CO)(P(OMe),) > Cp*(CO), > Cp(CO), (from less 

shielded to more shielded) which correlates with increasing electron donating ability of 

the co-ligands. A similar trend was found for S(C0) for these complexes. By contrast, 

the resonance for Np remained essentially unchanged. Varying the electron density on 

the metal evidently produces smaller changes in 6(Ns) than those observed in 6(Na), in 

agreement with previous results for a wide range of dinitrogen ~ornplexes.~5*, lS9 This 

effect, and the rationale for it, is similar to that mentioned previously in Chapter 2 for 

6(CO) of the aryldiazenido derivatives. 

5.3.2. Mechanistic Pathways for the Isomerbation of the 1% Labeled Rhenium- 

bound Dinitrogen Ligand 

The scrambling of the l5N label which gives rise to the linkage isomers 4.1-15Na 

to 4.4-15N, and 4.1-1% to 4.4-l5Nk respectively, can, in principle, be visualized to occur 

through several different pathways (Scheme 5.3). In (i) the 1% label is scrambled at 

some point in the synthesis, i.e., during the transformation of the *5N, labeled 

aqjldiazenido complex to the dinitrogen complex, eventually leading to the simultaneous 

formation of both linkage isomers. In (ii), the scrambling of the 15N label results from a 

process in which the dinitrogen ligand first dissociates and then recombines with the 

metal center in a different orientation. The scrambling of the 1% label may also arise 

from a four-center exchange of the 1% labeled rhenium-bound dinitrogen ligand as 

illustrated in (iii). In this process two molecules of the 15Na labeled dinitrogen complex 

combine to give two molecules of the "NB labeled dinitrogen complex. 



Scheme 5.3. Proposed possible mechanistic pathways for the isomerization of the I5N 

labeled rhenium-bound dinitrogen ligand (Ar = p-C,H,OMe). 



The final mechanistic pathway which may be responsible for the scrambling of the 15N 

label (iv) invdvcs the initial formation of the 15N, labeled dinitrogen complex which 

then undergoes a rearrangement through a side-on (q2) bonded dinitrogen species to 

produce the 15Ng labeled dinitrogen complex. 

5.3.2.1. Dicarbonyl Dinitrogen Complexes 

Several methods were devised by which the 15N labeled dicarbonyl dinitrogen 

complexes can be generated from the corresponding 15N, labeled aryldiazenido 

complexes so that the process responsible for the scrambling of the 1% label can be 

determined from 15N NMR spectroscopy. 

A 15N NMR spectrum obtained immediately after the reaction of [Cp*Re(CO),@- 

1SN14NC6H40Me)]jBF4] (2.2-l%,) and Ph3C- at 293 K exhibited resonances 

conesponding to unreacted 2.2l?Na, the newly formed dinitrogen complex 

CpXRe(CO),(lSN14N) (4.2-?Na), and an unknown product at S -66.2 (Figure 5.4)- The 

unlmown was identified as the free labeled diazonium salt Ep-1SN14NC6H,0Me][BF,] by 

comparison of its 1% hMR spectra to that of an authentic sample (15N I\UTMR spectrum of 

Ep-1SN14NC6H,0Me]~F4] in TKF:CD,Cl, (1: 1) exhibited a single resonance at 8 -66). 

Notably, the free diazonium salt is most likely an impurity arising from the synthesis of 

2.2-Wa (see Chapter 2) and not a product resulting from the reaction of 2.2-W, and 

Pb3C- (an IR spectrum of a sample of 2.2-lW, exhibited an absorption at 2224 cm-I 

assigned to v(NN) of Ip-l%Tl4NC6H4OMe]~F4]). Monitoring this reaction mixture by 

1% NMR spectroscopy showed the eventual disappearance of 2.2-15Na and the free 

diazonium salt arid the appearance of a new resonance assigned to Cp*Re(C0),(14NW) 

(4.2-I%g) (Figure 5.5). Unfortunately, the unexpected presence of the free diazonium 

salt coupled with the poor signal to noise in the 15N NMR spectra prevented the 

abstraction of reliable i n f o d o n  which may have pi's ved helpful in clarifying the 



process responsible for the scrambling of the I5N label. 

To ooercome &e W N complications associated with the Ph,C- reaction, an 

alternative more efficient route to the 15N labeled dinitrogen complex was developed. A 

fiN NMR spectrum recorded immediately following the reaction of Cp2Co and 2.2-15Na 

at 284 K showed a single 15N resonance at 6 -1 10.8, unambiguously demonstrating that 

4.2-l-W, is the initial product (Figure 5.6). Following this reaction mixture by 15N NMR 

showed the slow, gradual conversion of 4.2-l?Na to 4.2m1% until an equal molar 

mixture of these isomers was obtained (Figure 5.6); pathways (ii), (iii), and (iv) are 

consistent with these observations. Analogous results obtained for the dinitrogen 

complex CpRe(CO),(15N14N) (4.1J?Na) ir,&iicate that scrambling of the 15N label occurs 

similarly in this complex when synthesized from the corresponding WJ, labeled 

aryldiazenido complex 2.1-''%a by rea.ction with Cp2Co (Figure 5.7). 

As described in Chapter 4, the reaction of [Cp*Re(CO),@-N,C6H40Me)][BF4] 

(2.2) with NaBH, affords initially the aryldiazene complex Cp*Re(CO),(p- 

NHNC6H40Me) (4.1 0) which then eliminates anisole to give the corresponding 

dinitrogen complex Cp*Re(CO),(N2) (4.2). If the elimination of anisole from the 

aryldiazene complex is intramolecular, this introduces the possibility that the elimination 

occurs from an q2-coordinated aryldiazene ligand as illustrated in pathway (i). The 

NaBH, reaction was repeated using 2.2-15N, at room temperature. A 15N NMR spectrum 

collected at 280 K after the complete conversion of 2.2-lSN, to the dinitrogen complex 

Cp*Re(CO),('5N14N) (4.2-1%) exhibited a single resonance at 6 - 1 10.8, 

unambiguously demonstrating that 4.2-1- is, once again, the initial product (Figure 

5.8). A NMR spectra obtained after the reaction mixture was warmed to 293 K and 

allowed to equilibrate for several hours showed two equally populated resonances 

corresponding to 42-'5N, and Cp*Re(C0)2('4NW) (4.2-15$) respectively (Figure 5.8). 

Therefore, regardless of the mechanism for elimination of anisole, it yields the 15Na 



linkage isomer of the &nitrogen complex solely, and isomerization to the 1 5 5  isomer 

again k-dkes place in the dinitroger? complex itself, not during the conversion of the 

aryldiazene to the dinitrogen complex. These results are not consistent with pathway (i). 

To differentiate between the remaining three pathways a sample of the equirnolar 

mixture of Cp*Re(CO),(ljW4N) - (4.2S1SN,) and CP*R~(CO)~ (14N15N) (4.2J?NP) in 

hexane was examined for dissociative exchange with 14N2. After 24 h under 1500 psi of 

14&, the fR spectrum of the l5N labeled complex revealed negligible incorporation of 

'4N2 as evidenced by the lack of a v(14N14N) absorption. Furthermore, a hexane solution 

of CpRe(C0),(15N1jN) (4.1-W,) and C P R ~ ( C O ) ~ ( ~ ~ N ~ ~ N )  (4.1-f5Np) also showed no 

observable IR absorption for v(14N14N) when pressurized with 14T at 1500 psi over 18 h. 

These results do not support a dissociation-recombination mechanism [pathway (ii)] as a 

viable route for the isomerization of the ljN labeled rhenium-bound dinitrogen ligand. 

The two remaining pathways [(iii) and (iv)] are both consistent with all the 

spectroscopic evidence obtained thus far. To discriminate between these pathways a 

mixture of unlabeled CpRe(C0),(14N14N) fv(N74) 2 145 cm-'1 and l5N labeled 

Cp*Re(CO),(N,) [I: 1 molar mixture of 4.2-1SNa and 4.2-Wp; v(NN) coincident at 2092 

cm-I] in hexane was observed by It? spectroscopy at room temperature over a period of 3 

weeks. The v(NN) absorptions of the 1% and 14N isotopomers of these two complexes 

(Cp or Cp*) are characteristically sharp in hexane and would readily indicate if any cross 

products were formed. We observed no change; specifically, no absorptions attributable 

to 1% labeled CpRe(CO),(N,) [v(15N14N) and v(14N15N) are coincident at 21 10 cm-l] or 

Cp*Re(C0),(14N14N) [v(NN) 2125 cm-11. This result is not consistent with a four-center 

exchange mechanism [pathway (iii)]. Therefore, the mechanism which best describes the 

observed scramblbg of the 15N label is the intramolecular, non-dissociative process 

illustrated in pathway (iv). 



5.3.2.2. Carbonyl Phosphine and fhospfsite Dinitrogen Complexes 

The process responsible fur the s c r d i n g  of the 15N fakl in the phosphine and 

phosphite dinitrogen complexes Cp*Re(CO)(PMe3)(15N'4N) (4.3-lWa) and 

Cp*Re(CO) (P(OMe), ) ("N14N) (4.4-lWu) was also investigated. The room temperature 

15N NMR spectra of these complexes, recorded several days after their synthesis, 

exhibited in each case a single resonance ascribed to the respective 15N, linkage isomers 

4.3-lSX, and 4.4-lX. Elevating the temperature at which the 15N NMR spectra were 

obtained, eventually resulted in the conversion of the 15N, labeled dinitrogen complexes 

to the corresponding dinitrogen derivatives Cp*Re(CO)(PMe3)('?W5N) (4.3-15%) (320 

K) and Cp*Re(CO) (P(OlMe), ) (J4NW) (4.4-15%) (333 K) until an equimolar mixture of 

t!!ese isomers was obtain4 (Figures 5.9 and 5.10); pathways (ii), (iii), and (iv) are 

consistent with these observations. To accommodate the higher temperatures, CD,CN 

was used as the NMR solvent instead of the lower boiling point acetone-d,. 

An equimolar mixture of 4.4-15Nu and 4.4-15Ng in hexane was examined for 

dissociative exchange with 14N,. After 4 h under 1000 psi of 14N2, at a temperature of 

320 K, the IR spectmn of the '5N labeled complex exhibited negligible incorporation of 

I4N,. A hexane solution of 4.3-Wa and 4.3-15Ng also showed no observable IR 

absorptions for v(Wi4N) when pressurized with 14N2 at 1000 psi over 4 h at a 

temperature of 333 K. These results are not in agreement with a dissociation- 

recombination mechanism [pathway (ii)]. 

A cross-over experiment involving the unlabeled complex 

Cp*Re(CO) {P(OMe)3 ) (14N14h3 ar~d the lSN labeled complex Cp*Re(CO j(PMe,)(N2) 

[I : 1 moIar mixture of 4.3-I-%a and 4.3-15NgI in hexane was carried out at 333 K and the 

results were monitored by IR spectroscopy. After 4 h, no cross products were formed. 

Attempts to monitor the reaction for a longer time were not successful since both these 

dinitrogen complexes began to decompose at this temperature as i~dicated by the loss in 



intensity of the corresponding v@W) absorptions. As was the case for the dicarbonyl 

dinitragen complexes, these res1;ifts are also supportive of an htrmo!ec~!ar~ non- 

dissociative process [pathway (iv)] for the observed scrambling of the ljN label in these 

carbonyl phosphine and phosphite dinitrogen complexes. 

5.3.3. Rate Constants and Activation Parameters for Isomerization of the 1% 

Labeled Dinitrogen Ligand 

From the dynamic I5N hiMX investigation, the rate constants and subsequently 

the activation parameters for the end-to-end rotation of the "N labeled dinitrogen ligand 

in complexes 4.1-1% and 4 .2Wa were determined, and are summarized in Table 5.2. 

For the Cp* dicarbonyl dinitrogen complex 4.2-15Na, the rate constant (kc) was 

calculated to be (1.4 i 0.1) x 1W s-1 at 291 K, providing a ACF value of 92.6 + 0.4 

kJ/mole for the energy of activation to rotation at this temperature. For the Cp analog 

4.1-I?&, a kc value of (4.8 + 0.6) x 10-5 s-1 was obtained at the same temperature, giving 

rise to a A@ valae of 95.3 + 0.5 kJ/mole for the energy of activation. These results 

indicate that the energy of activation for the isomerization of the l5N labeled dinitrogen 

ligand is lowered when the Cp ligand is replaced by its methylated analog Cp*. 

These AGf values are similar to the energy of activation estimated from R 

spectroscopy by Taube et d. for [Pu(NH,),(N2)]2+ (ca. 88 kJ/mole), which is the only 

other exarnple that we are aware of for which the energy of activation for linkage 

isomerization of metal-bound dinitrogen has been estimated.160 From measurements of 

the rate of aquation of ~RU(N'H~)~(N~)]~+, Taube et al. also obtained a value of ca. 117 

&ole for the enthalpy of activation for the dissociation of the N2 ligand.161 For 4.2- 

13?TVa , AH* was calculated to be 105.3 + 6.0 Wmole; this value is significantly smaller 

than the one obtained by Taube for N2 dissociation and thus lends further support to an 

intramolecular, non-dissociative process for the observed isomerization of the rhenium- 



bound N:, - ligand. The isurnerization of N, was also reported to have been detected in 

other related mhenium compiexes.lfj' 

The observed, relativel-; slow, rate of exchange in 4.1-FN, and 4.2-lSNa and the 

large chemical shift separation b e e n  the Na and Ng resonances in the 14N and lsN 

A'MR spectra of these dinitrugen complexes made it impossible to use an NMR lineshape 

analysis to calculate the kinetic parameters for this interconversion. Therefore, the only 

viable me&& that we could devise to monitor this isomerization process involved the 

~apfd synthesis of the finkage isomer and the subsequent measurement of its rate of 

decay to the isomer by 1% h1MR spectroscopy. Employing this method generated 

quantitative data (i-e., rate constants and activation parameters) for the dicarbonyl 

dinitrogen complexes 4.1-f3T and 4.2-W,. However, a quantitative estimate of the 

rates of isomerization could not be obtained for the carbonyl phosphine and phosphite 

dinitrogen complexes 4Sf3%= and 4.4-W, respectively (see Results section 5-2.3). The 

isomerizatjon between 4.4-l5N, and 4.4-lsNP was detected at an elevated temperature of 

320 K, whereas a temperature of 333 K was required to interconvert the linkage isomers 

13-'5N, and 4.3-l3XP- From these qualitative findings it appears that the barrier to 

isomerization for the rhenium-bound ISN labeled dinitrogen ligand is raised by replacing 

a CO group in Cp*Re(CO),('W1*N) (42-lViJ by P(OMe), and raised further when CO 

is substituted by PMe3. 

5.4. Conclusion 

In thrs chapter we have demonstrated that the scrambling of the 15N label equally 

between the Ha and Np sites occurs at room temperature in the case of 

Cp'Re(CO),[lW%) (Cp" = Cp f41-1%a) or Cp* (4.2-15N,)), or at elevated temperatures 

in the case of Cp*Re(C0)(PR3)(WW3 CPR, = PMe, (43-Wa) or PjOMe), (4.4-I %,)) 

so that quimolar mou11ts of the 15Na and W8 labeled molecules result. All these 



complexes were prepared from the corresponding aryldiazenido complexes, which were 

specifically iiibeled zit the ihenfun-bomd nitrogen atom (N,) with W. For all the 

complexes examined, the scrambling of the 1% label was shown to proceed by an 

intramolecular, non dissociative process involving an end-to-end rotation of the rhenium- 

bound dinitrogen Iigand via the elusive side-on (q2) bonded dinitrogen species. The 

barriers for this linkage isornerization were also measured. 

5.5.1. General Methads and Syntheses 

Manipulations, solvent purification, and routine spectroscopic measurements were 

carried out as described in Chapter 2. High pressure reactions were carried out in a Pan 

bomb, at room temperature or at elevated temperatures, using oxygen free nitrogen 

(Linde Union Carbide). The complexes which were investigated in this chapter were 

prepared and purified following the procedures detailed in Chapter 4. 

m e  deuterated solvents used for NNiR spectroscopy were degassed prior to use to 

remove any residual oxygen. 14N and 15N NMR chemical shifts (downfield positive) are 

referaiced to external nitromethane (MeNO,) . 

55.2- Variable Temperature and Time-dependent NMR Spectroscopy 

The variable temperature and time-dependent 15N and 1% NMR spectra of 

complexes 4,1-l%-, to 4.4-l3X, were recorded at 40.6 and 28.9 MHz respectively on a 

Bruker AMX 400 instrument equipped with a B-VT 1000 variable temperature unit. A 

cooling unit containing liquid nitrogen and a heater coil was attached to the NMR probe 

and was used to attain the desired temperature. A 5 mrn NMR tube was used to acquire 

the "%I spectra whereas a 10 mm NMR tube was used to obtain the 15N spectra. A 



Bruker single frequency probe was used to acquire the 14N spectra, while a Bruker 

tunable broad band probe was used to acquire the 15N spectra. Acetone-d, (Isotec Inc.), 

and in some cases CD,CI, (Isotec) or CD,CN (Isotec), were used as solvents for the 

variable temperature and time-dependent NMR work. 

Temperatures, which were obtained directly from the VT unit, were checked by 

measuring peak separations for a standard Bruker sealed sample of methanol and 

converting these into temperature values using the quadratic equation of Van Geetl'g for 

methanol. Temperature gradients within the sample region of the AMX 400 

spectrometer are considered to be negligible because of the large distance between the 

cooling unit and the probe; temperatures are accurate to +1 K. 

Time-dependent 15N NMR Spectroscopy of Cp*Re(CO),P5Nl4N) (4.2-IT,) 

Prepared Using Ph,C-. A solution containing the triphenylmethyl radical (Ph3C-) was 

prepared by reduction of the corresponding chloride Ph3CC1 with zinc dust in THF. A 

10-fold stoichiometric excess of the Ph,C- solution was then added by cannula to a 

solution of the 15N, labeled aryldiazenido complex [Cp*Re(CO),(p- 

15N14NC,H40Me)]~F,] (2=2-l5Na) in CD2@12 at room temperature. An IR spectrum 

recorded 15 min after the Ph,C- addition showed the presence of both the starting 

aryldiazenido complex 2.2-lSNa and the newly formed lSN, labeled dinitrogen complex 

Cp*Re(C0),(15N14N) (4.2-I%). The solution was then immediately transferred to an 

h%IR tube which was kept in a Schlenk tube under a positive pressure of argon at a 

temperature of 273 K in an ice bath. The NMR tube was then quickly removed from the 

cold temperature bath and placed into the Bruker AMX 400 spectrometer whose 

temperature unit had been previously set to 293 K. A sequence of 15N NMR spectra 

were then acquired over a measured period of time. 



Variable Temperature and Time-dependent 9 4  NMPZ Spectroscopy of 

CpRe(CO),(1SN14N) (4.1-l5N,) and Cp*Re(C0),(15N14N) (4.2-1SNJ Prepared Using 

Cp,Co. A 5-fold stoichiometric excess of Cp2Co was dissolved in a minimum amount of 

acetone-d, and then added via syringe to a solution of the 15N, labeled aryldiazenido 

complexes [CpRe(C0)2@-15N14NC6H40Me)] PF4] (2.1 -lSNa) or [Cp*Re(CO),@- 

ljN14NC,H40Me)]@FJ (2.2-15Na) in acetone-d, at room temperature. An IR spectrum, 

obtained immediately after the Cp2Co addition, showed in both cases the complete 

disappearance of the aryldiazenido complexes and the presence of the respective 15N, 

labeled dinitrogen complexes CpRe(CO),(1SN14N) (4.1-lsNa) and Cp*Re(CO),(15N14N) 

(4.2-13Wu). h both cases, the solution was then immediately transferred to an NMR tube 

which was kept in a Schlenk tube under a positive pressure of argon at a temperature of 

273 K in an ice bath. The NMR tube was then quickly removed from the cold 

temperature bath and placed into the Bruker AMX 400 spectrometer whose temperature 

unit had been previously set to the desired temperature (i.e., 291 K for 4.1-'mu; 274, 

28 1,284, and 291 K for 4.2-lW,). A sequence of 15N NMR spectra were then acquired 

over a measured period of time. 

Time-dependent 1% NRlR Spectroscopy of Cp*Re(C0),(lW4N) 

(4.Z15NU) Prepared Using NaBH,. A 2-fold stoichiometric excess of NaBH, was 

added as a solid to a solution of the 15N, labeled aryldiazenido complex [Cp*Re(CO),@- 

15N14NC,H40Me)][BFJ (2.2-15NJ in acetone-d, at room temperature. An IR spectrum 

of this solution recorded immediately after the NaBH, addition demonstrated the total 

disappearance of 2.2-la, and the presence of minor absorptions corresponding to the 

I5Na labeled dinitrogen complex Cp*Re(C0),(15N14N) (4.2-15NJ and major absorptions 

due to the aryldiazene complex Cp*Re(CO),@-NfINC6~40Me) (4.10-15Nu) (see Chapter 

4). An IR spectrum obtained after 35 min showed only the presence of absorptions 

attributable to 4.215N,. The solution was then immediately transferred to an NMR tube 
- - 



which was kept in a Schlenk tube under a positive pressure of argon at a temperature of 

273 K in an ice bath. The NMR tube was ?sen quicHy removed from the cold 

temperature bath and placed into the Bmker AMX 400 spectrometer whose temperature 

unit had been previously set to 280 K. A sequence of l5N NMR spectra were then 

acquired over a measured period of time. 

Variable Temperature and Time-dependent 15N NMR Spectroscopy of 

Cp*Re(CQ)(P(OMe),)(15N14N) (4.4-15N,) Prepared Using Na/Hg. A sodium 

amalgam was prepared by adding small, freshly cut pieces of sodium metal (5-fold 

stoichiometric excess) to a pool of mercury under argon; with gentle stirring the sodium 

pieces were taken up by the mercury. A solution of the 15Na labeled aryldiazenido 

complex [Cp*Re(CO) (P(OMe), } @-15N14NC,H40Me)] @F4] (2.8J5Na) in THF was then 

added via syringe to the sodium amalgam at room temperature and the mixture was 

vigorously stirred for 30 min. An IR spectrum recorded at this time showed the complete 

disappearance of 2.8-1Ya and the presence of the respective 15N, labeled dinitrogen 

complex Cp*Re(CO) (P(OMe)3}(15N14N) (4.4-1%). Complex 4.4-15Na was then 

purified following the procedure described in Chapter 4 and subsequently taken up in 

CD3CN. The solution was then transferred KO an NMR tube which was kept in a Schlenk 

tube under a positive pressure of argon at room temperature. The NMR tube was then 

placed into the Bruker AMX 400 spectrometer whose temperature unit had been 

previously set to 293 K. A sequence of 15N hMR spectra acquired over 24 h exhibited 

no change in the 15N resonance of 4.4-lW,. A change in intensity of the 15N resonance 

corresponding to 4.4-Wa was achieved by elevating the temperature to 320 K. A 

sequence of 15N NMR spectra were then acquired over a measured period of time at this 

temperature. 

Variable Temperature and Time-dependent 15N NMR Spectroscopy of 

Cp*Re(CO)(PM%)(fWW) (4.3-lWa) Prepared Using N a g .  The 15N, labeled 



trimethylphosphine dinitrogen complex Cp*Re(CO)(PMe,)(lSN"+N) (4.3-Wa) was 

synthesized from the cmesponding aryldiazenido complex [Cp*Re(CO)(PMe,)@- 

W'4NC,H,0Me) JFFJ (2.4-15Na) and subsequently purified following a similar 

procedure to that described previously for the P(OMe)3 analog. A CD,CN solution of 

4.3-15N, was then transferred to an NMR tube which was kept in a Schlenk tube under a 

positive pressure of argon at room temperature. The NMR tube was then placed into the 

Bruker AMX 400 spectrometer whose temperature unit had been previously set to 293 K. 

A sequence of 15N NMR spectra acquired over 24 h exhibited no change in the 15N 

resonance of 4.3-15Na. A similar result was obtained at 320 K. A change in intensity of 

the l5N resonance corresponding to 4.3-15Na was finally achieved by elevating the 

temperature to 333 K. A sequence of l5N NMR spectra were then acquired over a 

measured period of time at this temperature. 



Protonation Reactions of Rhenium-bound Dinitrogen 

6.1. Introduction 

The discovery of the first dinitrogen complex B U ( N H ~ ) ~ ( N ~ ) ] ~ +  in 196522 

together with the announcement of some less well-characterized systems for fixing 

nitrogen uncovered by Vol'pin and his co-workers,21 encouraged a large amount of 

research into transition metal dinitrogen complexes and their reactions. Despite the 

steady stream of new dinitrogen it was not until 1972 that the first reaction 

of coordinated dinitrogen to give a well-defined product was announced (Equation 

6. 

This reaction was lnterpreted as being essentially an oxidative addition to a WN=N 

fragment, with the principal step being nucleophilic attack of the coordinated N2 on the 

carbon of the acetyl group. As a result, this work was successfully extended to 

protonation reactions, as evidenced by the initial discovery by Chatt et al. of the 

protonation of coordinated dinitrogen to give hydrazido complexes and the subsequent 

conversion of these intermediate species to ammonia (Equation 6.2).*G4 



The chemistry developed from the protonation of these low oxidation state 

complexes of molybdenum and tungsten formed the basis for a general understanding of 

the reactivity displayed by metal-bound dinitrogen. According to Chatt et a1.,33 the 

activation of the dinitrogen ligand, at least as far as the initial step of the protonatisn 

reaction is concerned (i.e., the delivery of the first proton to the metal complex), was 

suggested to be dependent on the ease of release of electrons from the metal center into 

the coordinated dinitrogen ligand. That is, if one is dealing with nucleophilic attack by 

coordinated dinitmgen on protons, those dinitrogens with the higher negative charge, 

provided by the metal d-n*(NN) donation into the N, antibonding orbitals, should be the 

more effective. Therefore, it was generally concluded that the protonation of ligated 

dinitrogen required a low oxidation state complex composed of a metal center with a low 

first ionization potential, and ancillary ligands which were good o-donors but poor n;- 

acceptors of electron density. 

Based on the criteria just presented, combined with the knowledge I had acquired 

of the chemistry exhibited by rhenium-bound dinitrogen derivatives, a protonation study 

of the low oxidation state dinitrogen complex c~*Re(pMe,)~(N~) (4.5) (Figure 6.1) was 

undertaken, the results of which are described in this chapter. 

Figure 6.1. Structure of 45. 



6.2. Results 

6.2.1. Examination of Cp*Re(PMe,),(NJ (4.5), (4.5-15Na), or (4.5-lWg) 

The bis-trimethylphosphine dinitrogen complex Cp*Re(PMe3),(N2) (4.5) was 

prepared from the corresponding aryldiazenido complex 2.11 by treatment with NaElg at 

room temperature (see Chapter 4). The 14N NMR spectrum of 4.5 exhibited two broad 

resonances at 6 -82 and 6 -49 assigned to the rhenium-bound nitrogen atom (N,) and the 

terminal nitrogen atom (Ng) respectively (Table 6.1). Confirmation of these assignments 

was obtained by recording the 15N NMR spectra of the specifically l5N labeled dinitrogen 

complexes Cp*Re(PMe3),(15N14N) (4.5-15Na) and Cp*Re(PMe,),(14N15N) (4.5-Imp) 

which had been synthesized in an analogous manner to the corresponding unlabeled 

complex. In both cases a single sharp resonance (i.e., 6 -82.1 for 4.5-15Na and 6 -51.7 

for 4.5-l5NP), with no measurable coupling to phosphorus was observed in approximately 

the same positions as the two 14N resonances, allowing the unequivocal assignment of N, 

and Np (Table 6.1). 

Of equal importance, the single 15Na resonance observed in the 15N NMR 

spectrum of 4.5-15N, in acetone-d, at room temperature was unchanged even after 24 h. 

The absence of a signal in the position expected for Ng in the 15N NMR spectrum of the 

singly-labeled complex after this time shows that there is negligible incorporation of 15N 

at the $-position and no detectable isomerization of the dinitrogen ligand (see Chapter 5) 

under these experimental conditions for this complex. Analogous results were obtained 

for the 15Ng labeled dinitrogen complex 45-FNg when it was examinea by I5N NMR 

spectroscopy. The fact that the N2 ligand in 4.5 can be specifically '5N labeled and does 

not interconvert was an essential requirememt in order to utilize lH, 3lP(lH), and 15N 

NMR spectroscopy as a reliable probe to determine which particular site on this 

dinitrogen complex was attacked upon protonation, in the event of this occurring. 





6.2.2. Room Temperature Reactions of Cp*Re(PMe,),(Na (4.5) with HBF,-OEh, 

CF3S0,H, or CF,COQH 

A 5-fold stoichiometric excess of tetrafluoreboric acid diethyl ether complex 

(fBF,-OEtJ was added via syringe to a pale yellow solution of Cp*Re(PMe3)2(N2) (4-5) 

in acetone-d, at room temperature. An instantaneous reaction took place as the color of 

the solution turned dark orange immediately after the acid was added. An W spectrum 

obtained of this solution showed the complete disappearance of 4.5 with no concomitant 

growth of absorptions in the 2400-1400 cm-1 region, consistent with protic attack of the 

dinitrogen complex. However, the lack of an NH band in the 4000-3500 cm-1 region 

suggested that the ligated dinitrogen was not protonated. 

A room temperature IH NIMi spectrum, acquired ca. 60 rnin after the acid 

addition, did not exhibit a downfield signal assignable to an NH resonance nor an upfield 

signal suggestive of a metal hydride resonance. These results infer that protic attack did 

not occur at the nitrogen ligand nor at the metal center respectively. Purification of the 

NMR solution confirmed the presence of trace amounts of the trioxo complex Cp*Re03 

(4.8)'38 and trimethylphosphine oxide (POMe3) by comparison to the NMR spectra of the 

authentic samples. No other rhenium containing products were identified. The oxidation 

products were presumably formed by exposure of the NMR solution to improperly 

degassed NMR solvent or to residual oxygen which may have entered the non flame- 

sealed NMR tube. 

Analogous results were obtained when the protonation of 4.5 was repeated using 

trifluoromethanesulfonic acid (CF3S0,H). Surprisingly, this was not the case for the 

protonation reaction involving trifluoroacetic acid (CF,COOH). The pale yellow 

solution of 4.5 in acetone-d, turned orange in color upon addition of a 5-fold 

stoichiometric excess of CF,COOH via syringe at room temperature. An IIi spectrum 

recorded immediately after the acid was added showed the complete disappearance of 4.5 



and the presence of a weak broad absorption at 2080 ern-'. An examination of the 4000- 

3500 em-1 region revealed no absorptions which could be assigned to an NH vibration, 

and thus inferred that the coordinated dinitrogen ligand was not protonated. 

A room temperature 1H NMR spectrum, obtained ca. 60 min after the acid 

addition, exhibited a singlet at 6 2.05 integrating to 15 protons assigned to a Cp* group 

(Figure 6.2). The 1H resonance at 6 1.75 assigned to the PMe, ligands was observed to 

be a virtual doublet integrating to 18 protons with a coupling constant (2JH-p + 4JH-p) of 

9.5 Hz (Figure 6.2). Kost importantly, although a downfield signal which may be 

attributable to an NH resonance was not observed, a high field triplet (J = 49.6 Hz) at, 

6 -10.58 integrating to 1 proton was present (Figure 6.2). This result is consistent with 

protic attack at the metal center resulting in a rhenium hydrido species and the triplet 

indicates that the metal hydride ligand is coupled to two symmetry-equivalent PMej 

ligands. Interestingly, a 1H NMR spectrum recorded ca. 12 h later of the same NMR 

sample showed the total disappearance of d l  resonances corresponding to the newly 

formed rhenium hydrido complex. Purification of the NMR solution gave residual 

amounts of the trioxo complex 4,$138 and POMe,; the same products which had been 

identified previously for the reactions where HBF,-OEQ and CF,SO,H were used as the 

proton source. 

The protonation of 4-5 with CF,COOH was repeated in acetone at room 

temperature. The product(s) of this reaction were found to be insoluble in hexane or 

diethyl ether but very soluble in acetone. A diagnostic mass spectrum for this metal 

hydrido complex was not obtained despite numerous attempts using electon impact (EI), 

low voltage electron impact, or chemical ionization (Cl) mass spectroscopy, presumably 

as a result of its thermd instability. 





6.2.3. Low Temperature Reactioils of Cp*Re(PMe3),(hT2) (4.3, (4.5-WE), or (4.5- 

Z S N B j  with CF,CBOR 

A 5-fold stoichiornetric excess of CF,COOH was added via syringe to a solution 

of Cp*Re(PMe,),(N,) (4.5) in acetone-d, at 195 K. A lH NMR spectrum, obtained ca. 

60 min after the acid addition at 213 K, showed the total disappearance of 4.5 and the 

apparent formation of a single rhenium product which exhibited a singlet at 6 2.08 

integrating to 15 protons assigned to a Cp* group (Figure 6.3a). The lH resonance at 

6 1.76 assigned to the PMe3 Iigands was observed to be an apparent broad triplet 

integrating to 18 protons with a coupling constant of 8.8 Hz (Figure 6.3a). The lH NMR 

spectrum also exhibited a doublet at 6 -10.96 integrating to 1 proton with a coupling 

constant of 64.2 Hz (Figure 6.3a); no signal corresponding to an Ni3 resonance was 

found. These results are consistent with protic attack at the metal center giving a 

rhenium hydrido complex. 

A 31P{lH) NNIR spectrum recorded for the same NMR sample at 213 K showed 

two resonances at 6 -42.16 and 6 -38.67 indicative of two symmetry-inequivafent PMe, 

Iigands (Figure 6.4). The 31P r e ~ ~ ~ a n c e s  were assigned as a typical AB quartet with a 

Jp-p coupling of 48.6 Hz. These results suggest that the apparent PMe, triplet observed in 

the 'H PJMR spectrum may best be interpreted as two overlapping doublets; each doublet 

corresponding to one inequivalent PM% group. Furthermore, by irradiating the PMe, 

methyl resonance but not the resonance due to the metal hydride, the 3lP resonance at 

6 -42.16 appeared as a doublet of doublets arising from coupling to both the other 

phosphine and the metaI hydride (Jp-H = 64.4 Hz; Jp-p = 48-6 Hz). Notably, the 31P 

resonance at 6 -38.67 remained a doubler. These results are consistent with the previous 

'H NMR spectnun which showed that the rhenium hydride resonance was observably 

coupled to only one PMe, Iigand. 
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PPm -35 -40 
Figure 6.4. Variable temperature 3lP(lH) NMR spectra (162 MHz) sf the reaction 

between Cp*Re(PMe,),(N> (4.5) and CF,COOH in acetone-d,. 



As the temperature was raised, a sequence of lH and 31P{lH) NMR spectra 

demonstrated the decay of the product and the concomitant growth of resonances 

corresponding to a second rhenium hydrido product (Figures 6.3b and 6.4). At 273 K the 

conversion of the original product to the second product was complete. The IH NMR 

spectrum obtained of this solution at 273 K exhibited a singlet at 6 2.05 and a virtual 

doublet at 6 1.75 assigned to Cp* and the PMe3 ligands respectively (Figure 6.3~). A 

coupling constant (2JH-p + 4JKp) of 9.8 Hz was extracted from the 'H resonance 

corresponding to the PMe3 groups. The lH NMR spectrum also exhibited a triplet in the 

metal hydride region at 6 -10.60 integrating to 1 proton with a coupling constant of 50.3 

Hz (Figure 6.3~); no signal due to an NH resonance was observed. The 3lP{lH) NMR 

spectrum acquired at 2773 K exhibited a singlet at 6 -34.71 suggesting that the Pie, 

ligands were equivalent by symmetry (Figure 6.4). Once again, by selectively 

decoupling only the PMe3 methyl resonance, this 31P resonance appeared as a doublet 

indicating that it was coupled to the metal hydride (JP-, = 50.1 Hz). These results are in 

agreement with the triplet observed for the rhenium hydride lH resonance. 

The NMR sample was then warmed to room temperature. A 1H NMR spectrum 

recorded after 3 h showed a significant loss in intensity of the resonances corresponding 

to Cp*, PMe3, and the metal hydride (Figure 6.3d). Interestingly, a 1M NMR spectrum 

recorded 12 h later showed the total disappearance of all resonances corresponding to the 

rhenium hydrido complex (Figure 6.3e). Analogous results were observed from 31P{1H) 

NNR spectra recorded at these times (Figure 6.4). As evidenced from the last set of 

spectra, except for resonances attributable to the NMR solvent (acetone-d,) and residual 

POMe, (Figure 6.3e), no other resonances were observed, An examination of the NMR 

tube once it was removed from the probe showed no precipitate. Purification of the 

N - i  soiution c o d i e d  the presence of residual aiiilnis of the tiioxo complex 

Cp*ReO, (4.8)138 (6 2.09 in acetone-d,) and POMe, (6 2-67 in acetone-d,, 



JHq = 13.7 Hz). 

The elapsed time for the variable temperature 1H and 31P{lH) NMR experiments 

just described was ca. 19 h from the initial reaction to the point where the products 

apparently decomposed. The protonation of 4.5 with CF,COOH was repeated in 

acetone-d, at 195 K. The resulting solution was then transferred to an NMR tube and 

kept at 195 K for ca. 32 h using a dry ice-acetone bath. A room temperature 1H NMR 

spectrum of this solution at the end of this time was identical to the variable temperature 

1H NIMR spectrum obtained previously at 273 K. This result suggests that (i) the 

rhenium hydrido product observed previously by treatment of 4.5 with CF,COOH at 

room temperature and the product observed during the variable temperamre NMR 

experiment at 273 K are identical, and (ii) that temperature rather than oxygen is 

responsible for the observed decay of the product(s) formed from the protonation 

reactions at room temperature. However, the fact that oxidation products (4.$13* and 

POMe,) are produced in these reactions suggests that the rhenium hydrido product is also 

extremely oxygen sensitive. 

A 5-fold stoichiometric excess of CF,COOH was added via syringe to a solution 

of the 15N, labeled bis-trimethylphosphine dinitrogen complex C P * R ~ ( P M ~ , ) ~ ( ' ~ N ~ ~ N )  

(4.5-FN,) in acetone-d, at 195 K. A 15N NMR spectrum, obtained ca. 120 rnin after the 

acid addition at 213 K, showed the total disappearance of 4.5-*W, and the formation of a 

product which exhibited a singlet at 6 -108.3 (Figure 6.5). Although this result clearly 

demonstrates that the coordinated dinitrogen was not protonated at N,, since this would 

have yielded a doublet for the observed lSN resonance, it does show that a new species 

containing at least one nitrogen atom was produced by protonation. A 15N NMR 

spectrum of free N2, under the same protic conditions, exhibited a resonance at 6 -73.7 

confirming that free dinitrogen was not responsibie for the observed '5N resoname. 



Figure 6.5. Variable temperaiure 1% iMViR spectra (40.6 MHz) of the reaceion 

between Cp*Re(PMe,),(lsN14N) (4.5-15NJ and CF,COOH in acetone-d6. 



(Note: A lH NMR spectrum obtained of the same solution reproduced the results 

obtained previously; no H15N coupling for the metal hydride 'H NMR resonance was 

observed). A sequence of 'SN NMR spectra acquired zs the temperature was raised 

showed the gradual decay of this resonance and the concomitant growth of a second 

singlet at 6 -98.6 until at 273 K only the resonance corresponding to the second product 

was present (Figure 6.5). As the temperature of the NMR sample was raised to room 

temperature, the 15N resonance due to the second product disappeared (Figure 6.5) 

without the concomitant growth of resonances assignable to nitrogen containing products 

such as [NM,] [CF3C00]. 

Similar results were obtained when a solution of the 15Ng labeled bis- 

trirnethylphosphine dinitrogen complex Cp*Re(PMe3),(14N'SN) (4.5-15Ng) in acetone-d, 

was reacted with a 5-fold stoichiometric excess of CF,COOH at 195 K. A 15N NMR 

spectrum of this solution, recorded ca. 120 min after the acid addition at 2 13 K, 

demonstrated the complete disappearance of 4.5-l5Np and the presence of a singlet at 

6 -26.0 (Figure 6.6). This result indicates that the coordinated dinitrogen was not 

protonated at Ng. However, the presence of a 15N signal after protonation further 

substantiates the suggestion made previously that a new nitrogen containing species was 

produced. (Note: A IH NMR spectrum obtained of the same solution reproduced the 

results obtained previously; no Hl5N coupling for the metal hydride 1H NMR resonance 

was observed). Once again, a sequence of l5N NMR spectra acquired as the temperature 

was raised showed the gradual decay of this resonance and the concomitant growth of a 

second singlet at 6 -6.2 (Figure 6.6). At 273 K the conversion of the original product to 

the second product was complete. As the temperature of the NMR sample was raised to 

room temperature, the lSN resonance due to the second product disappeared (Figure 6.6) 

with no concomitant growth of resonances assignable to nilfogen con'knhg Cerivzti-~es. 



Figure 6.6. Variable temperatue 15N NMR spectra (40.6 MHz) of the reaction 

between Cp*Re(PMe3),(14N15N) (4.5-l?N$ and CF,COOH in acetone-d6. 



The protonation of the unlabeled dinitrogen complex 4.5 with CF,COOK was 

repeated ia acetone at 273 K. An IR spectrum obtained of this solution at 273 K 

exhibited a broad, moderately intense absorption at 2079 cm-I assigned to v(NN). The 

assignment of v(NN) to the protonation product was confirmed by repeating the 

protonation reaction using the l5N, labeled dinitrogen complex 4.5-15N,. An isotopic 

shift in v(NN) of 32 cm-I was observed. This observation is in agreement with the 

results obtained from the 15N NMR experiments and taken together these results confirm 

the presence of a dinitrogen ligand in the protonation product(s). 

6.2.4. Low Temperature Reactions of Cp*Re(PMe,),(N,) (4.5) with HBF,-OEt, 

or CF,SO,lH 

A 5-fold stoichiometric excess of HBF,.OEt, was added via syringe to a solution 

of Cp*Re(PMe,),(N,) (4.5) in acetone-d, at 195 K. A 1H NMR spectrum of the resulting 

solution, acquired ca. 60 min after the addition of the acid at 213 K, showed the total 

disappearance of 4.5 and the presence of a singlet at 6 2.05 assigned to a Cp* group. The 

'H resonance at 6 1.73 assigned to the PMe3 ligands was observed to be an apparent 

broad triplet integrating to 18 protons with a coupling constant of 9.$ Hz. The lH NMR 

spectrum also exhibited a doublet at 6 -10.99 integrating to 1 proton with a coupling 

constant of 64.1 Hz; no signal correspondong to an NH resonance was found. These 

results are consistent with protic attack at the metal center giving a rhenium hydrido 

complex. 

Raising the temperature of the NMR solution resulted in the decay of the lH 

resonances assigned to the rhenium hydrido complex and the concomitant growth of 

resonances corresponding to a second rhenium hydrido product; the conversion was 

complete at 273 K. The 'H NMR spectrum obtained of this solution at 273 K exhibited a 

singlet at 6 2.03 and a virtual doublet at 6 1.72 assigned to Cp* and the PMe, ligands 



respectively. A coupling constant ('JH-, + 'JHHp) of 9.7 Hz was extracted from the 1H 

resonance corresponding to the PMe, gioups. Ttie !H( hMX spectrim &so exhibited a 

triplet in the metal hydride region at 6 -10.63 integrating to 1 proton with a coupling 

constant of 50.4 Hz; no signal due to an NH resonance was observed. As the temperature 

of the NMR sample was raised to room temperature, the 1H resonances due to the second 

product disappeared. 

Analogous results were obtained for the reaction between Cp*Re(PMe,),(N,) (4.5) 

and CF,SO,H. 

6.3. Discussion 

6.3.1. Predisposition of Cp*Re(PMe3),(NJ (4.5) Toward Protonation 

All the dinitrogen complexes reported in this thesis, including Cp*Re(PMe,)2(N2) 

(4.3, have ground state structures in which the dinitrogen ligand is bound end-on to the 

metal center. It has been assumed that v o ,  which is infrared active in these 

complexes, will be a measure of the strength of metal. dinitrogen binding because a low 

value of v(NN) suggests metal d-n*(NN) donation into the N, antibonding system. 

Therefore, a low value of v(NN) may also be indicative of activation of the N, ligand to 

protonation since it may imply negative charge buildup on the dinitrogen (Figure 6.7). 

Consequently, activation and strong metal dinitrogen binding might be expected to go 

together and both be indicated by low values of v(NN). 



(Ii (n) 

Weak metal d - I E * ~  donation Strong metal d-.n*(lW) donation 

Figure 6.7. Canonical structures illustrating the effect of weak and strong d - ~ * ( ~ )  

donation on the dinitrogen ligand. 

With respect to the rhenium dinitrogen complexes 4.1-45, it is clear that 

replacing a CO Iigand (poor cr-donor, good n-acceptor) by PMe3 (good o-donor, poor 

n-acceptor) increases the metal d-.rr*(lW) donation and thus lowers v(NN) (Table 6.1). 

This effect is even more pronounced when both CO groups are substituted by PMe3 and 

thus indicates that complex 4.5 may be the most susceptible to protonation at the 

dinitrogen ligand. Furthermore, v(NN) obtained for 4.5 [vO 1975 cm-l] is similar to 

values obtained for other dinitrogen complexes such as trmr~-fAo(N~)~(dppe)~ 

[ v o  1976 cm-I], tram-W(N2),(dppe), - [ v o  1946 cm-l], and Fe(N,)(dmpe), 

[vO f 975 an-'] which are prone to protic attack at the terminal nitrogen atom (Np) 

gable 6- 1).158,16.164 

Nitrogen rJJfR spectroscopy can dso provide information about the chemical 

environment of the coordinafed dinitrogen ligand. From the I4N and 1% lillMR spectra 

of cornp1exes 4-14.4, it was observed the chemical shift for the N, resonance of the 

dinitrogen figand follow the order of ~ A g a n d s  Cp*(CO)(PM%) > Cp*(CO)(P(OMe),) 

> Cp*(CO), > CptCO1, (from. less shielded to more shielded) which currdates with 



increasing electron donating ability of the co-ligands (Table 6.1). By contrast, the 

resonance for $ remains essentially unaffected; varying the electron density on the 

metal evidently produces smaller changes in 6(NB) than those observed in 6(Na) for these 

complexes. However, for the bis-trimethyiphosphine dinitrogen complex 4.5 a 

significant change in chemical shift was observed for both the N, and the NB resonances 

clearly indicating that the ancillary ligands have a prominent effect on the electronic 

environment of the ligated dinitrogen with respect to both N, and Ng (Table 6.1). It is 

also worth mentioning that the Ng resonance for 4.5 @@Ip) -51 -71 is comparable to those 

reported for other dinitrogen complexes such as tram-Mo(N&dppe), [ti%) 42-81 and 

trans-W(N,),(dppeiz [&Ns) 48-63 which have been previously shown to undergo protic 

attack at the terminal nitrogen atom (Ng) (Table 6.1).158,165 Therefore, 4.5 is considered 

a goad target complex to investigate protonation reactions, in anticipation of being able 

lo protonate the N, figand- 

63.2 Pfotonatiun c& Cp*R@-WQ2flu3 (4.5) 

Protic attack of Cp*Re(PMe,),(N3 (45) can, in principle, be visualized to occur 

at different sites on the metat complex as is illustrated in Scheme 6.1. In (i), attack at the 

cocrrdinateb dinitrogn ligand, pzsumably- at the terminal nitrogen atom (Ng), produces a 

rhenium diazenido complex. Alternatively, attack at the metal center form either the 

cis-rhenium hydrido dinitrogen complex (ii), or the trm-rhenium hydrido dinitrogen 

complex (iii). In view of the existence of the aryldiazenido complex [C~*Re(pMe,)~(p- 

NlC6H10h/le)]@F4] @.If), formation of the rhenium diazenido complex as in (i) seems a 

d i s h c t  pss ikEq-  



Scheme 6.1. Proposed products arising from protic attack at different sites on the 

dinitrogen complex Cp*Re(PMe&(NJ (4.5). 



Room temperature IR and lH NMR experiments failed to produce conclusive 

information concerning whether or not the bis-trimethylphosphine dinitrogen complex 

Cp*Re(PMe,),CN,) (4.5) was protonated, and if so at which site, because of the apparent 

thermal instability of the products. To overcome this problem, variable temperature *H, 

"P{IH), and I5N hMR experiments were devised to examine the protonation of 4.5,4.5- 

1SSa7 or 4.5-15Np and the results obtained are summarized in Table 6.2. 

The NMR spectra, obtained at 21 3 K for the reaction between 

Cp*Re(PMe3),(W4 (4.5-l5N, or Cp*Re(PMe3)2(14N15N) (45-15Ng) and CF,COOH, 

exhibited a singIet in each case (Table 6.2) in the region expected for a typical metal- 

bound dinitrogen Iigand.@* Notably, the fiNg resonance corresponding to a metal- 

bound dinitrogen ligand [i-e., trans-W(N2),(dppe),: 6(15N,) -60.1, S(15NB) 48.6]158 

undergoes a dramatic change in chemical shift if it is protonated to give a diazenido 

complex lie., trans-WBr(N,EQ(dppe),: S ( W J  -25.9, 6(I5NB) -187.11; a smaller change 

in chemical shift is observed for the I%, resonance.167 These W NTVjR results clearly 

demonstrate that the coordinated dinitrogen was not attacked by the protry [pathway (i)] 

and that it remained bound to the rhenium center. 

The 1H NMR spectrum, recorded at 213 K afte: 4.5 was treated with CF,COOH, 

exhibited a metal hydride resonance which was observably coupled to only one PMe, 

goup (Table 6.2). A 31P{ lH) NMR spectrum of the same sample acquired at the same 

temperature showed the presence of two symmetry-inequivalent PMe3 ligands and only 

one of the PMe, ligaads was coupled to the rhenium hydride substituent, corroborating 

the previous IH NMR observation frable 6.2). Taken together, the spectroscopic results 

are consistent with protic attack at the metal center giving the cationic rhenium hydrido 

dinitrogen complex ~is-[Cp*ReH(rsJ(PM@~f [CF,COO] (cis-6.1) [pathway (ii)] but not 

trmz~-[Cp*ReH~~)(pM~)~][CE~C00] (fnms-6.1) [pathway (iii)]. 





Notably, precedents in the literature suggests that in four-legged piano-stool type 

complexes with phosphorus and hydrogen co-ligands, the magnitude of the cis JH-P 

coupling is generally large whereas that of the trans JH-P coupling is small and sometimes 

unobservable. For example, in the cyclometalated complex Cp*Re(CO)(qZ-CH2PMe2)H 

where P and H (hydride) are cis, the cis JH-P coupling was reported to be 38.2 Hz.l68,169 

However, in the cyclometalated tricyclohexylphosphine derivative Cp*Re(CO) {q2- 

C,Hl,P(C6H,,)2] H where P is trans to H, the metal hydride ligand was reported to 

exhibit no observable coupling to the phosphine gro~p.16~ Thus, the observed JH-P 

coupling in the rhenium hydrido dinitrogen complex cis-6.1 is assigned to the PMe, 

group cis to the metal hydride ligand. Analogous results were obtained from the lH 

NMR spectra obtained at 2 13 K for the reaction between 4.5 and HBF,.OEt, or CF,SO,H 

(Table 6.2) and thus the protonation products arising from these reactions were also 

assigned to the respective cationic rhenium hydrido dinitrogen complexes cis- 

[Cp*ReH(N,)(PMe,),] WF,] (cis-6.2) and cis-[Cp*ReH(N2)(PMe3), J [CF,SO,] (cis-6.3). 

The fiN NMR spectra, obtained at 273 K for the reaction between 4.5-'SN, or 

4.5-IsNp and CF,COOH, exhibited a singlet in each case (Table 6.2) in the region 

expected for a typical coordinated N,.69,158 An IR spectrum of this solution at 273 K 

also displayed an absorption unequivocally assigned to v(NN) of a metal-bound 

dinitrogen ligand (Table 6.2). The IH NMR spectrum, recorded at this temperature after 

4.5 was treated with CF,COOH, exhibited a triplet for the metal hydride resonance 

indicating that it was coupled to two symmetry-equivalent PMe, groups (Table 6.2). A 

31P{1H) NMR spectrum also acquired at 273 K corroborated the presence of two 

symmetry-equivalent PMe2 ligands (Table 6.2). These results are not in agreement with 

the products resulting from pathways (i) and (ii) but are consistent with protic attack at 

the metal center yielding the cationic rhenium hydrido dinitrogen complex trans- 

[Cp*ReH(N2)(PMe3)J[CF3CO0] (fransd.1) [pathway (iii)]. Once again, similar results 



were obtained from the IH NMR spectra obtained at 273 K for the reaction between 4.5 

and HBF4-OEt, or CF3S0,H (Table 6.2). Consequently, the protonation products arising 

from these reactions were assigned to the cationic rhenium hydrido dinitrogen complexes 

tran~-[Cp*ReH(N,)(PMe~)~]pF~] (frans-6.2) and trans-[Cp*ReH(N,)(PMe3>21[CF3S0,J 

(trans-6.3) respectively. 

Interestingly, lH, 3lP( lH), and l5N NNIR spectra recorded 3 h after room 

temperature had been attained, demonstrated the decay of trans-6.1 and the total 

disappearance of trans-6.2 and trans-6.3, with no concomitant growth of resonances 

attributable to rhenium containing complexes (Table 6.2) except for trace amounts of 

Cp*Re03 (4.8)138 obtained after purification. 

To summarize, the bis-trimethylphosphine dinitrogen complex 

Cp*Re(PMe,),(N,) (4.5) is susceptible to protonation at the metal center hut not at the 

coordinated dinitrogen ligand. Furthe,more, the protonation reaction appears to be 

independent of the acid used since treatment of 4.5 with CF,COOH, H3F4-OEt,, or 

CF3S03H, in all cases, lead to the formation of the respective rhenium hydrido dinitrogen 

complexes cis-[Cp*ReH(N,)(PMe3),1 [CF3C00] (cisd.l), cis- 

[Cp*ReH(N2)(PMe3),]BF,] (cis-6.2), and cis-[Cp*ReH(N,)(PMe3),][CF,SO3] (ck-6.3) 

at 213 K. In all cases, these complexes were found to isomerize to trans-6.1, trans-6.2, 

and tram-6.3 respectively and the isomerhation was complete at 273 K. Interestingly, 

the three trans complexes were found to be thermally unstable at room temperature, and 

their decomposition, presumably via loss of the dinitrogen ligand although no evidence 

for N, loss was obtained, was found to be complete after 15 h. However, trcms-6.1 was 

found to be more stable thaa its analogs tram-6.2 and trans-63 inferring that the counter 

anion may play a role in stabilizing these cationic rhenium hydrido dinitrogen 

complexes. 



The activation of metal-bound dinitrogen by protic attack was suggested by Chatt 

et al.33 to be favored by low oxidation state complexes composed of a metal center with a 

low first ionization potential, and ancillary ligands which were good o-donors but poor 

n-acceptors of electron density. It was rationalized that increasing the electron density 

on the metal center would increase the metal d-n*(NN) donation into the N, antibonding 

orbitals resulting in a negatively charged dinitrogen ligand whieh may be prone to 

protonation. Unfortunately, the protonation reactions involving Cp*Re(PMe3),(N2) (4.5) 

have revealed that the metal center rather than the ligated dinitrogen was attacked by the 

proton. Furthermore, these results show that (i) the criteria established by Chatt et a1.33 

from investigations conducted on dinitrogen complexes of the type M(N2)2(PR3)4 (M = 

Mo or W) are not sufficient to ensure the protonation of the dinitrogen ligand in 4.5 2nd 

subsequently (ii) that the activation of coordinated dinitrogen may be dependent on the 

geometry of the dinitrogen complex but not neccessarily on the acid used as the protic 

source, although the counter anion of the acid may influence the stability of the 

protonated product. 

6.3.3. Cis- and Trans-[Cp*ReH(N2)(PMe3)J[X] (X = CF3COO- (6.11, BF,- (6.2), or 

CF,S03- (6.3)) 

Although a substantial number of dinitrogen co~liplexes have been characterized, 

only a small number of these also contain hydrogen bonded to the metal atom.l58* 16' The 

majority of these metal hydrido dinitrogen complexes have been reported for the group 

VIII transition metals (Fe, Ru, and 0s)  as well as for cobalt and tungsten. Examples 

include the cationic tungsten and iron complexes tran~-[WH(N,)~(dppe),][HCI~]~~~ and 

jFeH(N2)(dmpe),]wPh,]'% respectively. In contrast, hydrido dinitrogen complexes of 

rhenium are not common. Notable documented examples include the first synthesized 

rhenium hydrido dinitrogen complex trans-ReH(N,)(dppe),'Z2 and the 



tetrakis(dimethylpheny1)phosphine complex cis-ReH(N,)(PMe,Ph), whose spectroscopic 

and structural determinations show that the metal hydride and dinitrogen groups adopt a 

cis orientation rather than the expected trans arrangement reported for most octahedral 

metal hydrido dinitrogen complexes.170 The former complex was synthesized by reaction 

of @t4N],[ReH,] with two equivalents of dppe in 2-propanol solution under a nitrogen 

atmosphere at 298 K."2 Interestingly, treatment of a benzene solution of this complex 

with a stoichiometric amount of HBF, protonates the metal center and affords the 

cationic rhenium dihydrido dinitrogen complex [ReH2(N2)(dppe),][BF,].12* The 

tetrakis(dimethylphenyl)phosphine complex cis-ReH(N,)(PMe,Ph), was prepared by 

treatment of mer-ReCl,(PMe,Ph), with propyl lithium again under a nitrogen 

atmosphere. 170 

As de,scribed in the previous Results and Discussion sections, the cis and trans 

cationic rhenium hydrido dinitrogen complexes of the type [Cp*ReH(N,)(PMe,),] [XI 

(X = CF,COO- (6.11, BF,- (6.2), or CF3S03- (6.3)) were synthesized by reaction of the 

bis-trimethylphosphine dinitrogen complex Cp*Re(PMe,),(N,) (4.5) with the appropriate 

acid. Unlike the rhenium complexes mentioned above which are moderately air-stable at 

room temperature, complexes 6.1-6.3 are thermally unstable and very oxygen sensitive, 

decomposing under ambient temperatures to give only residual amounts of the oxidized 

products Cp*ReO, (4.8)138 and POMe,. However, the spectroscopic parameters (15N,, 

15Ng NMR chemical shifts and v(NN) IR absorptions) obtained for complexes 6.1-6.3 are 

comparable to those reported for similar cationic metal hydrido dinitrogen complexes 

such as the examples described previously (Table 6.3). 
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It is worth noting that the dinitrogen complexes, trans-W(N,),(dppe), and 

Fe(M2)(dmpe)2, which afforded the corresponding metal hydrido dinitrogen complexes 

trans-fWH(N2)2(dppe)2][HC12] and [FeH(N,)(dmpe),][BPh,] respectively, were also 

shown to undergo protic attack at the terminal nitrogen atom under the right chemical 

conditions.166, 171 Therefore, although protic attack at the coordinated dinitrogen ligand 

was not observed for Cp*Re(PMe,),(N,) (429, the results obtained for the rhenium 

system are encouraging. 

6.4. Conclusion 

In this chapter I have shown that the bis-trimethylphosphine dinitrogen complex 

Cp*Re(PMe,),(N,) (4.5) is prone to protonation at the metal center but not at the 

rhenium-bound dinitrogen ligand. Furthermore, the protonation reaction appears to be 

independent of the acid used since treatment of 4.5 with CF;COOH, HBF,.OEb, or 

CF,SO,H afforded the respective rhenium hydrido dinitrogen complexes cis- 

[Cp*ReH(N,)(PMe,),][CF,COO] (cis-6.1), cis-[Cp*ReH(N,)(PMe3),][BF4] (cis-6.2), 

and cis-[Cp*ReH(N,)(PMe,),f [CF,SO,] (cis-6.3) at 213 K and these complexes 

isomerized to their corresponding trans isomers as the temperature was raised to 273 K. 

Interestingly, the trans isomers were found to be themally unstable at room temperature, 

although trans-6.1 was observed to be significantly more stable than its analogs trans-6.2 

and trans-6.3 inferring that the counter anion may play a role in stabilizing these cationic 

rhenium hydrido dinitrogen complexes. These results demonstrate that tailoring a 

dinitrogen complex so as to promote the release of electrons from the metal center into 

the coordinated dinitrogen ligand is not sufficient to ensure the protonation of the 

dinitrogen ligand in 4 5  and that other factors such as the geometry of the dinitrogen 

complex and tke steric properties of the ancillary ligands must also be considered. 



6.5.1. General Methods and Syntheses 

Manipulations, solvent purification, and routine spectroscopic measurements were 

carried out as described in Chapter 2. 

Low temperature IR spectra were measured by using a Bomem Michelson model 

120 FT-IR instrument. The spectra were recorded as solutions using acetone as the 

solvent in a variable temperature Research and Industrial Instruments model VLT-2 cell 

modified with attached cannulae and equipped with C a b  windows (0.5 rnm). The low 

temperature IR spectrum of the 15N labeled complex was obtained for a 99% 15N 

isotopically enriched sample. The cell was flushed wiik argon and dry acetone prioi to 

transfer of the solution via cannula to the cell. All spectra were recorded at 273 K unless 

stated otherwise. 

The dinitrogen complex Cp*Re(PMe,),(N,) (4.5), and its 15N derivatives 

4.5-15N, and 4.5-15Np, investigated in this chapter were prepared and purified following 

the procedures detailed in Chapter 4. Tetrafluoroboric acid diethyl ether complex (HBF,. 

OEt,,) (Aldrich Chemical Co.), trifluoromethanesulfonic acid (CF,S03H) (Aldrich), and 

trifluoroacetic acid (CF,COOH) (Aldrich) were used as purchased and were stored mder 

nitrogen. 

The deuterated solvent used for NMR spectroscopy (acetone-d6) was degassed 

prior to use to remove any residual oxygen. 1H NMR chemical shifts are reported in ppm 

downfield (positive) of tetramethylsilane. 31P NMR chemical shifts are referenced to 

external 85% H3P04. 14N and 15N NMR chemical shifts are referenced to external 

nitromethane (MeNO,). The term "virtual doublet" refers to the non-first-order multiplet 

which is seen in some of the 1H NMR spectra; the apparent coupling constant is given by 

the separation between the two outside peaks. 



Room Temperature lH NMR Experiments: Reaction of Cp*Re(PMe,),(N,) 

(4.5) with HBF,-OE,, CF3S03H, or CF,COOH. A •˜-fold sioichiometric excess of 

HBF4-OEb, CF3S03H, or CF,COOH was added via syringe to a pale yellow solution of 

the neutral bis-trimethylphosphine dinitrogen complex 4.5 (50 mg, 0.10 mrnol) in 

acetone-d, at room temperature. In all cases, the solution changed from yellow to orange 

immediately after the acid was added. An IR spectrum recorded of the solution after the 

addition of CF3COOH demonstated the total disappearance of 4.5 and the presence of a 

weak broad absorption at 2080 cm-1. IR spectra of the solution< following the HBF,. 

OEt, or CF3S03H additions also showed the complete disappearance of 4.5 but no 

concomitant formation of any other observable bands. The respective solutions were 

then transferred to a 5 rnm NMR tube which was kept in a Schlenk tube under a positive 

pressure of argon. Room temperature 1H NMR spectra, acquired ca. 60 rnin after the 

additions of HBF,-OEt, or CF3S03H, exhibited in each case a singlet at 6 2.09 and a 

doublet at 6 1.67 (J, = 13.7 Hz) assigned to Cp*ReO, (4.8) and POMe, respectively. In 

both cases, removal of the solvent under vacuum gave a yellow-brown oil. Diethyl ether 

extractions of the oil gave trace amounts of 4.8 and BOMe,. The remaining yellow- 

brown oil exhibited no 1H NTMR resonances and no diagnostic lR absorptions. A room 

temperature :H NMR spectrum, recorded ca. 60 min after the addition of CF,COOH, 

was assigned to the cationic rhenium hydrido dinitrogen complex trans- 

[Cp*ReH(N,)(PMe,),][CF,COO] (trans-6.1). IR (acetone-d,): 2080 cm-' 

v(NN). lH NMR (acetone-d,): 6 -10.58 (t, 1 H, ReH, JHq = 49.6 Hz), 1.75 (virtual 

doublet 1 8H, PMe,, J,, = 9.5 Hz), 2.05 (s, 15H, Cp*). A room temperature lH NMR 

spectrum recorded 12 h later showed the total disappearance of tram-6.1 and the 

presence of resonances due to 4.8 and POMe,. Subsequent removal of the solvent under 

vacuum gave a yellow-brown oil. Diethyl ether extractions of the oil gave residual 



amounts of 4.8 (4.4 mg, 0.01 2 mmol) and POMe, and the remaining yellow-brown oil 

exhibited no 1X hlMR resonarices and no diagnostic IR absopions. 

6.5.2. Variable Temperature NMR Spectroscopy 

The variable temperature 'H, 31P(1H), and l5N NMR spectra of the products 

resulting from the protonation of complexes 4.5,4.5-lSN,, or 4.5-l5NP were recorded at 

400, 162, and 40.6 IWHz respectively on a Bruker AMX 409 instrument equipped with a 

B-VT 1000 variable temperature unit. A cooling unit containing liquid nitrogen and a 

heater coil was attached to the hMR probe and was used to attain the desired 

temperature. A Bruker single frequency probe was used to acquire the 1H spectra. A 

Bruker tunable broad band probe was used to acquire the 31P{lH) and lsN spectra. 

Acetone-d, (Isotec Inc.) was used as the solvent for all the variable temperature NMR 

work. 

Variable Temperature lH, 31P(lM), and 1% NMR Experiments: Reaction of 

Cp*Re(PMe,),(Nd (4.9, (4.5-W,), or (4.5-lSNg) with CF3COOH. A pale yellow 

solution of the neutral bis-~irnethylphosphine dinitrogen complex 4 5  (50 mg, 0.10 

mmol), 4.5-'=Nay or 4.5-15Ng in acetone-d, was transferred to an NMR tube (5 rnrn tube 

for 'H and 31P; 10 mm tube for 1 % )  which was kept in a Schlenk tube under a positive 

pressure of argon. The Schlenk tube containing the NMR solution was then cooled to 

195 K in a dry ice-acetone bath. With a strong purge of argon, addition of a 5-fold 

stoichiometric excess of CF3COOH directly to the NMR tube, via syringe, resulted in the 

formation of an orange colored solution. The NMR tube was then quickly removed from 

the cold temperature bath and placed into the Bruker AMX 400 spectrometer whose 

cooling unit had been previously set to 213 K. An NMR spectrum was then acquired ca. 

60 min after the acid addition. An identical procedure was used for obtaining spectra for 

all the NMR active nuclei. The protonation product formed at 213 K was assigned as the 



cationic rhenium hydrido dinitrogen complex cis-[Cp*ReHfN,j(PMe3)J [CF,COO] (cis- 

6.11, (~&-6.1-1%~,), or (C~S-O.~ , -~~N~) .  lII XMR (acetone-d,, 213 K): 6 -10.96 (broad 

doublet, 1 H, ReH, J, = 64.2 Hz), 1-76 (apparent triplet, 18H, PMe,, JH-P = 8.8 Hz), 2.08 

fs, 15H, Cp*). 31P(1H) NMR (not metal hydride decoupled, acetone-d,, 213 K): 6 - 

42.16 (dd, PMe,, Jp-H = 64.4 Hz, JP-, = 48.6 Hz), -38.67 (d, PMe,, JPmp = 38.6 Hz). 15N 

NMR (acetone-d,, 213 K): 6 -108.3 (s, lSN,), -26.0 (s, 15Ng). AS the temperature of the 

NEvIR solution was raised to 273 K the cationic cis complex isomerized to give trans- 

[Cp*ReH(NJ(PMej>J [CF3COO] (transd.l), (irans-6.1-1%,), or (trans-6.1-15Ng) 

respectively. IR (acetone, 273 K): 2079 cm-I v(NN) (2047 cm-1 for 15N, labeled 

complex). 'H NMR (acetone-d,, 273 K): 6 -10.60 (t, lH, ReH, JH, = 50.3 Hz), 1.75 

(virtual doublet, 18H, PMe,, J,, = 9.8 Hz), 2.05 (s, 15H, Cp*). 31P{lHJ NMR (not 

metal hydride decoupled, acetone-d,, 273 K): 6 -34.7 1 (d, PMe,, JP-H = 50.1 HZ). 15N 

NMR (acetone-$, 273 K): S -98.6 (s, W,), -6.2 (s, 15Ng). The temperature of the NMR 

sample was then raised to room temperature. The room temperature lH, 31P{1H), and 

I5N hMR spectra recorded 3 h later demonstrated the decay of trans-6.1, trans-6.1-15N,, 

or tm~zs-4.1-~SN~; after 15 h the trans rhenium hydrido &nitrogen complex had 

completely disappeared. Removal of the solvent under vacuum gave a yellow-brown oil. 

Diethy1 ether extractions of the oil gave residual amounts of 4 8  (5.5 mg, 0.015 rnmol) 

and POMe,. The remaining yellow-brown oil exhibited no 1H NMR resonances and no 

diagnostic IR absorptions. 

Variable Temperature lfH NlWlR Experiments: Reaction of 

CP*R~(PM~;)~(NJ (45) with HBF,-0% or CF3S03H. A procedure similar to that 

described for the low temperature NMX experiments involving CF&OOH was used. 

The product formed at 21 3 K using HBF,-OEt, was assigned as the cationic rhenium 

hydrido dkitrogen complex C~~-[C~*R~H(N,)(~M~~)~]PFJ (&-6.2). IH NIMR 

(ac&one-c&, 213 K): 6 -10.99 (broad doublet, 1H, ReH, JW = 64.1 Hz), 1.73 (apparent 



triplet. 18H, PMe,? JHFP = 9-8 Hz), 2.05 (s, 15H, Cp*). The product formed at 2 13 K 

using CF,SO,H was assigned as the cationic rhenium hydrido &nitrogen compiex cis- 

f Cp*ReH~2)(P?~le3)2]ICF3S03] (cis-6.3). '33 NMR (acetone-d,, 2 13 K) : 6 - 1 1 -06 

(broad doublet, 1 f-I. ReH, JH-, = 64.3 Hz). 1.64 (apparent triplet, 1 8H, PMe,, JH-, = 9.9 

Hz), 1-97 (s ,  15H, Cp*). As the temperature of the NMR solutions was raised to 273 K 

the cationic cis complexes isomerized to give tran~-[Cp*ReH(N,)(l'Me,)~]fBF,] - (trans- 

6.2) [ 'H NMR (acetone-d6, 273 K): 6 - 10.63 (t, lH, ReH. JH-p = 50.4 Hz), 1.72 (virtual 

doublet, i 8H, PMe3. J,, = 9.7 Hz), 2.03 (s, 1 3 3 ,  Cp*)] and m s -  

[Cp*ReH(&)(PMe,),][CFISOq] - - - (tram-63) [lH NMR (acetone-d,, 273 K): 6 -10.65 (t, 

1H, ReH, JH, = 50.7 lk,~. 1.63 (virtual doublet, 18H, PMe,, J,,, = 9.6 Hz), 1.94 (s, 15H, 

Cp*)] respectively. As the temperature of the NMR samples was raised to room 

temperature, the lH resonances corresponding to trans-6.2 and frans-6.3 slowly 

disappeared. Removd of the solvent under vacuum gave a yellow-brown oil. Diethyl 

ether extractions of the oil gave residual amounts of 4.8 and POMe3 aad the remaining 

yellow-brown oil exhibited no 1H MMR resonances and no diagnostic IR absorptions. 



Oxidative Addition of Hydrocarbon el-H Bonds to Rhenium 

7.1. Introduction 

The photoextrusion of N, from dinitrogen complexes was first reported in 1972 

by Darensbourg et al., who showed that N, substitution by CO in Fe, Mo, Re, and 0 s  

complexes was facilitated by UV irradiation.172 Subsequently, numerous reports were 

published involving photochemical reactions of dinitrogen complexes to promote 

substitution173 or addition reactions1J4 at the metal center. In most of these reactions, 

notably carried out in aromatic solvents such as benzene, the unsaturated metal fragment 

formed by photoextrusion of N, apparently does not react with the s01vent.l~~ 

An intriguing goal of homogeneous organo-transition-metal chemistry is the 

possibility of carrying out selective chemical transformations on, or functionalizing, very 

unreactive materials such as saturated hydrocarbons.l76. 177 TO this end, transition metal 

complexes of iridium and rhodium capable of intermolecular oxidative addition to single 

C-H bonds in saturated hydrocarbons, leading to stable hydrido-alkyl metal complexes 

('Equation 7.1) were f m t  reported in the early 198O1s.178-181 

These systems function under ambient conditions and generally employ photolysis to 

create the reactive intermediate (&I) responsible for the activation of the hydrocarbon. 

In 1985, Bergman et aZ. reported the first examples of the reaction of hydrocarbon 

C-H bonds with rhenium intermediates photogenerated from inter alia 

Cp*Re(CO),(PMeJ (Scheme 7.1).73~ lg2 



Scheme 7.1. Intra- and intermolecular C-H activation products fomed from specific 

rhenium intermediates photogenerated from inter a h  Cp*Re(CO),(PMe3). 

235 



The coordinativefy unsaturated bis-~methylphosphine intermediate was observed to be 

more effective in the intermolecular activation of hydrocarbons than its carbonyl 

trimethylphosphine analog as evidenced by its ability to activate methane. 

Vnfortunately, the synthetic route to this useful bis-PMe, species was not an efficient one 

since it involved exhaustive photolysis of the precursor Cp*Re(CO),(PMe,) in the 

presence of added PMe3. 

In this chapter, the demonstrated propensity of dinitrogen complexes to extrude 

the N, ligand is utilized in C-H bond activation as demonstrated by reactions of the 

rhenium dinitrogen complexes Cp*Re(PMe,),(N,) (4.5) and Cp*Re(dmpe)(N,) - (4.6) 

(Figure 7.1) in saturated and unsaturated hydrocarbons. Under photochemical or thermal 

conditions complex 4 5  readily loses the N, ligand, and the 16-electron intermediate then 

produced reacts with C-H bonds both in an intra- and intermolecular fashion. The 

effectiveness of 4.5 in intra- and intermolecular C-H activation by comparison with the 

Bergman precursor Cp*Re(CO),(PMe,) will also be addressed since both precursors 

generate the same unsaturated bis-PM% intcrmediate. Furthermore, preliminary results 

obtained from the phoiwhemical reaction of 4.6 in benzene are also presented in this 

chapter. 

Figure 7.1. Structures of 45  md 4-6. 



7.2. Results 

7.2.1. Photo- or T h e d  Extrusion of N, from Cp*Re(PMe3),0V,) (4.5) or 

Cp*Re(dmpe)(P?d (4.6) in Benzene 

Irradiation of a benzene solution of Cp*Re(PMe,),O\J,) (4.5) in a quartz vessel for 

only 10 min liberated dinitrogen and cleanly provided the intermolecular C-H activation 

product trans-Cp*Re(PMe,),CPh)H (trsns-7.2) (Figure 7.2). 

Figure 7.2. Structure of tram-7.1. 

By comparison, irradiation of the Bergman precursor Cp*Re(CO),(PMe3),73 which 

required exhaustive photolysis (ca. several hours) in the presence of added PMe3, 

resulted in a lower yield of frm-7.1. Furthermore, the hydrido phenyl complex trans- 

7.1 was also prepared thermally by refluxing a benzene solution of the dinitrogen 

complex 4 5  for 2 h. 

The hydrido phenyl complex trans-7.1 was isolated by recrystallization from 

hexane at 195 K as a pale yeUow solid and was spectroscopically and analytically 

characterized. Complex frruts-7.2 is very air-sensitive and reacts with trace amounts of 

oxygen to give thz trioxo complex Cp*ReO, (4.8).13* iyowever, trans-7.1 is thermally 



stable as a solid at room temperature under inert conditions and is soluble in benzene, 

hexane, and cyclohexane. 

The IR spectrum of trans-7.1 showed no detectable absorptions corresponding to 

a metal hydride vibration. The IH NMR spectrum obtained for trans-7.1 in benzene-d, 

exhibited the typical resonances expected for the Cp* and phenyl ligands. However, the 

1H resonance at 6 1.37 assigned to the PMe, ligands was observed to be a virtual doublet 

integrating to 1 8 protons with a coupling constant (2JH-p + 4JH-p) of 6.9 Hz. The lH NMR 

spectrum also exhibited a triplet in the metal hydride region at 6 -1 1.00 integrating to 1 

proton with a coupling constant of 53.4 Hz. The 31P{1H) NMR spectrum of trans-7.1 in 

benzene-d, exhibited a single resonance at 6 -44.93 suggesting that the PMe, ligands 

were equivalent by symmetry. Furthermore, by decoupling only the PMe, methyl 

resonance but not the resonance due to the metal hydride, the 3IP resonance appeared as a 

doublet indicating that it was coupled to the metal hydride (JP-H = 52.9 Hz). These 

results are in agreement with the triplet observed for the rhenium hydride IH resonance, 

and taken together the NMR results suggest that the PMe, ligands are located trans to 

one another in tram-7.1- 

Low voltage electron impact @I) mass spectroscopy at 12 eV further 

corroborates the formulation of &am-ir,l. It showed the molecular ion at d z  552, and a 

base peak at mlz 474 resulting from loss of benzene. 

Interestingly, a compIete regeneration of the parent dinitrogen complex 

Cp*Re(PMe,),(N,) (45) was observed by IFt and 1H NMR spectroscopy when a 

cyclohexane solution of frmns-7.1 was pressurized to 1500 psi with N, for 12 h. The 

formation of 4 5  was dso accompanied by the production of free benzene, as confi ied 

by GC analysis of the solvent remains. Eurthermore, treatment of fram-7.1 with 

chloroform lead to the forination of a yellow-orange solution which was assigned by IH 

NMR and mass spectroxiopy, not to the corresponding chloro phenyl complex 



Cp*Re(PMe,),(Ph)CI, but to the dichloro complex trans-Cp*Re(PMe,),Cl, (trans-7.5). 

The reaction was rcqxzited nsirig C@CI3. A lK IVNR spectrum acquired after 2 h showed 

the quantitative conversion of trans-7.1 to trans-7.5 and the concomitant production of 

free benzene (identified by comparison to a lH NMR spectrum of the authentic sample in 

CDCI,). A lH NMR spectrum of tmns-7.5 in CDCl, exhibited a singlet at 6 1.65 and a 

virtual doublet at 6 1.45 assigned to Cp* and the PMe, ligands respectively. A coupling 

constant (2JH-p + ?THHP) of 8.8 Hz was extracted from the 'H resonance corresponding to 

the PI'Me3 p u p s .  As was the case for the hydrido phenyl complex trans- 

Cp*Re(PMe,),(Ph)H (trans-7.l), the virtual doublet observed for the PMe, methyl 

resonance is consistent with a trans arrangement of the PMe, ligands in trans-7.5. 

A benzene solution of the bidentate phosphine complex Cp*Re(dmpe)(N,) (4.6) 

in a Pyrex vessel was irradiated for only 10 min. A 'H NMR spectrum of the crude 

sample recorded immediately after the irradiation in benzene-d, showed the complete 

disappearance of 4.6 and the apparent formation of a C-H activation product(s) (Figure 

7.3). The 1E-I resonances at 6 1.86 (singlet) and 6 1.55-1.27 (multiplet) integrating to 30 

and 32 protons respectively were assigned to the presence of two Cp* and two Bmpe 

groups (Figure 7.3). Similarly, the aromatic region displayed two sets of resonances, 

each of which was composed of two multiplets integrating to 2 and 3 protons 

respectively, and thus were assigned to the presence of two metal-bound phenyl groups 

(Figure 7.3). More importantly, the 1H NMR spectrum also exhibited two resonances in 

the metal hydride region, each integrating to 1 proton (Figure 7.3). The lH resonance at 

6 -12.91 was observed to be a triplet with a coupling constant of 54.7 Hz, while the 

signal! at 6 -1 1.00 was a broad doublet with a coupling constant of 5 1.7 Hz. 
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The large coupling constants exhibited by these rhenium hydride resonances are 

consistent witb a cis-b,-, coupling between the hyciride and an adjacent phosphiae as 

reported previously for trans-7.1; the trans-Jp-, couplings in these half-sandwich piano- 

stool type complexes are usually small or unobservable.169 Furthermore, the rhenium 

hydride triplet indicates that it is coupled to two symmetry-equivalent phosphorus atoms 

whereas the rhenium hydride doublet is suggestive of a complex in which the phosphoms 

atoms are not equivalent by symmetry. The intermolecular activation products trans- 

Cp*Re(dmpe)(Ph)H (trans-7.3) and cis-Cp*Re(dmpe)(Ph)H (cis-7.3) are consistent with 

the limited spectroscopic evidence presented above (Figure 7.4) . 

Figure 7.4. Structures of tram-7.3 and cis-7.3. 

Further spectroscopic or analytical evidence is required before complexes trans-7.3 and 

cis-7.3 can be unequivocally identified as the C-H activation products arising from the 

photochemical reaction of Cp*Re(dmpe)(N,) (4.6) in benzene. Unfortunately, these 

complexes proved difficult to characterize analytically or spectroscopically owing to 

their t h e d  instability at room temperature. Specifically, the C-H activation products 

were found to have a lifetime of Iess than 30 min, reductiveiy eiirninating benzene in 

solution at room temperature as observed by 1H NMR spectroscopy. 



7.2.2. Photoextrusion of N2 from Cp*Re(lpMe,),(N2) (4.5) in Cyslohexane or 

Hexme 

Photolysis of a cyclohexane solution of Cp*Re(PMe,),(N,) (4.5) in a quartz 

vessel for 10 min afforded exclusively the cyclometalated complex trans-Cp*Re(PMe,) 

(q2-CH,PMe,)H (tra~s-7.2) (61 % yield after purification) resulting from intramolecular 

C-H activation of a methyl group of one of the bound PMe3 ligands (Figure 7.5). 

Figure 7.5. Structure of trans-7.2. 

Similar results were obtained by Bergman et al. from exhaustive photolysis of 

Cp*Re(C0)2(PMe3)73 in cyclohexane in the presence of added PMe,, although their yield 

of trans-7.2 (ca. 20% yield by NMR spectroscopy) was much lower despite the longer 

irradiation time. 

The cyclometalated complex tram-7.2 was isolated by recrystallization from 

hexane at 195 K as a pale yellow solid. Although thermally stable as a solid at room 

temperature, this material proved =cult to purify to analytical standards; it was 

spectroscopically characterized by W, 3 T  ( lH) NIMR, and MS. Complex trans-7.2 is 

very air-sensitive d immediateiy reacts with residual oxygen to give h e  trioxo complex 

Cp*ReO, (4.8).13* However* &cu~s-7.2 is very soluble in hexane and cyclohexane, and 

reasonably stable mder N, or Ar at room temperature in these solvents. 
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The IR spectrum of trans-7.2 showed no absorptions corresponding to a metal 

hjrdiide vibration. However, the assigned stmctilzre was fully supported by NMR 

spectrossopic evidence. The 31P{1H) NMR spectrum of trans-7.2 in benzene-d, 

exhibited an AX quartet at 6 -39.23 and 6 -76.54 with a Jp-p coupling of ca. 20 Hz 

assigned to the PMe3 and q2-CH,PMe, groups respectively. The presence of the 

q2-CH,PMe, moiety is convincingly demonstrated by the large upfield shift of the ring 

phosphorus in the 31P{1H) NMR spectrum, an observation that is well-precedented for 

such struct~res.~*3 The 'H NMR spectrum of trans-7.2 in benzene-d, exhibited a singlet 

at 6 1.95 and a doublet at 6 1.28 (JH-F' = 7.1 Hz) integrating to 15 and 9 protons 

respectively which were assigned to the Cp* and PMe, ligands. The two doublets at 

6 1.3 1 (JH-p = 9.8 Hz) and 6 1.38 (JH-, = 9.8 Hz), each integrating to 3 protons, were 

assigned to the two non-equivalent methyl groups of the q2-CH2PMe2 moiety. The lH 

resonance at 6 -0.24 assigned to one of the non-equivalent methylene protons was 

observed to be an apparent quartet with a coupling constant of 13.6 Hz indicating that the 

coupling between the other methylene proton and the two phosphorus groups were of the 

same magnitude. In contrast, the resonance for the other methylene proton appeared as a 

doublet of doublets of doublets (JH, = 14.0 Hz, JWp = 7.2, 1.9 Hz) at 6 0.09. The lH 

NMP, spectrum of trans-7.2 also exhibited a doublet of doublets at 6 -12.04 (JH-p = 39.3, 

32.1 Hz) clearly supportive of a rhenium hydride resonance, and more importantly, on 

the basis of these large, nearly identical NMR couplings to the hydride ligand, a trans 

relationship between the phosphorus atoms was inferred (i.e., a ci~-J,-~ coupling). 

The fornulation of trans-7.2 was further corroborated by low voltage electron 

impact (EI) mass spectroscopy at 12 eV, which showed the molecular ion at m/z 474 as 

the highest mass peak. No fragments were observed. 

Interestingly, the cyclometalated complex trans-7.2 slowly reacted with benzene 

(ca. 48 h) at room temperature to give the hydrido phenyl complex trans-7.1 (90% yield 



as monitored by 'H NMK spectroscopy). Furthermore, treatment of trans-7.2 with either 

high pressure N, or chloroform produced results analogous io ifiose reported pieviotisly 

for the hydrido phenyl complex trans-7.1. Specifically, pressurizing a cyclohexane 

solution of trtms-7.2 to 1500 psi with N, for 8 h resulted in the quantitative conversion to 

the parent dinitrogen complex CpXRe(PMe3),(N,) (4.5) and treatment of Zrans-7.2 with 

CHCI, or CDCl, lead to the production of the dichloro complex trans-Cp*Re(PMe,),Cl, 

(trans-7.5). 

A hexane solution of Cp*Re(PMe,),(N,) (4.5) in a quartz vessel was irradiated 

for only 10 min. A 1H NMR spectrum of the crude sample in acetone-d, recorded 

immediately after the irradiation showed the cyclometalated complex trans-7.2 to be 

present as the major product (Figure 7.6). However, the spectrum also exhibited a broad 

triplet in the metal hydride region (6 -10.89, J = 50 Hz), presumably corresponding to a 

second C-H activation product (Figure 7.6). The unknown C-H activation product was 

found to have a lifetime of ca. 30 rnin in solution at room temperature as monitored by 

1H NMR spectroscopy. By comparison, similar results were not reported by Bergman et 

al. during their investigation into the C-H activation chemistry displayed by the rhenium 

precursor Cp*Re(CO),(PMe,)?3 However, they were able to show that photolysis of the 

Cp complex CpRePMe,), in hexane at 243 K produced a C-H activation product 

identifiable by lH NMR spectroscopy (metal hydride resonance appears as a triplet of 

triplets, JH-H = 3.6 HZ, JH-q = 50.1 Hz) as the primary C-H insertion product trans- 

CpRe(PMe3),(n-C6H13)H.'82 Fur theme,  the hydrido n-hexyl complex was reported to 

be extremely unstable, reductively eliminating n-hexane at room temperature with a half- 

life of ca. 12 min.lg2 The similarities between our results and those reported for the Cp 

rhenium system suggested that the unknown Cp* C-H activation product wzs the hydrido 

n-hexyl complex *ns-Cp*Re(PMe3),(n-C&)H (tram-7.4) (Figure 7 -7). 





Figure 7.7. Structure cf trans-7.4. 

Complex trans-7.4 proved difficult to characterize analytically or spectroscopically 

owing to its thermd instability. 

4 3 .  Discussion 

7.3.1. Mechanism of Rhenium C-H Insertions 

The simplest mechanistic hypothesis for both the thermal and the photochemical 

C-I3 insertion reactions of the rhenium dinitrogen precursor Cp*Re(PMe3),(N2) (4.5) 

involves the unsaturated intermediate "Cp*Re(PMe,)," (Scheme 7.2). A similar scheme 

was proposed by Bergman et d. using Cp*Re(CO),(PM%) or CpRefPMe,), as the 

precursors for the C-H activation reactions.73.lg2 Alternatively, the creation of the 

required coordination site could proceed via an q 5  to q 3  isomerization of the 

pentamethylcyc10pentadienyl ring. However, given the propensity for these dinitrogen 

complexes to extrude N2,1n-17' the former mechanism involving the coordinatively 

unsamated intamedie seems the more likely pathway for C-H activation rather than 

the latter mechanism which involves a preference for ring slippage over loss of N,. 





Once photochemically or thermally produced, the reactive 16-electron metal 

center inserts into the C-H bond of a benzene molecule to give presumably the cis 

hydrido phenyl complex cis-Cp*Re(PMe,),(Ph)H (&-7.1) which then isomerizes to the 

observed trans isomer (Scheme 7.2). Despite the assumption that a cis geometry is 

required for reductive e t imat io~P~ and its microscopic reverse, C-H insertion, no 

evidence to support such a geometry was obtained from our investigations of the bis- 

PMe, rhenium system. Generating the unsaturated fragment "Cp*Re(PMe3)," in a 

solvent such as cyclohexane, which contains only secondary C-H bonds, leads to internal 

activation of one of the PM% ligands to give exclusively the cyclometalated complex 

1~ms-Cp*Re(PMe,)(q2-CHZPMe,)H - (trans-7.2). As was the case for the hydrido phenyl 

complex no evidence to support cis-7.2 was found. In contrast to these results, the 

production of the 16-electron species in hexane affords both the intramolecular activation 

product tram-7.2 and apparently the intermolecular primary C-H insertion product trans- 

Cp*rCe(PMe,),(n-C,H13>H (frans-7.4). 

The mzm stereuchewis~ observed for these insertion products was not 

surprising given the steric bulk of the two PLMee, ligands. However, the trans geometry is 

dso prevalent for insertion products containing ligands which are mot sterically 

demanding. For example, it was reported by Graham et a1 that irradiation of 

Cp*Re(CO), in the presence of H, yielded the rhenium hydrido complex trans- 

Cp*RefCO),H,.'g' Furthermore, i t  was proposed by Graham et al. that the reaction 

proceeded via phot~ssociation of CO and subsequent oxidative addition of Hz, 

preStEIILabty to give a cis insertion product185 However, since no comment was offered 

co~~:e~Ag, psibfe ck-,trms isorne~i?fim at the rhenium center, it must be concluded 

&at a rnetaI dihydride product with cis geometry was not detected. 

The cyc4ozn&dared complex aatts-Cp*Re@M%)(q2-CH2PM~)H (fmns-7.2) was 

observed to react slow1y @a 48 h) with benzene at room temperature to form the hydrido 



phenyl complex trans-Cp*Re(PMe3),(Ph)H (trans-7.1) in approximately 90% yield as 

monitored by IH NMR spectroscopy. This suggests that reversibie h a t i o n  of 

"CprRe(PMe3)," from frans-7.2 and that trans-7.1 results from the thermal 

reaction of this intermediate with benzene (Scheme 7.2). However, this reactive 

intermediate was not present in sufficient concentration to be observed directly in the lH 

NMR spectra of tram-7.2. Furthermore, trans-7.2 was characterized by 1H NMR 

spectroscopy using benzene-d6 as the solvent ('H NMR spectra generally recorded within 

I h of sample preparation j with no apparent activation of the deuterated solvent to give 

tr~lzs-Cp*Re(PP/Ie~)~(c~T>~)D, suggesting that the equilibration with "Cp*Re(PMe,)," 

was not sufficiently rapid to interfere. The reversible formation of "Cp*Re(PMe,)," 

from frans-7.2 was further indicated by (i) the quantitative regeneration of the dinitrogen 

complex 4.5 when trans-7.2 was pressurized with N2 and by (ii) the production of the 

dichloro complex trmz~-Cp*Re(PMe,)~CI, (trans-7.5) when tram-7.2 was taken up in 

-I3 or CDCI, (Scheme 7.2). 

More surprising is the observation that the dinitrogen complex 4.5 was also 

formed quantitatively @mi more slowIyj from the hydrido phenyi complex ipans-7.1 

under N, pressure (Scheme 7.2). Furthermore, treatment of fram-7.1 with CHCl, or 

CDCt, also afforded &e dichloro complex &urn-7.5 (Scheme 7.2). These results infer 

that, in solution, kans-7.1 is partly dissociated into benzene and the unsaturated fragment 

"Cp*Re(PMe,),", and this in turn suggests that there is an undetectable amount of the 

hydrido phenyl species cis-Cp*Re(PMe3),(Ph)H (cis-7.1) in equilibrium with b.am-7S. 

(Scheme 7.2). 

7.3.2. Effect uf the h c 3 h - y  Ligands on Rhenium C-H Insertions 

It was reported by Basman et al. that irradiation of Cp*Re(CO), in benzene lead 

to the formation of the q2-benzene complex Cp*Re(CO),(q2-C6H& indicating that the 



photolysis of the tricarbonyl complex gives the reactive fragment "Cp*Re(C0),".'86 

More importantlyt no products arising from insertion into benzene C-H bonds were 

observed. Sirnifar results were obtained when the dicarbonyl dinitrogen complex 

Cp*Re(CO),(N,) (4.2) was irradiated in benzene.168 Furthermore, photolysis of 

Cp*Re(C0),67.1*5 or 4.2168 in hexane did not yield C-H activation products, but instead 

ga-ge the rhenium dimers Cp*,Re,(p-CO), and Cp*,Re,(CO),(p-CO) apparently formed 

from attack of "Cp*Re(CO)," upon the starting rhenium tricarbonyl complex. The 

differences in reactivity between the unsaturated fragments "Cp*Re(CO)," arid 

"Cp*Re(PMe,)," suggests that the presence of the more electron donating PMe, ligands 

promotes the insertion of the rhenium center into hydrocarbon C-H bonds. 

It was pointed out by Bergman et al., from work conducted on the photoprecursor 

CpRe(PMe3),,182 that the rhenium fragment "CpRe(PMe,)," exhibited a high selectivity 

with respect to intermolecular C-H bond insertion, while also undergoing competitive 

cyclometalation. Other reported C-H activating systems containing the PMe, ligand 

wbich generate the "Cp*Re(CO)(PMe,)" fra,ament give isolable products formed from 

cyclometalation or intermofecular C-H insertion but not 169 Furthermore, 

Bergman et al, concluded that the intermolecular selectivities for the rhenium system 

fie., "CpRe(PMe- I,") parallel the thermodynamic stabilities of the products: aryl> 

primary alkyl>> secondary alkyl,182 Our results with the dinitrogen complex 

Cp*Re(PMe3),(N,) (4.5) are generally in agreement with and extend those of Bergman. 

Far example, irradiation of 4 5  in hexane gives the primary C-H insertion product trans- 

Cp*Re(PMe,),(n-C&)H (frams-7.4) as well as the cyclometalated complex trans-7.2, 

whereas photolysis of 4 5  in cyclohexane produces exclusively trans-7.2. It is not clear 

yet whether these selectivities are governed by thermodynamics or kinetics. In either 

case, I believe that the sfericdlly demanding metal center may be responsible for the high 

selectivity demonstrated by Phe u n s d  rhenium fragment "Gp*Re(PMe,),"; the 



bulky PMe, Iigands preventing the metal center from inserting into the secondary C-H 

bonds. Unfortunately, the stefic crowding may dso be responsibk for: the propensity of 

"Cp*Re(PMe,)," to cyclometalate.'87 

The results obtained from the investigations of the bis-trimethylphosphine system 

suggested that the ideai rhenium-bound dinitrogen precursor for intermolecular activation 

of hydrocarbons was one in which the ancillary ligands were (i) sterically demanding, (ii) 

electron donating (good adonor, poor %-acceptor), and (iii) not susceptible to 

cyclome'dation. These requirements were satisfied by the 1,2- 

bis(dimethy1phosphino)ethane dinitrogen complex Cp*Re(dmpe)(N,) (4.6). Of equal 

importance, complex 4.6 was also chosen because it was believed that the bidentate 

phosphine ligand may prevent the conversion of the cis C-H activation product, 

presumably required for C-H insertion, to the more stable trans arrangement observed 

previously for the bis-PMe, system. The preliminary results obtained from the 

photochemical reactioc of 4.6 in benzene were provided previously in the Results section 

7.2.1. The 'H NMR spectrum of the resultant products demonstrated the formation of 

apparently two intemolezular C-H activation species specu!atively assigned as the 

hydrido phenyl complexes b-m-Cp*Re(dmpe)(Ph)H (tr~ns-7.3) and the corresponding 

isomer cis-Cp*Re(dmpe)(Ph)H (cis-73) (Figure 7.4). These results if corroborated 

provide detectable evidence to support the presence of the elusive cis C-H activation 

product which up to now has not been observed in our laboratory. The results provided 

by the Cp*Re(dmpe)(N.J (4.6) system are encouraging and warrant further investigation. 

7.4. Conlusion 

In this chapter we have shown the dinitrogen complex Cp*Re(fMe,),(N,) (4.5) to 

be a very useful alternative to the rhenium complexes Cp*Re(CO),fPMe3) or 

CpRe(l?Me,), in promoting the C-H activation of hydrocarbons.73~ The reason 



manifests itself in the shoa irradiation time (ca. 10 rnin) required for virtually 

quantitative reaction as a resuit of the facile photoextrusion of N2 compared with 20 or 

PMe,, Irradiation or refluxing 4.5 in benzene forms exclusively the intemolecular C-H 

activation product trm-Cp*Re(PMe,),(Ph)H (trans-7.1) whereas photolysis of a 

cyclohexane solution of 4 5  gives only the cyclarnetalated product trans-Cp*Re(PMe,) 

(q2-CH,PMe2)H (frans-7.2)- Both activation products were also shown to be in 

equi'ribrium with the unsaturated fragment "Cp*Re(PMe,),". Furthermore, irradiation of 

4.5 in hexane produces the primary C-H insertion product trm-Cp*Re(PMe,),(n- 

C,H,,)H (trans-7.4) as well as the cyclometalated complex tram-7.2. These results 

demonstrate that the rhenium system, despite lowered interhtra selectivity, is more 

selective to intermolecular activation of hydrocarbons; aromatic and primary C-H bonds 

are intermolecularly activated, secondary C-H bonds are not. The sterically demanding 

rhenium center is believed to be responsible for the observed selectivity. Furthermore, 

the preliminary results obtained from the photochemical reaction of the 1,2- 

bis(dimethy1phosphino)ethane dinitrogen complex Cp*Re(dmpe)(Nd (4.6) in benzene 

appear to provide de'mtable evidence to suppoit the presence of the elusive cis C-PI 

activation product, presumably required for C-H insertion or reductive elimination. 

7.5.1. General Methods 

Manipulations, solvent pd~ca t ion ,  and routine spectroscopic measurements were 

carried out as described in Chapter 2. Some of the room temperature lH NMR spectra 

were recorded at an operating frequency of 100 L'MHz by using a Bdcer SY 100 

instrument, High pressure reactions were carried out in a Parr bomb, at room 

temperature using oxygen free nitrogen (Linde Union Carbide). 



Photochemical reactions were carried out at atmospheric pressure and a 

temperature of 273 K wi& a water-jacketed 200 watt Hanovia High plftsslsf-e meicuiy 

I m p  as &:: LW source. The radiation was otherwise unfiltered. The photochemical 

reactions were conducted in quartz or Pyrex tubes which were placed adjacent to the 

lamp. Nitrogen was passed through the reaction tubes prior to the introduction of the 

solvent and starting materials the tubes were then sealed. All solutions were subjected to 

a freeze-pump-thaw cycle (2  times) prior to photolysis. Benzene, cyclohexane, and 

hexane, which were used as bte solvents for the C-H activation reactions, were distilled 

over sodium and transferred directly into the reaction quartz or Pyrex tubes under oxygen 

free nitrogen (Linde j. 

Thz complexes which were investigated in this chapter were prepared and 

purified following the procedures detailed in Chapter 4. 

The deuterated solvents @mene-&, acetone-d6, or C6)C13) used for NMR 

spectroscopy were degassed prior to use to remove any residual oxygen. *H NMR 

chemicd shifts are reported in ppm downfield (positive) of tetramethylsilane. 3lP NMR 

chemicd shifts are referenced to external 85% HW,P04. The term "virtual doublet" refers 

to the non-first-order multiplet which is seen in some of the 1H NMR spectra; the 

apparent coupling constant is given by the separation between the two outside peaks. 

75.2. Syntheses 

Photmhemid preparation of tnzn~-Cp*Re(PMt;)~(Ph)H (trans-7.1). A 

solution of the bis-trimethylphosphine dinitrugen complex 4 5  (50 mg, 0.10 mmol) in 

'benzene (10 mL) was irradiated in a quartz tube for 10 min. An IR spectrum of the 

resulting yellow solution showed the total disappearance of the dinitrogen complex. 

After removal of the volatile materids under vacuum at room temperature, the remaining 

oily residue was redissolved in ca. 2 mL of benzene and carefully transferred to an air- 



free neutral alumina column and eluted with benzene-hexane (2: 1). Removal of the 

solvent under vacuum gave a yeiiow solid which was recrystallized from hexane at 195 

K to provide trans-7.1 as a pale yellow microcrystalline solid in 69% yield (38 mg, 0.069 

m o l ) .  'H NMR (benzene-&): 6 -1 1.00 (t, lH, ReH, .IH-, = 53.4 Hz), 1.37 (virtual 

doublet, 18H, PMe,, J,, = 6.9 Hz), 1-70 (s, 15H, Cp*), 7.09 (m, 3H, C,H,), 7.7 1 (m, 2H, 

C,H,). 31P{lH) NNIR (not metal hydride decoupled, benzene-&): 6 -44.93 (d, PMe,, 

JP-, = 52.9 Hz). h4.S- @I, 12 eV): m/z 552 (M'), 474 (M+ - C,H& Anal. Calcd: C, 

47-90; H, 7.08. Found: C, 47.52; H, 7.37. 

Thermal preparation of trans-Cp*Re(PMe&Ph)H (trans-7.1). A solution of 

the bis-trimethylphosphine dinitrogen complex 4.5 (50 mg, 0.10 mmol) in benzene (1 0 

mL) was refluxed for 2 h. An fR spectrum of the resulting yellow solution showed the 

total disappearance of the dinitrogen complex. The volatile materials were removed 

mder vacuum at room temperature and the resulting oily residue was purified following 

the procedure described for the photochemical preparation of &am-7.1. 

Recrystallization from hexane at 195 K afforded trans-7.1 as a pale yellow 

micr0crystaZine solid in 27% yield (i5 mg, 0.027 mmol). 

Photochemical preparation of &am-Cp*Re(PMG(qz-CH2PM@H (trans- 

7-2). A solution of the bis-trimethylphospfiine dinitrogen complex 4 5  (50 mg, 0.10 

mmof) in cyclohexane ( 10 mL) was irradiated in a quartz tube for 10 min. An IR 

spectrum of the resulting yellow solution showed the total disappearance of the 

&nitrogen complex. After removal of the volatile materials under vacuum at room 

temperature, the remaining oily residue was redissolved in ca. 5 rnL of cyclohexane and 

filtered through a short neutral alumina column. Removal of the solvent under vacuum 

gave a pale yellow folid which was recrystallized from hexane at 195 K to provide trans- 

72 in 61% yield (29 mg, 0,061 mmol). 1H NMR (benzene-Q: 6 -12.04 (dd, lH, ReH, 

JH-p = 39.3,32.1 Hz), -0.24 (apparent quartet, 1H, CH,, J = 13.6 Hz), 0.09 (ddd, lH, 



CH,, JH-, = 14.0, JKp = 7.2, 1.9 Hz), 1.28 (d, 9H, PMe,, Jwp = 7.1 Hz), 1.31 (d, 3H, 

PiMe2, J;I-p=9.00&), 1.38 (b, 3H,?Me2, Jm=9.8 HZ), 1.95 fs, !5H, Q*). 31P(1H) 

NMX (benzene-d,): 6 -39.23 (d, PMe,, JP+ = 19.6 Hz), -76.54 (d, q2-CH2PMeZ, Jp_p = 

19.9 Hz). M.S. (EI, 12 eV): m/z 474 (M+). 

Reaction of frans-Cp*Re(PM+)(q2-CH2PMedH (trans-7.2) with benzene. 

The cyclometalated complex trans-7.2 was dissolved in benzene (5 mL) at room 

temperature under nitrogen and the solution was allowed to stir for 48 h. A 1H NMR 

spectrum (benzene-d,) of the solution acquired at the end of this time showed a mixture 

of the cyclometalated complex trans-7.2 and the newly formed hydrido phenyl cclmplex 

trans-7.1. Conversion from trirns-7.2 to trans-7.1 was estimated to be ca. 90% by lH 

NMR spectroscopy. 

Photochemical reattion of Cp*Re(dmpe)(Nd in benzene. A solution of the 

bidentate phosphine dinitrogen complex 4.6 (50 mg, 0.10 mmol) in benzene (10 mL) was 

irradiated in a Pyrex tube for 10 min. An IR spectrum of the resulting yellow solution 

showed the total disappearance of the dinitrogen complex. Immediately after the 

inadiation, the volatile mte,ials were removed under vacuum at rrxtm temperature and 

the resulting oily residue was taken up in benzene-d, without purification. Notably, a lH 

hDdR spectrum of this solution exhibited two resonances in the metal hydride region. 'H 

NMR (benzene+: 6 -12.91 (t, 1 H, ReH, JH-, = 54.7 Hz), -1 1.00 (broad doublet, lH, 

ReH, JH-, = 5 1.7 Hz), 1-55-1 -27 (m, 32H, dmpe), 1.86 (s, 30H, Cp*), 7.07 (m, 3H, 

C6&)7 7.15 (m, 3H, C6B5)3 7.74 (m, 2H, C A ) ,  7.8 1 (m, 2H, C6&). The limited 

spectroscopic evidence was assigned to the intermolecular activation products of benzene 

am-Cp*Re(drnpe)Cph)H (irans-73) and the corresponding isomer cis- 

Cp*Re(dmpe)@h)H (&-73). Interestingly, a 1H NMR spectrum acquired of the same 

soIuticm less than 30 min later showed the total disappearance of the metal hydride 

resonances witb the concomitant growth of resonances corresponding to free benzene. 



Purification of the NMR solution by either solvent extraction or column chromatography 

failed to produce identifiable products. 

Photochemical reaction of Cp*Re(PMe,),(N,) in hexme. A solution of the 

bis-trimethylphosphine dinitrogen complex 4.5 (50 mg, 0.10 rnmol) in hexane (10 mL) 

was irradiated in a quartz tube for 10 min. An IR spectrum of the resulting yellow 

solution showed the total disappearance of the dinitrogen complex. Immediately after 

the irradiation, the volatile materials were removed under vacuum at room temperature 

and the resulting oily residue was taken up in acetone-d, without purification. A lH 

NMR spectrum of this solution showed the intramolecular C-H activation complex trans- 

7.2 to be present as the major product from this reaction. However, the spectrum also 

exhibited a broad triplet in the metal hydride region (6 - 10.89, J = 50 Hz) speculatively 

assigned to the primary C-H insertion product tran~-Cp*Re(pMe~)~(fl,H,,)H (trans- 

7.4). Interestingly, a 1H BMFt spectrum acquired for the same solution 30 min later 

showed the total disappearance of the metal hydride triplet and only the presence of 

resonances due to trans-7.2. The solvent was then removed under vacuum at room 

. - 
temperature and the r e m g  oify residue was redissolved in ca. 5 mL of cyclohexane 

and filtered through a short neutral alumina column. Recrystallization from hexane at 

195 K provided exclusively tram-'7.2 in 27% yield (1 3 mg, 0.027 mrnol). 

High pressure N2 reaction of &~ns-Cp*Re(pM%]~(Ph)H (trans-7.1). The 

intermolecular C-H activation product &am-7.3 was dissolved in cyclohexane (10 mL) at 

room temperature under nitrogen. This solution was carefully transferred to a Parr bomb 

under nitrogen and pressurized to 1500 psi with oxygen-free nitrogen for 12 h at room 

temperature. An IR spectmm of the resulting solution showed the formation of the 

dinitrogen complex 45. The solvent was then removed under vacuum and the remaining 

pale yellow solid was taken up in acetone*. A GC analysis of the solvent remains 



confirmed the presence of benzene. A 'H NLMR specirum of the acetone-d, solution 

confirmed the quantitative conversion of tram-7.1 to 4.5. 

High pressure N2 reaction of tram-Cp*Re(PMe3)(q2-CH2PMe2)H (trans-7.2). 

This reaction was carried out following the same procedure described for the high 

pressure reaction of trans-7.1. Once again, an TR spectrum obtained after 8 h showed the 

presence of 4.5 and a 'H NMR spectrum of the solution confirmed the quantitative 

conversion of trans-7.2 to the dinitrogen complex 4.5. 

Reaction of fr~m-Cp*Re(PM~)~fPtm)M (trans-7.1) with CHC1, or @DCb. The 

intermolecular C-H activation product trans-7.1 (25 mg, 0.045 rnmol) was dissolved in 

CHCI, or CDCI, (2 mL) at room temperature under nitrogen and the solution was 

allowed to stir for 2 h. A *H NMR spectrum (CDCI,) of the solution showed the 

complete disappearance of trims-7.1 and the presence of the dichloro complex trans- 

Cp*Re(PMe,),CI, (frans-7.5) and benzene. The formation of benzene was verified by 

comparison to a 1H NMR spectrum recorded for an authentic sample in CDCI,. Removal 

of the solvent under vacuum and subsequent extraction with diethyl ether (3 x 20 mL) 

gave hns-7.5 as a yellow-orange solid in 37% yield (I9 mg, 0.035 mmol). 'H MMR 

(CDCI,): 6 1 -45 f virtual doublet, 18H, PMe,, Japp = 8.8 Hz), 1.65 (s, 15H, Cp*). M.S. 

(El): d z  546 (M', 35C1 and 37C1), 544 (M+, 35C1 and 35Cl). 

Reaction of tram-Cp*Re(PM%)(qz-CH2PMeJH (tram-7.2) with CIQC13 or 

CDCI,. The cyclometalated complex tram-7.2 (25 mg, 0.053 mmol) was dissolved in 

CHa3 or CDCI, (2 mL) at room temperature under nitrogen and the solution was 

allowed to stir for 2 h. A 1H MMR (CDCl,) of the solution showed the total 

disappearance of trans-7.2 and presence of the dichloro complex trar~-Cp*Re(PMe~)~Cl, 

(&am-75). Removal of the solvent under vacuum and subsequent extraction with 

dierhyl ether (3 x 20 mL) gave tram-75 as a yellow-orange solid in 68% yield (20 mg, 

0.036 m o l ) .  



C H A m R  8 

Conclusion to the Thesis 

8.1. Concluding Remarks and Thesis Summary 

Although I cannot make the lofty claim of having solved the problem of chemical 

nitrogen fixation, the work described in this thesis has made significant inroads towards 

understanding the chemistry associated with metal-bound dinitrogen (MNN), the metal 

diazenido complex (MIWH) as modeled by its aryldiazenido analog (MNNAr), and their 

interconversion. The fruits of my graduate student labors are summarized below. 

A general route to a series of cationic aryldiazenido complexes of general formula 

[Cp*RecL,)(b)(N2Ar)]r@FJ ((a) Ar = p-C,H,OMe; L, = CO; L?_ = PMe, (2,4), PEt, 

(2.5), PPh, (2.6), PCy, (2.3, P(OMe), (2.8), or PCage (2.9), (b) Ar = 7-C6H40Me; L1 = 

L, - = CO (2.2), PMe, (2.11), PEb (2.12), or P(OMe), (2.14), and (c) Ar = C,H,; L, = I,, 

= CO (2.1 5) or PMe, (2.17)) and to the cationic bidentate aryldiazenido complex 

[Cp*Re(dmpe)@-N2C,H40Me)]fBF,] (2.13) was developed. This route was of utmost 

importance since it (i) allowed the synthesis of complexes whose ancillary Iigands could 

be tuned electronically as well as sterically and (ii) it also provided a means of 

introducing a lSN label specifically at the rhenium-bound nitrogen atom (N,) or the 

terminal nitrogen atom (Ng) so &at the chemistry exhibited by these aryldiazenido 

complexes or their derivatives could be investigated by 15N NMR spectroscopy. 

An X-ray structural and variable temperature solution lH, 31P{lH3, and I3C{1H) 

NMR study of complexes 2.2,24-2.9,2,11, and 2.14 provided the first unambiguous 

exasnpIes of stereochenical non-rigidity of a singly-bent aryldiazenido ligand. These 

complexes were shown to have ground state structures in the solid state and in solution in 

which the aryl ring of the singly-bent aryldiazenido figand orients with its molecular 



plane orthogonal to the plane bisecting the L,ReL, angle. Furthermore, the aryldiazenido 

ligand was shown to undergo a conformationai isomerization which interconverted the 

conformer in which the aryl group is oriented towards L, with its partner in which it is 

oriented towards L,. The relative populations of the two conformers were infiuenced by 

the steric bulk of the co-ligands; the major conformer arising from the aryldiazenido 

group adopting a position adjacent to the less sterically demanding ligand. The barriers 

to isomerization of the aryldiazenido group were also demonstrated to be dependent on 

the electronic properties of the co-ligands; the better electron donating ligands raising the 

activation barrier. 

A series of neutral dinitrogen complexes of the type Cp'Re(L,)(LJ(N,) ((a) Cp' = 

Cp; L, = L, = CO (4.1), (b) Cp' = Cp*; L, = CO; L, = PMe3 (4.3) or P(OMe)3 (4.4), and 

(c)  Cp' = Cp*; L, = L, = CO (4.2), PMe, (4.5), dmpe (4.6), or P(OMe), (4.7)) were 

synthesized from the corresponding cationic aryldiazenido complexes. This conversion, 

which I believe is unique to rhenium systems, was shown to be consistent with two 

different mechanisms. First, reaction of the cationic dicarbonyl aryldiazenido complex 

2.2 with N&H4 results in initial H- attack at the rheniuin-bound nitrogen atom to give 

the neutral aryldiazene complex Cp*Re(CO),@-NHNC6H,0Me) (4.10), which then 

eliminates anisole to form the respective neutral dinitrogen complex 4.2. Second, 

treatment of any of the cationic aryldiazenido complexes 2.1,2.2,2.4,2,8,2.11,2,13, 

and 2.14 with a suitable reducing agent leads tc the initial transfer of one-electron from 

the reducing agent to the cationic aryldiazenido complex to give a neutral 19-electron 

intermediate. Once formed this unstable intermediate then decomposes to produce the 

desired dinitrogen complex and the p-methoxyphenyl radical which then abstracts a 

hydrogen from the solvent to give anisole. This one-electron reduction mechanism was 

corroborated by cyclic vo1t;unmetry (CV), scanning electrochemical microscopy 

CSECM), and controlled potential electroiysis (CPE). 



Evidence to support the occurrence of a side-on (q2) bonded dinitrogen species 

was obtained from a variable temperature and time-dependent ISN NMR study of the 

dinitrogen complexes Cp'Re(CO)(L)(lW4N) ((a) Cp' = Cp; L = CO (4.1-15N,) and (b) 

Cp' = Cp*; L = CO (4.ZWa), PMe, (4.3-15N,), or P(OMe), (4.4-I%,)) which were 

specifically labeled at the rhenium-bound rlitrogen atom (N,) with W. Scrambling of 

the 15?7 label equally between the N, and Np sites was shown to occur at room 

temperature in the case of 4.1-Wa and 4.2-15Na or at elevated temperatures in the case 

of 4.3-IWa and 4.4-I3Xa so that equimolar amounts of the W, and lsNB labeled 

molecules result. For all the complexes examined, the scrambling of the 15N label was 

shown to proceed by a remarkable intramolecular, non dissociative process involving an 

end-to-end rotation of the rhenium-bound dinitrogen ligand via the elusive side-on (q2) 

bonded dinitrogen species. The barrier for this linkage isomerization, which was 

measured for 4.1-1%, and 4.215Na, was found to be lowered significantly when the Cp 

ligand was replaced by its methylated analog Cp*. 

The reactivity of rhenium dinitrogen complexes toward protonation was also 

explored. The bis-trimethylphosphine dinitr~gen complex Cp*Re(PMe,),(N,) (4.5) was 

prone to protonation at the metal center but not at the desired rhenium-bound dinitrogen 

ligand. The protonation reaction appeared ro be independent of the acid used since 

treatment of 4.5 with CF3COOH, HE3F4.OE5, cr CF3S03H afforded the respective 

rhenium hydrido dinitrogen complexes c~s-[C~*R~H(N&PM~,)~][CF,COO] (cis-6.1), 

c~~- [C~*R~H(N~) (PM~, )~ ]  PFJ (&-6.2), and C~S-[C~*R~H(N,)(PM~~)~] [CF3S03] (cis - 
6.3) at 213 K and these complexes isomerized to their corresponding trans isomers as the 

temperature was raised to 273 K, Interestingly, the tram isomers were found to be 

themally unstable at room temmperaturee, although trans-6.1 was observed to be 

significantly more stable tfian its analogs frum-6.2 and tram-6.3 inferring that the 



counter anion may play a role in stabilizing these cationic rhenium hydrido dinitrogen 

complexes. 

In addition to investigating the rhenium dinitrogen complexes for their 

susceptibility to protonation, the demonstrated propensity of these dinitrogen complexes 

to extrude the N, ligmd was utilized to activate C-H bonds as demonstrated by reactions 

of the rhenium dinitrogen complexes Cp*Re(PMe,),(N,) (4.5) and Cp*Re(dmpe)(N,) 

(4.6) in saturated and unsaturated hydrocarbons. Under photochemical or thermal 

conditions complex 4 5  readily loses the N, ligand, and the 16-electron intermediate then 

produced reacts with C-H bonds; intermolecularly in benzene to give the hydrido phenyl 

complex trans-Cp*Re(PMe&Ph)H (trans-7.1) or intrarnolecularly in cyclohexane to 

form the cyclometalated product trm-Cp*Re(PMe3)(q2-CH2PMe2)H (trans-7.2). 

Interestingly, irradiation of 4.5 in hexane produces the primary C-H insertion product 

trans-Cp*Re(PMe3),(n-C6H13)H (tram-7.4) as well as the cyclometalated complex trans- 

7.2. These results demonstrate that the rhenium system, despite lowered interhtra 

selectivity, is more selective to inte-molecular activation of hydrocarbons; aromatic and 

primary C-H bonds are intermolecularly activated, secondary C-H bonds are not. The 

sterically demanding rhenium center is believed to be responsible for the observed 

selectivity. 
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