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ABSTRACT 

Previous work from this laboratory has shown that two structural isomers are 

sible, resulting from different orientations of the aryldiazenide Gigand in the 

ic compounds [(q5-C5~e5) ~ e ~ L ' ( p - N ~ c ~ H ~ o M e ) l  [BF~]  and that these 

mers interconvert on the NMR timescale. The isomerization process was 

ted as due to the change in the position that the aryl group occupies with 

to the plane that contains the ReNN unit and bisects the LReL' angle 

lting from either inversion at the p nitrogen atom or by rotation about the 

ond. 

This thesis addresses the question as to whether or not this isomerization 

ss can be observed in related neutral compounds. The synthesis and 

zation of some new neutral pentamethylcyclopentadienyl rhenium 

iazenids complexes of general formula [Cp*ReXL(p-N2C6H40Me)] [where 

Cp* = (q-C5Me5); L = CO and X = H, CH3; X = CI and L = PMe3, P(OMe)3, PPh3] 

ed. The isomerization process was investigated by using variable 

H and 3 l  P NMR spectroscopy. Both isomers were observed for (q 

ReCO(H)(p-N2C6H40Me) (1) and (q5-C5Me5)ReCO(C H3) (p- 

N2C6H40Me) (3) in a ratio of approximately 1:1, as well as for (15- 

C5Me5)RePMe3(Cl)(p-N2C6H40Me) (4) and (q5-C5~es) Re{P(OMe)3} (Cl) (p-N2- 

C6H40Me) (5) in ratios 4.3:1 and 4:1, respectively. Only one isomer was found 

for (qrC5Mes)Re(pPh3)(C~)(pN2C6~40~e) (7). Line shape analyses were 

pedormed on the 31P and 1H NMR spectra of each of the compounds that 

exhibited isomerization and the rate constants and activation parameters (AG*, 

mined for each isomerization process. 

iii 
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er I: introduction 

scinating problems in inorganic chemistry that has been the 

research for some three decades is how bacteria can fix 

nditions. The nitrogenase enzymes are able to take 

spheric pressure and reduce it to ammonia at room 

. It has been known for many years that the active 

ron and molybdenum. This has been recently 

structure determination of the FeMo protein of 

ears, inorganic chemists have elucidated modes of 

artially reduced dinitrogen (N2H,) ligands to transition 

accumulating evidence to explain the mechanism by 

uced to ammonia. Based on the isolation of metal 

and their reaction behavior in solution, a 

proposed as a model for the reduction of 



Examples of MJNH and MNNH2 structures have been known for some 

time. Only recently, in 1987, has an example of the hydrazidium moiety (NNH3) 

bonded to a transition metal been isolated and characterized, in the compound 

WCI(NNH3)(PMe3)4]C12. This was formed in the reaction of the hydrazido (24 

NH2) complex [WCI(NNH2)(PMe3)4]CI with anhydrous HCI in methanol.l3l 

The reduction of hydrazine in complexes of Mo, W and Re to ammonia in 

sence or absence of acid has been reported recently.[4~5] The cleavage of 

bond was proposed to occur in the hydrazine (M-NH2-NH2) species via 

ation of hydrogen on the Na atom to the Np atom in the absence of a 

Few details are known about how the N-N bond of dinitrogen is cleaved 

ogenase enzymes to give ammonia. Synthetic studies on the low oxidation 

complexes. M(N2)2L4 (M= Mo, W and L= phosphine) and their derivatives. 

ver, suggest that a) dinitrogen can be stoichiometrically reduced to 

nia at a single metal center with an empty coordination site available, 

he key intermediate seems to be a hydrazido (24 (NNH2) complex; and 

monia is produced by the cleavage of the N-N bond in either 

r M=NHNH3 intermediates to give ammonia and MN or MmNH, 

The challenge is to understand the inorganic chemistry at the metal 

and hence to d 



synthesized. The reasons for this are the easier synthetic methods available and 

the higher stability of aryldiazenido compounds compared with the diazenido 

plexes. The conjugated n system between the aryl group and the p nitrogen 

ved to stabilize the aryldiazenido compounds. 

Aryldiazenido compounds are usually obtained in good yields, from the 

n of the corresponding diazonium salt ([N2Ar]+) with a metal complex 

ng an easily displaced ligand. Diazenido compounds, on the other hand, 

obtained by either the protonation of a dinitrogen ligand or 

ation of hydrazine ligand (MN2H4) in a metal  complex.[^ 

Structure of aryldiazenido ligand 

modes of the terminal aryldiazenido ligand and its 

A key ligand in the study of dinitrogen coordination chemistry is the 

diazenido ligand (i.e., NNH) since as mentioned above, this is the product of 

initial protonation of coordinated N2. The Sutton group has made several 

important contributions to the synthesis and chemistry of stabilized metal 

complexes containing the diazenido ligand analogue, aryldiazenido, and related 

namic properties of 

gen (nitrogen furthest from 

ssible a number of structural 

ldiazenido ligand and its protonated derivatives, as 



shown in Figs 1 .If81 and 1.2.191 In the singly bent structure (I) the alyldiazenido 

unit is considered as a 2-electron donor (cationic) or as a belectron donor 

(neutral) ligand. In the doubly bent structure (11) it is thought to act as a 2- 

electron donor (anionic) ligand or 1 -electron donor (neutral). Protonation at the R 

nitrogen generates the arylhydrazido (24 ligand that can have a MNN skeleton 

that is either linear (structure Ill) or bent (structure IV). Protonation at the a 

nitrogen forms the aryldiazene ligand (structure V). Protonation at both nitrogen 

atoms produces the arylhydrazido (I-) moiety which can also adopt different 

conformations. Structural studies show multiple bond character between N-N (as 

shown in VI) so that this may be considered a protonated form of the aryldiazene 

mode (structure V).[91 



protonated 



H \ ." Ph CP 

N' l+ I 
II OC ,.Re - N 
N ,.*- 

co 'N - C6H40CH3 
II ,d CI I 
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I "\ I 
N 

l+ 
OCT.Re -N 

/H I PEt3 
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CI 

CH3 
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Fig. 1.2: Examples of metal complexes exhibiting various modes of coordination 

of the diazenido ligand 



1.2.2 Geometries adopted by the aryldiazenido ligand 

In section 1.2.1 the singly bent and doubly bent geometries for the terminal 

idiazenido ligand were described. Variations in these two bonding modes can 

tially occur, depending on the metal, ancillary ligands at the metal center, 

the substituent at the outer nitrogen. Fig. 1.3 shows a number of these 

bilities for monometallic (a-e) and polynuclear (f-g) cornpounds.~~ol The 

The M-N-N angle is typically in the range 170"-1 80•‹ with the N- 

Ily between 1 18•‹-1250; the N-N bond length is about 1.20 A. 

lexes RuCl3(N2Ar)(PPh3), and [IrCI(N2Ar)(PPh3)d+ were 

pies of structure b based on infrared evidence. Subsequent 

r both, with the N-N-C angle 137" and l27O, for the Ru and 

ively. In other words, the complexes are intermediate in 

is closer to a than to b. The singly bent geometry c is 

ning importance lately.I11-14 In our laboratory 

with doubly bent diazenido ligands have 

[ c p ' l k C ( ~ N ~ c ~ H ~ Q M e ) ] +  (where L = 

c = PMe3, P(OMB)~, C0).[151 In such 



consistent with sp2 hybridization at the P nitrogen. The M-N bond is lengthened 

by 0.1 5 A -0.25 A over that found for compounds with the geometry a. In the last 

mononuclear geometry (e) the diazenido iigand is bound by both nitrogen atoms 

to the metal, i.e., side on. This geometry is also rare; a well characterized 

example is the titanium complex C p ~ i ~ l ~ ( ~ ~ ~ h ) . [ ~ o l  

The presence of lone pairs on both nitrogen atoms of the aryldiazenido 

ligand allows it to act as a bridging ligand to two or more metal atoms as shown 

in structures f, g and h (Fig. 1.3). Just one structurally characterized example of 

structure f has been reported in the literature namely M ~ ~ ( C O ) ~ ~ ( N ~ M ~ ) . [ ~ ~ ]  

Similarly, only two examples of structure g have been synthesized and their 

structures determined by X-ray crystallography. These examples a n  

c~w(cO)~(NNM~)C~(CO)$ 71 and C ~ M O ( C O ) ~ ( ~ N N C ~ H ~ M ~ ) R ~ C ~ ( C O ) ~ ~  

Finally, structure h is more common and two examples are M ~ ~ ( C O ) ~ ( N ~ P ~ ) # ~ ~  

and H O S ~ ( C O ) ~ ~ ( ~ N ~ C ~ H ~ M ~ ) . [ ~ ~ ]  



Linear 

Doubly bent 

Side on 

organometallic compounds 



1.23 Spectroscopic propertkr of the aryldiazenldo ligand 

IR spectroscopy is extremely useful in the characterization of compounds 

with dinitrogen and related NN ligands. The NN stretch (vNN) of the 

aryldiazenido ligand appears over a wide range of the infrared spectrum from 

1400 to 2100 cm-I with a medium to strong intensity. Sometimes the V(NN) is 

obscured by absorptions from other vibrations of the molecule, especially when 

these are in the lower 1400-1 600 cm-1 region. The position of the NN stretch can 

often be diagnostic of the mode of coordination of the aryldiazenido ligand. In 

general higher values of VNN are identified with the singly bent and lower values 

with the doubly bent or bridging geometries. The charge on the complex, and the 

ancillary ligands, also affect this absorgtion. 

Another very useful technique is 1 5 ~  NMR spectroscopy. Nitrogen45 

(spin 112) occurs in low natural abundance (0.37%) with a low, negative 

gyromagnetic ratio all of which combine to make 15N difficult to observe by NMR 

techniques. For this reason, ' 5 ~  NMR studies are usually carried out on 

complexes that have been enriched in 15N, even though nitrogen01 5 compounds 

are expensive. It is relatively easy to enrich the aryldiazenido ligand at the a- 

nitrogen since the precursor aryldiazonium salt [NNAr]+ can be prepared from 

the appropriate amine RNH2 and the commercially available Na1SN02. 1SN NMR 

spectroscopy can readily distinguish the singly and doubly bent structures. The 

1sN resonance for Na appears between 290 to 220 ppm (i.e., downfield) for the 

doubly bent geometry, and from 0 to -90 ppm (i.e., upfield) for the singly bent 

mode relative to nitromethane.[l0,21) 



story and Proposal 

d in 1.1 -1, the diazeni 

en. The diazenido ligand 

id0 ligand is unknown. 

has been studied 

solution at low 

s of the type 

he possibility of iso 

ligand. These 

ntical, the two 

. In the locked 

nments and hence an 

MR signals (of equal 

in principle, be detected 



by observing the behavior of these signals using variable temperature NMR, and 

the barrier to interconversion can be determined. The process cannot be 

detected by changes in signals due to the aryl moiety since when L = C it is in an 

equivalent environment in either conformer. This process is more correctly called 

a fluxional process when L = L'. whereas when the L and C ligands are different 

the process is an isomerization. 

Fi 1.4: The two Merent *omem believed to be present in nqs-C5Mes)ReLC(p- 

?his discovery rarist3d severat questions. One is whether or not this 

isomerhtbn pmess is afso present in similar neutral compounds. Another 



e isomer ratio. The nted in this thesis attempts 

swer the first question, we 

some new neutral rhenium 



neutral compounds of 

In this chapter is reported the sy 

viously reported[*q, but the 

nate complex (6) was first obt 

8) and (q"C5Me5) 



and Discussion 

ing materials 

N2C6H40Me)l [BFd 

used are summarized in Scheme I I .  

in THF (Scheme II, equation 1). Reaction of A with 

in acetonitrile gave [ ( q L C s M e d R e ( C 0 ) ( ~ ~ ~ e ) ( p  

2) as previously reported.i261 



equation 1 

acetone 

PM/ 

equations 2 





OH' - /OH OH- Re --< 
oc' I \ 42; 

N2Ar 0 

*,H?~ 

wq-\ 
N2As N2Ar 0 

Scheme Ill: Nucleophilic attack mechanism of formation of the hydride from 

carbonyl in rhenium compounds 

When the reaction was carried out in this study, the chloro compound 

(qs-C5Me5)Re(CI)(CO)(pN2C6H40Me) (2) accompanied the format ion of 1 and 

I alumina column with 

resence of 2 was confirmed by comparison of the 1H 

orted in the literature for 2127). It is believed 

sodium hydroxide used for the reaction. The 

NaOH (Fisher Scientific, A.R. grade) is stated to contain 1% NaCI. It has been 









respectively. The mass spectrum of 3 (El) showed a parent ion at mh 500 with a 

pattern in agreement with that simulated by computer far ReCl9HSO2N2. The 

mass spectrum also showed a peak at m/z 472 corresponding to [M-CO]+. The 

ng absorption in the infrared spectrum of 3 in hexans at 191 5 cm-1 was also 

nsistent with the presence of a carbonyl ligand. 

(q~-C5Me5)Re(CO){PO(OMe)2}(pN2C6H40Me)] (6): 

Compounds 4, 5 and 7 were prepared according - to equation 5. Individual 

arations are given below. Compound 4 was obtained as a brown solid in 78 
$ 

It is not particularly air stable and decomposed under nitrogen after one 

at 0•‹C. Compound 5 was obtained pure by careful chromatography as a 

n solid in 43 % yield. Compound 7 was also obtained as a brown solid, in 83 

CHC13 
[CP'R~(L)(C~)(N~A~)~+ + CI' - Cp*Re(L)(CI)(N2Ar) + co 

NaOH / EtOH 
(5) 





In the synthesis of compound 5, two Cp* signals together with a multiplet 

around 3.5-3.6 pprn and - 7 pprn (phenyl region) were observed in the 1H NMR 

spectrum of the reaction products (CDC13 solvent), which suggested the 

presence of two compounds. IR spectroscopy was invaluable in understanding 

the processes that were taking place. A carbonyl stretch at 1940 cm-1 in CH2CI2 

was observed after completion of the reaction (the carbonyl stretch for the 

starting material D (Scheme I) occurs at 1964 cm-I in CH2C12), together with v 

(NN) absorptions at 1641 cm-I and 1609 cm-1. The observation of the two N-N 

stretches indicated the presence of a second compound (which subsequently 

was identified as compound 6, see below). As mentioned above, compound 5 

was obtained pure by careful chromatography as a brown solid in a 43 ?4 yield. 

The IH NMR spectrum of pure 5 showed a doublet at 3.62 pprn corresponding to 

a P(OMe)3 ligand. The coupling constant of 11.5 Hz is typical for a coordinated 

phosphite ligand.[26.28] The 1% NMR spectrum showed a singlet for the methyl 

groups in the phosphite ligand at 6 52.54 ppm. It is not surprising that no 

coupling between carbon and phosphorus atoms was obsewed, as the 1% NMR 

spectra of compounds with phosphite ligands have been reported with and 

without P-C coupling for this ligand.[zal The 31P NMR spectrum showed a 

resonance at S 11 9.75 ppm (acetone-ds) due to the phosphite. This resonance is 

in the range for a coordinated phosphite.[261281 





~ ~ ~ s ~ ~ R ~ ( ~ ~ ~ P O ( ~ ~ ~ ~ N ~ H ~ ~ ~ )  (6): 

The formation of phosphonates from phosphhs in rhenium compounds 

has been proposed recently lak The Arbuzov reaction was found to occur in 

phosphiie c~mpunds such as [(qs-C5Mes)Re(X)(CO)2(P(OR)3)]+ (where R = 

Me. Et; X = CI. Br. I) in the presence of nucleuphiles such as Ci- . Br . I-; when 

the tdhalide anions (eg. 13-)were present, the reaction took pbce faster and in a 

higher yield. In order to identify the second product f m e d  in the synthesis of 5, 

compound D was placad together with KI in tetrahydrofuran. The presence of the 

phosphonate compound 6 was rapidly deteded and after 3 h at 4UQC, the IR 

showed absence of D. The reaction with KC! takes longer and the yield is about 

50%. The 1H NMR of c u m p n d  6 (Fg.2.2) shows two douMets at 3.56 ppm and 

3.59 ppm in CDCS corresponding to the nongquivateRt meUl~xy groups of the 

PO(OMe2) ligand,with a coupling constent Jw of 1 1.8 Hz. The inequivalence of 

the two diastereotopic methuxy groups in 6 can be visuatized in Fg 2.3(a). In the 

synthesis of 5, the formation of the phosphonate compound 6 by the Arbuzuv 

reaction occurs by the n ~ w i l i c  attadc of either chloride or the hydroxide 

anion on the phosphit8 compound 5. Thi pmcess is represented in fig 2.3(b). 
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Me0 

*. 

Me0 

b 

Fig 2.3 : a- Diastereotopic methyl groups in compound 6. b- Arbuzov nucleophilic 

attack for the formation of compound 6. 

The 13C NMR spectrum for compound 6. at the operating frequency of 

100.6 MHz, shows two resonances at 50.33 ppm and 50.39 ppm. These are 

assigned to the two diastereotopic methoxy groups in 6 with no significant 

coupling to the phosphorus. (Another atternative assignment could be that the 

resonance corresponds to two equivalent methoxy groups appearing as a 

doublet with Jpc = 6.5 Hz. One easy way to distinguish between these two 

possibilities would be to record the spectrum at a different frequency. If the 

second assignment is correct, the coupling constant would not change upon 

change in the frequency.) The 31P NMR was also a helpful technique to identify 

compound 6. The signal at 68.7 ppm is in a position upfield of the corresponding 

phosphii complex, in agreement with the phosphonates reported in the 

riterature.Ial 
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Elemental Analysis: Cablated : C, 42.28 ; H, 5.50 ; N, 4.93 ; Found: C, 42.44 : 

Together with compound 4 a small amount of (q5-C5Mes)Re(l)(pM4)(p 

Me) was found to be produced. Aithough its concentration was not 

r full characterization, its presence was detected by MS giving rise to 

0 (M)+ and 584 (M-?Me3)+. 

A solution d [(q5-C5Meg)R@P 

mmof) and NaOH (4M in et 

comparison with a sample prepared by a different methad (see below). It was 

purified by chromatography on a neutral alumina coiurnn prepared in hexane 

and washed with hexam (3 mL) and ether (3 ml). Acetone failed to remove the 

compund from the mkrmn, but chbroform did so. 17te stvent was removed to 

give 6 as a yefbw oil in 51% yield (4-e., the major product of this reacttactton, 22 mg, 

0.037 mmol). 
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chloroform was removed under vacuum, the yellow oily product was obtained in 

97% yield (41 mg, 0.070 mmol). IR (CH2C12, cm-1): V~CO) 1940 .V~NN) 1641 . 1H 

NMR (CDCb): 6 2.15 (s, 15H, Cp'), 3.56 (d, 3H, PO(OMe)2 , 3~~~ = 11.8 HZ), 

3.59 (d, 3H, PO(OMe)2 , 3JpH = 11 -8 Hz), 3.82 (s, 3H, OMe), 6.93 (d, 2H, C6H4, 

3JHH = 9 HZ); 7.36 (d, 2H, C6H4, 3JHH = 9 HZ). 13C{1H}NMR (CDC13, 1 00 MHz): 

6 10.4 (s, CsMe3, 50.33 (s, OMe from PO(OMe)& 50.39 (s, OMe from 

PO(OMe)2), 55.6 (s, OMe), 105.0 (s, C5Me5), 1 1 4.7, 1 22.8, 1 24.0, 1 60.3 (s, 

C6H4), 203.6 (d, (CO), *JpC = 19 HZ). 31P{1H}NMR (CDCI3): 6 68.7 (s, 

PO(OMe)2). MS (Et) mlz: 594 (M)+. 

Preparation of (q5-C5Me5)Re(CI)(PPha)(pN2C6H40Me) (7) 

A large excess of KC1 was added as a finely ground solid to E (50 mg) in 

chloroform (ca. 5mL) followed by ethanolic solution of NaOH (4M, 3mL). The 

mixture was stirred overnight. After the excess NaOH and KC1 were separated 

by filtration through Cefite, the solvent was removed under vacuum and the 

residue extracted into hexane to give a yellow-orange solution. Compound 7 was 

obtained by rectystallization from hexane as a brown solid in 83% yield (36 mg, 

0.048 mmol). IR (CH2CI2, cm-1): V~NN) 1607 . 1~ NMR (CDC13):6 1.65 (s, 15H, 

Cp*), 3.80 (s, 3H, OMe), 6.84 (d, 2H, C6H4. 3 ~ " "  = 9 HZ), 7.21 (d, 2H, C6H4, 

3~HH = 9 HZ), 7.30-7.58 (m, 15H, PPh3). '~C{~H)NMR (CDCb, 100 MHz): 6 

1 0.00 (s, C5Me5), 55.49 (s, OMe), 1 00.92 (s, C5Me5), 1 1 4-04 (s, C6H4), 1 2 1.75- 

134.34 (C6H4 and C6H& 167.71 (s, C6H4). ~~P{'H)NMR (acetone-d6): 6 1 7.1 1 

(s. PPh3). MS (El) m/z: 754 (M)+ ; 492 (M-PPh3)+. 
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error: a series of simulated spectra at different rates were plotted until the best 

possible fit between the calculated and the experimental bandshape was 

obtained. This method of evaluation of the rate constants is called the complete 

bandshape method (CBS) or complete lineshape method (CLS). The rate 

constants were evaluated from the higher to the less populated isomer in all 

cases. 

There was a significant. variation in the chemical shifts with the 

temperature in the NMR spectra for all the compounds reported here. This was 

especially the case for the 31P{H) NMR spectra of 4 and 5. It was also assumed 

that the ratio of isomers did not change significantly over the temperature range 

at which coalescence occurred. 

(q5-C5Me5) Re(H)(CO)(pN2C6H40Me) (1 ): 

The experimental and calculated 1H NMR spectra at several temperatures 

are shown in Fig 3.5 and 3.6 for compound 1. The two hydride resonances at 6 

6.60 and 6 6.68 at 220 K (in an approximate 1 :l ratio) broaden at - 256 K and at 

room temperature coalesce to give a single peak at 6 -6.55. The rate constants 

for 1 at the different temperatures are given in Table 3.1. 





temperature studied (231 10. This is attributed to near degeneracy of the Cp* 

resmames of the lwa isomers because the site of isomerization is too far 

removed from the Cp' Sgand to affect the chemical shift of the Cp* resonance. 

A preliminary calculation was carried out by using the equation k = 2.22 

AYM where k is the rate constant at the temperature at which coalescence 

ocwrs and Avm is the chemid shift difference between the two signals due to 

the sites undergoing exchange as obtained fmm the low temperature limit 

spedrum. (This equation only applies to a system where there are equal 

population of the two sites undergoing exchange). The calculations were carried 

out for the resonances of the methyl and the methoxy groups at their respective 

wafescence temperatures. The AG* values so obtained were AG* = 55 kJmol-1 

at 275 K as cahk ted  from the methyl resonances and AG# = 56 kJmol-l at 261 

K from the methoxy resonances. 

The detailed kinetics of isomerization were studied by using the methyl 

signal at 6 1.07 (in acetona-dg) in the VT 1H NMR spectra of 3. Since not enough 

sets of temperatures were avaifable for the methoxy resonance (due to the lower 

coaiescence temperature) this resonance was not taken into account for the 

ca(culations of the activation parameters. The rate constants obtained by using 

the fine shape simuktion analyses are reported in Tabte 3.2. 





Tabte 3.3 : Rate constants for conformer exchange in 4 

Rate constant (s-1) 

Compound 5 was also studied by variable temperature 31P{1H) NMR 

spectroscopy (Fig 3.12). At the lowest temperature investigated (203 K) the 

spectrum exhibited two sharp peaks corresponding to the resonances of the two 

isomers at 8 122.2 ppm and 6 121.2 ppm in a ratio of 78 % and 22 % (3.5:1). 

The signals began to broaden as soon as the temperature was increased above 

203 K and at - 233 K the signals had coalesced into one broad signal centered 

at 4 121.5 ppm. At 293 K a sharp signal at 6 119.7 ppm was observed 

indicative of rapid interconversion of the isomers at this temperature. That the 

signal in the high temperature spectrum is significantly different from to the 

weighted average of the two low temperature signals is attributed to a marked 

temperature dependence of the 31P NMR resonances. 

The rate constants derived from the tine shape analysis are tabulated in 3.4. 
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Table 3.4: Rate constants for conformer exchange in 5 

Temperature (K) Rate constant (s-I) 

21 3 6 f 0.5 

225 30f 2 

230 60f 5 

253 820 f 20 

273 5700 f 100 

293 30000 + 1000 

(q5C5MedR~(CI)(PPh$(PN2C6H40Me) (7) : 

The 31 P{lHJ NMR signal of compound 7 in acetone-de at 6 17.1 1 ppm 

was used to check for isomerization. Spectra were recorded from 293 K to 

213 K, but no change in the signal was observed. This may be interpreted in at 

least three ways, The first is that isomerization between conformer I and II (Fig. 

3-2) is still rapid on the 31F NMR time scale. The second is that the 31P NMR 

resonances for the two conformers are accidentally degenerate. The third 

explanation is that there is slowed isomerization but the population of one of the 

isomers is too smait to detect- Given the similarities in the size of the barriers in 

compounds 4 and 5 and related cationic compounds the first explanation can 

proba&ty be  fed out The second is unlikely. from a comparison of the other 
- 

phosphorus derivatives (i.8. 4 and 5) it is believed that the last explanation is 

pmbabfy the most tikefy one. 
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Activation parameters 

111.2.2.1 Comparison of activation parameters 

By using the modified Eyring equation and the linear least-square 

gram, the values of AH# and AS* were obtained from the slope 

respectively of the plot of In (kr / T) versus (1 / T). From these 

the appropriate AG# at 298 K was calculated. These values are 

Table 3.5: Activation parameters for 1,3 ,4  and 5. 

Compounds AG+(298K) AH# AS* 

kJ mol'' kJ ml'l J mot-' K-I 

(1) 53 f 5 58 +5 1752 

C6H40Me) (3) 56f 6 6226 20 + 2  

) (4) 44 +4 52k4 272 2 

OMe) (5) 47k3 53 +3 23 f 1 

111.2.2.2 The entropy of activation term 

As we can see from Table 3.5 the A S  values for the isomerization are in 

the same range for the comparable compounds 1 with 3 and 4 with 5. Entropy of 
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ess should therefore with suspicion, especially 

e errors. Nevertheless, 

rted in the literature 

pounds. This has 

(more association 

lues of AS* (32.2 and 42.7 J mol-1K-1 in 

compounds like those shown below in the 

e AW values are the chair to twist inversion 

7-39], cyclopentadienyl-pdiketonate Zr(1V) 
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and Hf(IV) ~ o r n p l e x e s [ ~ ~ ~ ~ ~ l  and in complexes with the M-O6 core shown 

below :[42-41 

( 
R1 

The variation of the chemical shift in 1H and 31P NMR of complexes 1, 3, 

5 with the temperature was mentioned before. Marked temperature 

ence of chemical shifts have been previously explained as due to 

in fast rotamer equilibria and in solute-solute and/or solute-solvent 

ns.1351 The positive values for A S  and the considerable change in the 

ft of the resonances with the temperature are therefore consistent 

rong solvent (acetone-d6) interactions with these molecules and the 

positive ASf values observed are indicative of fewer solvent-molecule 

interactions in the transition state. Further studies in this field should be 

performed in order to fuliy understand these processes. First of all the similar 

studies should be carried out using less polar solvents, and this can be done 

since the solubility of these neutral compounds in non polar solvents is not a 

problem unlike the cationic complexes previously investigated.lZ31 

111.2.2.3 The free energy of advation term 

The free energy of activation for the isomerization determined for 

compounds 1,3,4 and 5 was found to be 53 2 5'56 a 6.44 i 4, and 47 i 3 kJ 



[(qs-C5Me5) R ~ L L ' ( ~  

zation arises from 

nd. If barrier to 

involved in the 



ai resulting from a change in the ancillary ligands should affea the Re-N 

, but not significantly affect the N-N bond. Therefore if the barrier to 

erization is due to rotation about ReN, compound 4 would exhibit a higher 

r than compound 5 since the PMe3 ligand donates more electron density to 

tal, favoring back bonding to the a nitrogen and enhancing the Re-N 

es obtained for AGf for compounds 4 and 5 are not 

hey show no significant difference at the precision 

stretches for the cationic compoundd251 are, however, 

for the neutral complexes and yet the barriers to 

that are being obtained in this parallel study1231 are not greatly 

ose of the neutral complexes being studied here. This may 

ionship between the barriers and NN bond strength and 

nterconversion does not involve rotation about the NN 

uld be remembered that the NN and Re-N bond 

are ground state properties, whereas AG* is the difference in free 

ate and the transition state. The latter term need 

lationship to such ground state property. 

111.2.2.4 Proposat for future work 

In order to more fully understand the isometization process occurring in 

these neutral compounds, values for AG* of more compounds should be 

obtained to compare with values reported in this thesis. Compounds such as 
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parameters for the isomerization should be much higher for steric reasons than 

those for the unsubstituted derivatives. 

An alternative experimental way to study this process may be to complex 

the lone pair of electrons at the p nitrogen atom by protonation or Lewis acid 

addition. If the isomerization process is due to inversion, this should block the 

isomerization but it should still be allowed by a rotation mechanism. 

All of the protonation reactions performed in our laboratory have been 

unsuccessful due to the preferential attack of the anion from the acid to the 

metal-center forming a relative stable compound with a general formula 

(~5-C5~e5)Re(X)(CO)(pN2C6H40Me) where X is the anion of the acid used. 

The reaction of aryldiazenido compounds with Lewis acids has not been 

reported very much in the literature. The two better known compounds are the 

bimetallic tungsten-chromium[~~ and manganese-rheniumll*l compounds 

already mentioned in the introduction of this thesis. In the latter, the 

CPR~(CO)~THF compound reacts to coordinate to the P nitrogen releasing the 

TKF ligand. The reaction of this THF compound with the neutral compounds 

reported here and the study of them at variable temperature should give more 

information about this mechanism of isomerization. AICI3 can also be used as a 

Lewis acid in order to coordinate to the p nitrogen. The reaction of AICI3 with 

compounds 3, 4 and 5 was performed in this study but the short time available 

did not allow us to analyze the resulting compounds. However, preliminary 

results showed the possibility that coordination of the Lewis acid had been 

achieved. For example, in the case of the reaction with 3 a change in the color 

from yellow to red-orange was immediately observed after adding the AlC13. The 

IR spectrum in CH2C12 of the product showed a carbonyi stretch at 1989 cm-l 
I 

indicative of a shift in 93 cm-1 from the starting material ( ~ ( ~ 0 1  1896 cm-' in 

64 



. The increase in the wavelength of the carbonyi stretch upon 

series sf hydrazido (2-) ruthenium 

s due to the decreased back bonding 

the carbonyl ligand because of the formation of a 

has been seen in the bimetallic 

and (Cp)(C0)2Mo(p-N NC6H4CH3) Re(CO)2(Cp) 

ds the carbonyl stretches move up upon 

icates the effective removal of electr~n 

W and Mo through the diazenido ligand. 

compound showed shortening in the W-C (Cp) 

s and lengthening in W-C (CO) bond. This was 

3.13) that makes the tungsten atom 

back donate electron density to the 

before cowdination. 

R\ **  

N: 
I 
I 
M 

Fig 3.13 Rehybridization process upon coordination of a Lewis acid to the outer 

nitrogen in diazenido compounds.I18~~l 
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Fig 3.3: 1 H NMR spectra of a) ( Y S - C ~ M ~ ~ )  R ~ ( C  H~)(CO)(PN~C~H~OM~) (3) 

(methyl signal) 

b) ( q 5 - ~ 5 ~ g ) ~ e ( ~ ) ( ~ ~ ) @ ~ 2 ~ 6 ~ 4 0 ~ e )  (1) (hydride signal) at the tow 

and high timit temperatures observed. 





Fig 3.5: VT 'H NMR speea of the hydride resonance of 

( I \ S C 5 ~ 5 ) ~ e ( ~ ( ~ ~ ) @ ~ 2 ~ 6 ~ 4 ~ ~ e )  (1). m e  temperatures are the 

same as given in the simulation (Fig. 3.6) 



NMR s e r a  for the spectra shown in Fig. 3.5 
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Fig 3.7: VT H NMR spectra of the methyl resonance of 
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Fig 3.1 1 : Cakuhted SP NMR spectra for the spectra shown in Fig. 3.10 





111.3 Experimental Section 

111.3.1 General 

The variable temperature NMR experiments were performed on a Bruker 

AMX-400 instrument at operating frequencies 400 and 162 MHz for 1 H and 31 P, 

respectively. The samples were prepared immediately before carrying out the 

experiments. The solvent used was acetone-d6; the samples were degassed 

and then placed under nitrogen. The temperature of the spectrometer had 

previously been calibrated with a thermocouple and temperatures quoted for 

the samples are believed accurate to f 1 K. Calculation of simulated line shapes 

was performed by use of a slightly modified version of the DNMR3 program.1341 

The rate constants at each temperature were obtained by visual comparison of 

the spectra simulated by the program with the spectra obtained from the NMR 

instrument at a given temperatures. The temperature was measured with a 

precision of 0.1 K. The error in the temperature settle on the NMR instrument 

and the temperature the solution actudly prssent in the NMR tube was obtained 

by calibration. The experimental errors given for the rate constants (see tables in 

Results and Discussion) were estimated from the ranges in rates over which it 

was impossible to distinguish between the experimental and calculated spectra. 

111.32 Calculation of activation parameters: 

The values of A0+, AH+ and AS* were calculated by using the Eyring 

equation that relates the rate constant with the equilibrium constant at the 



ion state (equation I), together with the other thermodynamic equations 

to the transition state. 

kB: Bottzmann's constant 

h: Planck's constant 

k, = (kB T / h ) ~ * ~  (1) T: temperature 

WBq: Equilibrium constant at the 

transition state 

the rate constants were found by the line shape analysis, activation 

and errors were calculated by the use of a linear least-squares 

m, plotting In (&/ T) versus (1 / T). R is worth noting that the errors in the 

stant were introduced in the program and taken in account for the 

calculation of the error in the slope and intercept. The slope {(- AH* / R)) and 

the intercept {(AS*/ R) + In ( k ~  I h)} were obtained and the AH# and AS# 

values were calculated, as well as the AG* for any temperature can be obtained. 

The enors quoted for the AH+ and AS* values are the standard deviations given 

least squares plot. The errors in the AG* parameter was estimated from 

in AH# and AS*. 



lt1.33 Analysis of errors 

Tables 3.1-3.4 report the rate constants along with an estimation of their 

errors. The errors were obtained by finding the slower and faster rates which 

gave a detectable difference in the simulated spectrum at the rate in question. 

Another source of error is the error in the temperature of the determinations. As 

mentioned above, the instrument had been previously calibrated with a 

thermocouple inside an NMR sample tube and temperatures are believed to be 

correct to + 1 K (or better). The temperature is therefore, not believed to be the 

main source of error. 

In order to obtain the best possible activation parameters, the 

experimental errors should be minimized. An ideal system would be one that 

gives a wide range in the temperature and where the spectra are sensitive to 

changes in the rate constants. A relatively wide temperature range of about 80 K 

was employed in the complexes studied here and the spectra at the different 

temperatures were also quite sensitive to changes in the rate constant. Two 

sources of error that were not corrected for were the possible change in the 

chemical shift difference between the two sites and the population of the two 

sites in the region of coakscence. These changes could have been estimated 

from extrapolation of plots of chemical shift difference versus temperature, and 

isomer ratio versus temperature from studies of the systems at temperatures 

below coalescence. Time constraints did not allow for these studies. 

The standard bedation in the skpe and the intercept from the least- 

square program are quoted as the errors in the AHf and A S f  values and these 

errors are used to calculate the error in the AG? For reasons mentioned above 

the emrs maybe somewhat underestimated. 



1) The synthesis and characterization of five new neutral aryidiazenido Re 

compounds of general formula [Cp*ReXL(p-N2C6H40Me)] [where Cp' = 

(q5-C5~e5); L = CO and X = CH3 (3). PO(OMe)2 (6); L = PMe3 (4), P(OMe)3 (5), 

3 (7) and X = Ctf have been carried out. The syntheses involved the 

ution of a CO figand by chloride anion (compounds 4, 5 and 7), 

ment of the chloride by the methyl group for compound 3; and by 

philic attack of the chtoride anion on the methoxy group in an Arbuzov 

reaction (to give 6). A different method of preparation for the known compound 

Re(H)(CO)@-N&H&Me) (1) has also been discovered. 

riable temperature 31P and ll-l NMR experiments for compounds 1, 3, 

showed the presence of two isomers. Compound 7, however, showed 

idence of isomerization. The difference in population of the isomers of 

nds 4 and 5 was interpreted as mainly due to steric effects, although 

studies should be carried out in order to support this preliminary 

conclusion. 

3) tine shape analyses of the VT NMR spectra were performed and the 

activation parameters A W ,  AH* and AS* calculated for the isomerizations. The 

results did not favor either the ReNN rotation or the $ nitrogen inversion 

mechanism. That the AG* values for 1,3,4 and 5 were similar and similar to the 

cationic compounds studied in a parallel research, indicate the isomerization is 

insensitive to changes in the metaf centre. Further studies of analogous 

unds shouid give more information about the mechanism of isomerization. 
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for each 



POWER 0 1 

COEFFICIENTS 25.820 -7002.2 

STD DEWS ; 22125 61.890 

WEIGHTED STD D E W  OF FIT -3.6718-02 

X Y EXP Y CALC DEVN ERR EST 
4.2SSOE-03 -4.2070 -3.9738 .233 ,601 
3.9840E-03 -1.9700 -2.0762 - .lo6 .282 
3.9370E-03 -1.8480 -1.7471 .lo1 .231 
3.9060E-03 -1.5310 -1.5300 1.008E-03 .139 
3.8760E-03 -1.3050 -1.3199 -1.493E-02 9.320E-02 
3.41308-03 1.9210 1.9221 1.080E-03 4.800E-02 








