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Abstract

This study details the synthesis and reactivity of new chromium rj3-allyl, 

r|2-alkene, r|2-alkyne and r\4-(s-trans-1,3-diene) complexes via unprecedented organo- 

chromium reaction pathways. The key step in the synthesis of the cyclopentadienyl 

r|3-allyl chromium(II) dicarbonyl complexes is the oxidative addition of allyl bromide to 

a labile chromium(O) source at low temperature. The carbonyl ligands of these 

complexes proved to be substitutionally inert.

The first thermally stable chromium(III) r|3-allyl complexes have been prepared 

from a simple one-electron oxidation of the neutral cyclopentadienyl chromium(II) 

r|3-allyl dicarbonyl precursors by employing nitrosonium salts. The use of 1,2-dimeth- 

oxyethane as a solvent is critical to the successful formation of these complexes. 

Attempted decarbonylation reactions of these cationic complexes via displacement by 

tertiary phosphines resulted in loss of the allyl ligand and the formation of bis(phosphine) 

complexes.

Photochemical mono-decarbonylation of a permethylcyclopentadienyl 

chromium(O) dicarbonyl nitrosyl complex in the presence of alkenes and alkynes 

provided the corresponding ^-coordinated products. Similar decarbonylation in the 

presence of conjugated cyclic organic dienes afforded both mononuclear and dinuclear 

r|2-(l,3-diene) complexes, while photolysis in the presence of acyclic conjugated dienes 

gave r|4-(l,3-diene) complexes exclusively in the s-trans configuration, unique among the 

first-row transition metals. A mixture of r|2-(l,3-diene) and r|4-(s-fra«s-l,3-diene)
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complexes was obtained in the cyclopentadienyl series. No s-cis r|4-(l,3-diene) products 

were formed in any these photolysis reactions.

Attempted hydride abstraction from the q2-alkene complexes instead provided 

novel cationic oxygen donor-bound chromium® nitrosyl complexes, while protonation 

of the r| -(1,3-diene) complexes with ethereal tetrafluoroboric acid provided the 

corresponding r|3-allyl carbonyl nitrosyl complexes, unique among chromium. Similar 

conversion of the s-frans-butadiene complex afforded the first, albeit thermally unstable, 

pseudo-tetrahedral r|3-allyl complex of the group six metals.

The addition of strong Lewis acids to the s-frans-butadiene complex provided 

unique zwitterionic nitrosyl adducts, while treatment with tin-hydride and allyltin 

reagents gave the corresponding tin(IV)-chromium(II) r\ -crotyl and r\ -allyl complexes. 

A more efficient photolytic pathway was developed for the synthesis of these structurally 

unprecedented complexes from an analogous dicarbonyl chromium(O) source. The 

development of non-carbonyl chromium precursors for the preparation of r|3-allyl 

complexes was unsuccessful.
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1

Chapter 1. Overview and introduction

1.1 Overview

The impetus for the research discussed in this dissertation is the formation of 

novel chromacyclobutane complexes via central carbon alkylation of chromium r|3-allyl 

complexes. While addressing issues pertinent to the understanding of fundamental 

organochromium chemistry, this document unfortunately does not present any examples 

of chromacyclobutane formation. Instead, a thorough investigation of the synthesis and

■5
reactivity of novel chromium(II) and chromium(III) r\ -allyl complexes is discussed.

Thermally stable chromium(O) nitrosyl complexes bearing conjugated diene 

ligands exclusively in the s-trans configuration have also been discovered during the 

course of this research. These unprecedented examples of first-row s-trans diene 

coordination, and related r|2-diene precursors, are elaborated into unique cationic 

chromium(II) r|3-allyl complexes. Even more tantalizing is the unprecendented oxidative 

addition of trialkyltin hydride moieties across a metal-diene bond to form highly stable 

bimetallic chromium-tin r|3-crotyl complexes. Unfortunately, none of these r)3-allyl 

complexes can be converted into chromacyclobutanes, but all nonetheless provide 

valuable insight into the relatively underdeveloped area of allylchromium chemistry.

To appreciate the potential significance of these advances in r\ -allyl chromium 

chemistry toward the ultimate goal of chromacyclobutane formation, the relevance of 

metal-mediated reactions of the rf-allyl ligand in selective organic transformations will 

be introduced, with an emphasis on central carbon alkylations.
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2

1.1 Introduction

1.1.1 Nucleophilic alkylation of t|3-allyl complexes

Recently, the widely applied fields of transition metal-based asymmetric catalysis 

and olefin metathesis reactions were the subject of two Nobel prizes in chemistry.1,2 

These prestigious awards were testaments to the vital role played by transition metal 

complexes in contemporary benchtop and industrial chemistry. Of the numerous other
•5

applications of transition metal complexes in modem organic chemistry," regio- and 

stereoselective substitution at allylic carbon centres has been the subject of extensive 

investigation.

Much of this research has focused on generating allylically substituted organic 

compounds via nucleophilic alkylation of the terminal r|3-allyl carbon of electrophilic 

r|3-allyl complexes.7"19 Significant contributions in this area emerged from the groups of

on  o i  oo od.Tsuji ’ and Trost, ' where proallylic substrates were shown to react with 

nucleophiles in the presence of a palladium(O) catalyst, in a manner functionally 

analogous to the displacement of an allylic leaving group by an Sn2 or Sn2’ mechanism. 

Nucleophilic additions to the terminal allylic carbon in several other transition metal 

rj3-allyl systems including those of cobalt,25"28 iron,29’30 rhodium,31"36 and nickel31"37 have 

also been reported.

More directly relevant to this investigation, remarkable stereoselectivity was 

observed upon nucleophilic additions to chiral cationic r|3-allyl molybdenum 

complexes.38"42 It was found, for example, that nucleophilic attack occurs cis to the 

nitrosyl ligand in the exo isomer of CpMo(CO)NO(r|3-allyl), complex 1, and trans in the 

complementary endo isomer (eqs. 1.1 and 1.2, respectively).38
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To explain this notable selectivity, Faller and Hoffmann40 calculated the LUMO 

for each isomer of complex 1 (Fig. 1.1). Since this antibonding combination has no 

orbital coefficient on the central carbon of the allyl ligand, it is reasonable that 

nucleophilic attack occurs at a terminal carbon. Since NO is a stronger 7i-acceptor than 

CO, there is an asymmetric electronic distribution on the terminal carbons of the allyl 

fragment. Thus, incident nucleophiles preferentially attack the most electropositive 

terminal carbon, giving rise to the above ri2-olefm diastereomers 2 (R, S) and 2 (R, R), 

the configurations of which were determined in the solid-state.

Figure 1.1: The antibonding acceptor molecular orbitals (LUMOs) of the 
endo and exo isomers of CpMo(CO)NO(ri3-allyl)+ 1 (ref. 40).
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4

Further analysis of the source of this selectivity involved extended Huckel 

calculations; the degree of hydride-allyl orbital overlap was calculated for the reaction of 

a hydride on each terminal carbon of the endo and exo isomers of complex l .40’ 43‘45 As 

seen in Table 1.1, the calculated results are in perfect agreement with the corresponding 

empirical observations.

Table 1.1: Hydride-allyl carbon overlap populations, at a 
C-H distance of 1.75 A; calculation for the reaction: 
CpMo(CO)NO(r|3-allyl)+ + H~ (ref. 40).

Terminal Carbon 1 exo 1 endo

cis to NO 0.1870 0.1627

trans to NO 0.1034 0.1636

It is also worth noting that cationic complexes such as 1 are easily converted to 

neutral species of the general formula CpMo(NO)(ri3-allyl)X (X = camphorsulfonate, Cl, 

Br, or I) via addition of corresponding salts.46,47 More interesting, however, is the 

nucleophilic reaction of these neutral chiral complexes, such as ri3-(2-methylallyl) 

complex 3, with aldehydes, via the putative six-membered oxometallacyclic transition 

state 4, to give enantiomerically pure homoallylic alcohols (eq. 1.3). Reaction rates are 

highly dependant on the halide ligand; chloride complexes produce alcohols after one day 

at room temperature, while the iodide analogues require over one week for completion. 

Additionally, aliphatic aldehydes were shown to react faster at room temperature.46
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The first example of central carbon alkylation of r\ -allyl complexes was reported 

by M. L. H. Green et a l:48'49 cationic molybdocene and tungstenocene rj3-allyl 

complexes 5 and 6, when treated with nucleophiles, experienced exclusive attack at the 

central r|3-allyl carbon position to give metallacyclobutane complexes 7 and 8, 

respectively (eq. 1.4).

M— i

LiAIH4, MeLi or 
C3H5MgCI

 W  * R

R = H, Me, allyl

(1.4)

5: M = Mo 
6: M = W

7: M = Mo 
8: M = W

This spectacular result was rationalized using the Davies-Green-Mingos (DGM) 

rules,50 which hold that nucleophilic addition is directed to the most electrophilic carbon 

of the allyl ligand. The effect of complexing an allyl ligand to an electron rich metal
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6

fragment, such as the d2 Cp2M systems (M = Mo, W), is partial negative charges on the 

terminal carbons relative to the central carbon (Fig. 1.2).

Figure 1.2: The bonding FMO interaction of the allyl and Cp2M 
fragments of complexes 5 and 6 (M = Mo, W), and the resulting 
partial charges of the r)3-allyl ligand.

This charge control argument sufficiently explained the reactivity for many 

subsequently reported transition metal r|3-allyl complexes.51'58 However, a detailed
-j

investigation into half-sandwich group IX allylmetallocene complexes [Cp*(L)M(r| - 

allyl)]X (M = Rh, Ir; X = BF4, PF6, OTf; L = PMe3; Cp* = C5Me5) provided intriguing 

findings, many in direct contradiction to the DGM rules. Addition of hydride reagents to 

[Cp*(PMe3)M(q3-allyl)]BF4 (M = Rh, Ir) 9 and 10, for example, provides 

rhodacyclobutane complex 12 and the iridium analogue 13 (Scheme 1.1). Complex 12 

may also be obtained from an intramolecular thermal rearrangement of the hydrido 

cyclopropyl complex 11 at low temperature.
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Scheme 1.1

9: M = Rh 
10: M = Ir

H

Me3P

12: M = Rh 
13: M = Ir

11: M = Rh

Subsequent investigations by the Stryker group59'65 revealed that nucleophilic 

addition to the ethylene analogue 14 of r|3-allyl complex 9 is not only dependent on the 

nature of the nucleophile, but also on the configuration of the allyl ligand. When the exo 

isomer of complex 14 is treated with the potassium enolate of dimethyl malonate, the 

nucleophile attacks the ethylene carbon exclusively to give the allyliridium complex 15. 

Here, the experimental results are in agreement with the DGM rule: nucleophilic attack 

preferentially occurs at an even, open polyene over addition to an odd, open polyene. 

Treating complex 14 exo with the potassium enolate of propiophenone, however, violates 

this DGM rule and results in exclusive formation of the iridacyclobutane complex 16, the 

result of central carbon addition to the r|3-allyl ligand (Scheme 1.2).
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Scheme 1.2

r

14 exo

KCH(C02Me)2

C 0 2Me
15

-K

Ph

16

In the case of the endo isomer of complex 14, addition of the same enolate salts 

results in substitution solely at the allyl ligand; not at the ethylene group as the DGM 

rules predict. When using the potassium enolate of dimethylmalonate, addition is 

directed to the terminal carbon of the allyl ligand, resulting in a mixture of bis(olefm) 

stereoisomers of complex 17. The potassium enolate of propiophenone, however, gives 

exclusively the central carbon alkylation product 18 (Scheme 1.3); diastereomeric with 

the exo r|3-allyl adduct.
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Scheme 1.3

OTf

lr—

14 endo

18

-j
In addition to the molecular orbital rationalization for terminal r| -allyl carbon 

substitution in the electron deficient molybdenum complex 1, and the qualitative charge 

control argument for central carbon addition in the relatively electron rich molybdenum 

and tungsten complexes 5 and 6, subsequent molecular orbital calculations54,58,66'71 have
-3

been employed to further explain the regioselectivity of nucleophilic addition to r| -allyl 

complexes, such as the late metal complexes 10,11, and 14 described above.

Computations66 have shown, for example, that the central carbon is positively 

charged with respect to the terminal carbons in all if-allyl complexes; kinetic 

regioselectivity is thus likely frontier orbital controlled. The position undergoing 

nucleophilic attack must have a substantial coefficient in a vacant low energy orbital 

(LUMO) to accept electrons from the incoming nucleophile. In the case of most late 

metal ri3-allyl complexes, the metal d orbitals overlap with the allyl bonding (n),
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nonbonding (n), and antibonding (71*) orbitals (Fig. 1.3). Of the resultant molecular 

orbitals, the combination which acts as the LUMO determines the regiochemical outcome 

of the nucleophilic reaction. Nucleophilic addition to a terminal allyl carbon occurs if the 

LUMO is a combination between a metal d orbital and the allyl nonbonding orbital. As 

discussed for molybdenum complex 1, this combination of orbitals possesses coefficients 

only on the terminal carbons. Central carbon alkylation, on the other hand, occurs when 

the LUMO is a combination between a metal d orbital and the allyl 71* orbital, as the 

coefficient on the central carbon is calculated to be larger than those on the terminal 

carbon atoms (Fig. 1.3).66

n -------

n -----

Figure 1.3: The molecular orbitals of an r|3-allyl ligand fragment.

It was also tentatively predicted by computations that cationic group IV 

metallocene complexes [Cp2M(ri3-allyl)]+ might also experience nucleophilic attack at the 

central carbon to give metallacyclobutane complexes.66 As shown in Figure 1.4, the MO

ftenergy level diagram for d group IV metallocene r\ -allyl complexes indicates that the
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LUMO is the bonding combination between the metal d(3ai) orbital and the allyl 71* 

orbital.66’72’73

cd )  4ai

A

> * ■

2b-, 

3 a !

\ / 
\ /

  Is x
\  \ - —

Cp2Ti

71

If n

V j l /  >\ if 71

C3H5

Ti— 1

A A

Figure 1.4: MO energy level diagram for d group IV metallocene rj -allyl complexes.

Corroboration of this theory with experiment was established by the Stryker 

group60,74 which showed that addition of sterically imposing nucleophiles to the 

zirconocene p3-allyl complex 19 does indeed provide the P-substituted zircona- 

cyclobutane complex 20. Smaller nucleophiles, however, preferentially attack the metal 

centre, giving the alkyl allyl zirconocene complex 21, while benzylpotassium, a
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nucleophile with an intermediate steric profile, shows a kinetic partitioning between the 

metal and central carbon positions, giving rise to complexes 22 and 23, respectively 

(Scheme 1.4). It was also noted that, upon warming to room temperature, complex 22 

slowly rearranges to the more thermodynamically favoured zirconacyclobutane complex 

23, a reaction that most probably involves radical intermediates.

Scheme 1.4

R-K

-78 °C RT

20a: R = CH3CHPh
20b: R = Ph2CH

R-M
Zr— i

-78 °C RT

RM = CH3MgCI, CH3Li, 21a: R = Me
19 C3H5MgCI 21b': R = allyl

Ph

Ph'

-78 °C

22

-78 °C —  RT
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Similar treatment of the analogous titanium(IV), d complex [Cp*2Ti(r| - 

allyl)]BF4 24 with nucleophiles of various steric profiles exclusively gives central carbon 

alkylation products. 6 0 , 7 5 , 76 One explanation for this more selective reactivity is the 

smaller ionic radius of titanium compared to that of zirconium restricts access to the 

electronically unsaturated metal centre by the approaching nucleophile.

Extending this reactivity to very small (e.g., MeLi, LiAlFE, LiEtaBH) or highly 

hindered (e.g., KCHPI12) nucleophiles met with little success. Only in the case of 

LiEfBH, under an atmosphere of ethylene did the desired titanacyclobutane complex 

form cleanly. The use of substituted allyl substrates in this series also generally failed to 

give 2,3-disubstituted titanacyclobutane complexes. 76 For example, addition of 

nucleophiles to the cationic 1-phenylallyl complex [Cp*2Ti(r| -C3H4Ph)]BPh4 25 results 

in formation of cinnamyl radical and reduced organotitanium products.

1.1.2 Titanacyclobutane formation via organic free radical addition to
titanium(III) r|3-allyl complexes

To overcome the apparent limitations of titanacyclobutane formation via 

nucleophilic addition to cationic titanium(IV) r|3-allyl complexes, the Stryker group 

began investigations into organic free radical addition to neutral d 1 titanium(III) r|3-allyl 

complexes. Indeed, extending the above FMO prediction6 6 , 7 2 , 73 to include such additions 

to metallocene radicals requires only that the 3ai orbital of the organometallic fragment 

be occupied by one electron. The electron from an incoming organic free radical is then 

expected to add to the singly occupied molecular orbital (SOMO) bonding combination 

between the metal 3ai orbital and the r|3-allyl n* orbital (Fig. 1.5).
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Figure 1.5: MO energy level diagram for d1 group IV metallocene p3-allyl complexes.

Thus, Casty and Stryker reported the first highly regioselective free radical 

addition to the central allyl carbon of Cp*2Ti(r|3-allyl) complex 26 under a variety of 

radical generating reaction conditions (Scheme 1.5) . 7 5 ’ 77 Use of Cp*2TiCl as a radical 

generating source was limited to halide abstraction from activated organic halides, but 

provides titanacyclobutane complexes 27 and Cp*2TiCl2 in excellent yield. Generation

« • 78 •of radicals by photolytic decomposition of benzyl mercuric salts provided benzyl 

titanacyclobutane complex 27b, albeit in much lower yield. Photolytic activation of 

hexaphenylditin79 in the presence of secondary alkyl halides resulted in the formation of
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titanacyclobutane complexes 27d and 27e, but failed when more activated tertiary and 

benzylic halides were used. Although these experiments provide compelling evidence for 

a radical alkylation process, they lack the generality required for synthetic applications.

Scheme 1.5

RT

27c: R = 'Bu

26

hv, 0 °C

27b

R-X, 0 °C

27d: R = Cy 
27e: R = 'Pr

Samarium diiodide, 80 ’ 81 however, proved to be the most general and synthetically 

practical reagent for the preparation of titanacyclobutane complexes (eq. 1.5). This 

halophilic one electron reductant easily generates stabilized and unstabilized alkyl
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radicals from alkyl halides. Moreover, the co-generated Sm(III)trihalide compounds are 

easily separated from the titanacyclobutane products by trituration of the crude reaction 

mixture with pentane.

Ji— i

26

Sml2

R-X

27

(1.5)

It was also found that the electron donating ability of the ancillary ligands is 

essential for successful titanacyclobutane formation. Only the addition of the terf-butyl 

radical gave a titanacyclobutane complex upon attempted alkylation of the more electron 

deficient Cp2Ti(r|3-allyl) complex 28.75,82 This decrease in electron density at the metal 

is assumed to deleteriously affect the degree of d—>7i* backbonding into the n* orbital of 

the allyl ligand, reducing the delocalization of the odd-electron density on the central 

allyl carbon (see Fig. 1.5) . 83

Despite the encouraging results with the Cp*2Ti(p -allyl) template, this system is 

incompatible with substituted allyl ligands; radical addition to such complexes was found 

to occur at the metal centre rather than at the central carbon of the allyl ligand. 7 5 , 7 6 , 84 A 

hapticity change from r)3- to p 1-coordination of the allyl ligand (29 to 30 in eq. 1.6) or

i 'ysignificant distortion to p , p - (a, n)-bonding was cited as the most probable source of
o-j n

this unfortunate reactivity pathway. This type of isomerism is common in d metallo­

cene complexes of zirconium and titanium, where no backbonding is available to localize
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o o r  oq ]

the r| -coordination mode. ' This bias toward ri -allyl coordination in substituted 

Cp*Ti(IH) allyl complexes is thought to arise from a combination of weak one-electron 

backbonding, unfavourable steric interactions between the allyl and ancillary ligands, and

RTinherently weak metal-carbon bonding anticipated for the substituted position. Thus, 

more recent research in the Stryker group has been directed toward the use of less 

sterically imposing and strongly electron-donating templates to enhance the d(3ai)—>7t* 

one-electron backbond.

Sml2

R'-X

3029

Ti— R'

The first regio- and stereoselective synthesis of 2,3-disubstituted 

titanacyclobutane complexes was subsequently developed via the use of rf-cinnamyl and 

rf-crotyl bis(2-piperidinoindenyl)titanium(III) complexes 31 and 32 (eq. 1.7) . 90 

Unfortunately, the crotyl-derived titanacyclobutane complexes 34a-c are thermally 

sensitive, degrading slowly at room temperature via (3-hydride elimination from the 

a-methyl substituent.
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Sml

R’-X
RT

36 - 88%

(1.7)

31: R = Ph 
32: R = Me

33a: R = Ph; R' = 'Pr 
33b: R = Ph;R’ = Cy 
33c: R = Ph;R' = teu

34a: R = Me; R '= 'Pr 
34b: R = Me; R’ = Cy 
34c: R = Me; R' = fBu

It has also been shown that these and other titanacyclobutane complexes undergo 

carbonylation and isonitrile insertion reactions to provide unique organotitanium species 

or synthetically valuable90 carbocyclic compounds, along with readily recyclable titanium

~lf\ R3 01 09byproducts (e.g., Schemes 1.6 and 1.7). ’ ’ ’ These unprecedented synthetic 

pathways are but a sample of the numerous reactions available for converting

O'?
titanacyclobutane complexes to important organic and organometallic compounds.
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Scheme 1.6

R' O

un­ co
LnTi

CO (10 psi)

45 °C 
-LnTi(CO)2

R R

R'

R

CO (60 psi)

-78 °C 
R' = H

LnTi

Scheme 1.7

R—N = C

C2H4 (10psi)

65 °C 
-LnTi(C2H4)

N'

■R"

R’

CO (60 psi) / O
LnTiC \\

-78 °C n R-
R" = H I

R

To avoid the limitations inherent in some of the above titanacyclobutane 

syntheses, others in the Stryker group have endeavoured to expand the library of 

Ti(III)(r|3 -allyl) templates by designing additional indenyl ancillary ligands of varying
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steric and electronic profiles. 8 3 ,9 4 ,95 An alternative strategy, however, is the 

identification of another series of odd-electron first-row transition metal r|3-allyl 

complexes, which may be more tolerant of a higher degree of substitution on both the

•3
r| -allyl and metallacyclobutane moieties.

A trend common to all of the above metallacyclobutane complexes is the 

qualitative geometry of the rf-allyl precursor. Whether the mechanism of

metallacyclobutane formation involves nucleophiles or radicals, these group IX, VI, and
•2

IV r| -allyl complexes adopt a pseM Jo-tetrahedral geometry. As a result, r| -allyl 

complexes suggested for further investigation of novel metallacyclobutane formation are 

assumed to require this reaction-specific geometry; this coordination requirement 

presumably reflects maintaining the desirable FMO situation to promote central carbon 

alkylation. These complexes must also be comprised of a metal centre with readily 

accessible adjacent oxidation states, a necessary condition for free radical central carbon 

addition.

Since energetically reasonable organometallic complexes of chromium adopt 

adjacent oxidation states from +1 to +4 (+2 and +3 being the most common) , 96 we began 

our study by targeting the synthesis of r) -allyl chromium complexes potentially amenable 

to central carbon addition. In addition to preparing fundamentally interesting 

chromacyclobutanes, developing such chemistry is itself a significant contribution to 

applied organochromium chemistry in general.
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1.1.3 A brief overview of organochromium applications

The first investigations in organochromium chemistry began in 1919 when Franz 

Hein studied the reaction between PhMgBr and CrCf. Following hydrolytic workup, a 

crude orange powder was isolated and tentatively identified as Ph5CrBr. Formation of 

this unexpected product was rationalized by a valence disproportionation reaction (eq. 

1.8).97

5PhMgBr + 4CrCl3 -> Ph5CrBr + 2MgBr2 + 3MgCl2 + 3CrCl2 (1.8)

Due in part to Hein’s 1919 statement, “ .. .1 therefore direct to all my esteemed 

colleagues in this area the request to leave to me the organochromium compounds for my 

further study” , 97 ' 100 it was more than thirty years before the true identity and significance 

of this compound became known. Following the landmark discovery of ferrocene101' 103 

and subsequent synthesis of chromocene, 104' 106 Zeiss and Tsutsui107 proposed that Hein’s 

crude product was actually a bis(arene) species (eq. 1.9), the first q6-arene transition 

metal complex {i.e., a ̂ -bonded, rather than a a-bonded, complex) . 108 This assertion was 

later confirmed by Fischer, 109 the co-discoverer of bis(benzene)chromium. 110' ' 12 After 

the identification and improved understanding of these complexes, the number of 

applications of organochromium compounds in synthetic organic chemistry, particularly 

those involving organochromium 7t-complexes, increased tremendously, the details of 

which have been extensively reviewed.98 ' 1 0 0 ,113-119
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CrCI3 + 3PhMgBr
EtoO

(1.9)

Notable among these interesting developments in organochromium chemistry are 

carbon-carbon bond formations starting with arene-chromium templates (e.g., eq.

1.10),120 C-H activation reactions (eq. 1.11),121 Fischer-carbene alkyne cyclizations (i.e.,

110 1 9') 1 O'!the Dotz reaction, eq. 1.12), ’ and catalytic hydrosilylation reactions (Scheme 1.8).

O
,a d ,

R

R’ ■ Sml2

o"Cr\oc' y x o  
oc

THF/HMPA/fBuOH 
-30 to -40 °C

66 - 89%

o"Cr\oc' y x o  
oc

R’ 

OH ( 1.10)

RN.
\ r — CMe3 RT ^

RN^  CMe3 -CMe4

R = 2,6-'Pr2C6H3

RN ,CM6-q

RN
.Cr=

H D

C6D6 ''ss. ^A -C M e-i
———► J C r ^  3 (1.11)

R N  C e D 5
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,OMe

R- R'

50 °C, -CO
( 1. 12)

Scheme 1.8
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Perhaps the most common use of chromium reagents in synthetic organic 

chemistry is the Nozaki-Hiyama-Kishi (NHK) reaction, a highly stereo- and 

chemoselective organochromium-mediated nucleophilic addition of vinyl or allyl 

moieties to aldehydes that provides allylic or homoallylic alcohols. 1 1 8 ,124 An attractive 

feature of this reaction is the product selectivity observed when isomeric mixtures of allyl 

compounds are used. The reduction of benzaldehyde, for example, in the presence of 

both (E) and (Z) isomers of 3-methylallyl leads exclusively to the anti product (eq.

1.13).125

or

OH
xs CrCI2

X NiCI2 cat. (1.13)

Me

The origin of this stereoconvergence is attributed to the equilibration of the 

chromium(m) sy«-r|3-crotyl species 37a, which isomerizes to the anti-species 37d via 

formation of the q'-crotyl complex 37b. Subsequent bond rotation and re-formation of 

the r|3-crotyl moiety generates 37d (Scheme 1.9).125 This and other synthetically valuable 

NHK reactions118 were made even more appealing with the advent of Furstner’s 

cYttoramm-catalyzed NHK methodology, 126 which in subsequent investigations has been 

extended to include enantioselective reactions via the incorporation of chiral ancillary 

ligands. 1 2 7 ,1 2 8
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Scheme 1.9

rrY  „  Me Me
Me\ ^ \ / X --- ^  X3Cr̂ 6 V '   - X3Cr-4 ^ % ,

37a 37b

x 3 C r ^ /^ \ \  - CrX
Me

37d Me 37c

Oshima has recently modified the NHK reaction by the in situ preparation of 

allylchromate reagents [i.e., (allyl^Cr anions]. These uncharacterized compounds 

effectively catalyze [ 2  + 2  + 2 ] cyclization reactions of diynes and enynes in the presence 

of excess allyl Grignard reagents. The resulting bicyclic organomagnesium compounds

ioq 1 in
undergo further functionalization with electrophiles (eq. 1.14). ’

X = C, O, N MgCI R E R

Mononuclear organochromium complexes are also effective homogeneous 

catalysts for olefin polymerization and oligomerization reactions. For example, the

1T 1 1 TO 1 1 1  1 1 4  |  i cresearch groups of Theopold, ’ Jolly, ’ and Enders have independently 

developed constrained geometry pre-catalysts bearing ansa-bridged cyclopentadienyl
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ligands (complexes 38-40), while Bercaw1 3 6 ,137 has recently developed hemilabile 

nitrogen-bridged diphosphine complexes 41 for the trimerization of ethylene (Chart 1.1).

Me2Si

N CH2SiMe3

D = N, P 
L = chloride, 

*- alkyl
/

Me3C
38 (ref. 131) 39 (ref. 133)

Me

a
\ OMe

>  I  F

Ar2 Ph 

41 (ref. 136)40 (ref. 135)

C hart 1.1: Constrained geometry chromium(III) pre-catalysts employed in 
olefin polymerization (complexes 38-40) and trimerization reactions (complex 41).

One of the main functions of these single-site catalysts is to improve 

understanding of commercial multi-site heterogeneous chromium polymerization 

catalysts; the chemical nature of the active sites of such catalysts remains the subject of 

wide-ranging speculation. 1 3 1 ,138 One such heterogeneous chromium catalyst, originally 

developed at Union Carbide, is prepared by impregnating silica with chromocene, while a 

second (the Phillips catalyst) is prepared by reduction of chromate (CrC>42_) deposited on 

silica. 1 3 1 ,138 In both systems the chemical structure, valence state, and mechanism of 

formation of the active site remains unknown. However, it is known that to initiate
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polymer chain growth a chromium alkyl complex is necessary, the identity of which may 

involve any or all of the complexes shown in Scheme 1.10. 131

Scheme 1.10

T
c 2h4 c 2h 4

I i i i i i
-S i— O— Si  ------ Si— O— Si  ------ Si— O— Si-------

I I  I I  I I
 Si— O — Si  ------ Si— O— Si-  ------ Si— O— Si-------

1.1.4 Known chromium r|3-allyl complexes

It is therefore apparent that chromium r| -allyl complexes may play an important 

role in the polymerization of ethylene and other olefins. Indeed, tris(ri3-allyl)chromium 

4 5 ,1 3 9 ,1 4 0  one 0£ severaj thermally unstable r|3-allyl chromium complexes (Chart 1.2),133, 

141' 144 and derivatives thereof have been shown to react on the surface of calcined silica to 

form active catalysts for ethylene polymerization. 145' 147
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45 (refs. 139, 140) 46 (ref. 133) 47 (ref. 144)

Chart 1.2: Selected examples of known thermally unstable chromium r|3-allyl 
complexes. Those structurally characterized by X-ray crystallography are labeled 
accordingly.

Homoleptic chromium r| -allyl complexes also polymerize olefins by acting as 

homogeneous catalysts. For example, the thermally stable bis(r|3-allyl) complex 48 was 

recently reported to co-polymerize norbomene and ethylene. 148 The kinetic stability of 

this and the related bridging complex 49 arises from the sterically imposing trimethylsilyl 

substituents of the allyl ligands. 1 4 9 ,150 The structurally related and thermally stable 

bridging r| -allyl complex 50 (Chart 1.3), however, does not possess such bulky 

stabilizing groups and has not been investigated as an olefin polymerization catalyst. 151
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SiMe3

Me3si\ / ^ Cr7 \ f XSiMe3
Me3Si 

48 (ref. 149), X-ray

49 (ref. 150), X-ray 50 (ref. 151), X-ray

Chart 1.3: Selected examples of known thermally stable chromium r|3-allyl 
complexes bearing hindered and/or bridging p -allyl ligands. Those structurally 
characterized by X-ray crystallography are labeled accordingly.

Nearly all other thermally stable chromium p -allyl complexes possess 

7i-accepting carbonyl ligands (Chart 1.4), which impose a low-spin electronic 

configuration on the chromium centres and allows for effective ir-backdonation from the
•j i  c o  i  c n

metal into p -allyl antibonding orbitals. ' This results in diamagnetic complexes that 

generally disfavour o-allyl coordination. With the exception of the anionic chromium(O) 

p3-crotyl complex 52, all of these stable chromium complexes maintain the metal 

formally in the +2 oxidation state. Curiously, prior to the work reported herein, no 

isolable chromium(III) p3-allyl complexes have ever been reported.
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/Y\£r\
N\ i / N;Vr +

0 C " 7  \
OC

PFp

51 (ref. 152), X-ray

Me(MeO)3P

o c - ^ - / v
O C ^ I  *' 

oc
52 (ref. 154), X-ray

„>'Cr.
O C " /'

OC

53 (ref. 155), X-ray

■ ^ (CH2)nOH 

+ . BF4

)C "

54 (ref. 156)

R
I

cO )!'
OC

oc"}d>
55 (ref. 158)

O C

56 (ref. 160)

Chart 1.4: Selected examples of thermally stable chromium r|3-allyl complexes
bearing carbonyl ligands. Those structurally characterized by X-ray crystallography 
are labeled accordingly.

The few remaining thermally stable chromium r|3-allyl complexes are low-valent 

and possess one or more electron rich tertiary phosphine ligands (Chart 1.5).161’162 

Donor ligands, however, generally destabilize chromium r\ -allyl complexes (e.g., 

complexes 46 and 47, Chart 1.2) by favouring o-allyl coordination.133,143,144 Indeed, 

recent DFT calculations by Smith, et al.,l4A suggest that the optimized structure of the 

amidinato allylchromium complex 47 is actually a a-allyl species. Thus, the origin of 

thermal stability of phosphine-bound complexes 57-59 remains unclear, and remains a 

matter for future study.
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57 (ref. 161), X-ray 58 (ref. 162) 59 (ref. 162), X-ray

Chart 1.5: Selected examples of known thermally stable chromium r) -allyl 
complexes bearing donor ligands. Those structurally characterized by X-ray 
crystallography are labeled accordingly.

Due to the weak crystal-field effect of donor ligands on chromium, such 

complexes are generally paramagnetic and, as a result, display markedly different 

chemistry from diamagnetic congeners.144,163,164 The paramagnetic chromium(II) 

P-diketiminato complex 60, for example, undergoes one-electron chemistry, activating 

iodomethane to form the chromium(III) iodide and chromium(III) methyl complexes 61a 

and 61b (eq. 1.15).163

/ C\  
ArN NAr

Mel

60

ArN

61a

+
ArN Me

61b

(1.15)
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1.2 Proposed chromium t|3-allyl precursors for chromacyclobutane formation

It is thus clear that r|3-allyl chromium complexes are presumed to play key roles 

in catalytic hydrosilylation, olefin polymerization, and NHK reactions, and possibly in 

Oshima-type chemistry. Improved understanding of these allylchromium applications 

requires the synthesis of isolable chromium rf-allyl complexes that model proposed 

intermediates of these reactions. Indeed, such relevant systems may be an additional 

benefit of the pursuit of chromium r|3-allyl precursors for chromacyclobutane formation.

Although fundamentally interesting, known chromium rf-allyl complexes were 

not adopted for our investigation of chromacyclobutane formation. Preparation of the 

thermally stable rj3-allyl chromium complexes outlined in Charts 1.3 and 1.4 is decidedly 

not trivial, while handling thermally sensitive complexes (e.g., Chart 1.2) is not attractive 

from a synthetic organic chemistry perspective. Moreover, only the mono-phosphine 

complex 59 (Chart 1.5) has the geometry necessary for allyl central carbon addition. We 

therefore proposed to prepare novel chromium r|3-allyl complexes possessing pseudo- 

tetrahedral geometry or immediate precursors thereof.

An obvious series of target complexes is the chromocene analogue of M. L. H. 

Green’s cationic molybdenum(IV) and tungsten(IV) r\ -allyl complexes 5 and 6 (p. 5). 

Unfortunately, however, chromium(IV) sandwich complexes are extremely rare and none 

possessing an r|3-allyl ligand have been reported. Indeed, the parent chromocene (Cp2Cr) 

complex does not tolerate additional ligands; Cp2Cr(CO), for example is stable only 

under a CO atmosphere.165 The only examples of stable [Cp2 Cr(n)L] (n = II, III) 

complexes incorporate ansa-bridged cyclopentadienyl ligands.165,166 The cationic
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chromium(IV) complex, [a«sa-Cp2Cr(H)CO]+, has been tentatively identified as a 

transient intermediate.166

We thus chose to focus on the synthesis of allylchromium complexes with a 

nitrosyl group substituting for a cyclopentadienyl ligand in the Cp2M(r| -allyl) pseudo- 

tetrahedral geometry, targeting the cationic CpCr(NO)(r|3-allyl)+ complexes (labelled 

here as Type I targets). These unsaturated electrophilic complexes may afford 

chromacyclobutanes via nucleophilic attack at the allyl central carbon. Moreover, 

formation of nitrochromacyclopentane species may be possible via migratory insertion of 

the nitrosyl ligand into a Cr-C bond of the chromacyclobutane complexes (eq. 1.16).

-Rn

ON / c s
Nu

Type I: Cr(ll), d4,16e‘ 
low-spin

< ^ Rn

O N ^ ^ N u

Cr(ll), d4,16e"

-Rn

Cr
/

O' -N

(1.16)

Nu

A second class of nitrosyl allylchromium complexes (designated as Type II, eq. 

1.17), the neutral analogues of the Type I targets, may also be amenable to chroma­

cyclobutane formation. The odd electron count on the chromium centres predisposes 

these complexes for alkylation using organic free radicals, the addition of which should 

occur at the allyl central carbon.
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< & Rn 

Type II: Cr(l), d5,176-

Replacing the nitrosyl ligand of target types I with a neutral two-electron donating 

group (L) will also provide unique p -allyl chromium complexes. Due to the odd 

electron count and positive charge on this third class of proposed complexes (Type III), 

central carbon substitution via either nucleophilic or radical pathways may both be 

possible (Scheme 1.11). The potential downside of thermal instability, however, is 

obvious in this more electron-rich series.

ON' ^  R 

Cr(ll), d4,16e'

(1.17)

Scheme 1.11

Rn

Nu

,Cr:

Type III: Cr(lll), d3,15e'

^  Nu 

Cr(lll), d3,15e

L = neutral 2e' donor

-R n

R
-► ,Cr<

IT R

Cr(IV), d2,14e’

A fourth category of proposed chromium r|3-allyl complexes consists of 

chromium(II) structural analogues of the Type II target complexes (Type IV, eq. 1.18).
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Despite the even-electron count of these complexes, replacement of the reducing and 

strongly rc-acidic nitrosyl ligand with a neutral donor group is expected to provide 

paramagnetic rf-allyl complexes. Similar to the paramagnetic chromium(II) complex 60,

The final class of target complexes (Type V, eq. 1.19) consists of chromium(III) 

ri3-allyl compounds bearing anionic x-donor ligands (e.g., R.2N~ or RO~ groups). These 

ligands will stabilize the electronically unsaturated allylchromium complexes by formally 

donating four electrons to the metal centre. Indeed, Legzdins has shown that otherwise 

unstable chromium alkyl complexes can be isolated by incorporating x-donating amido

these high-spin Type IV complexes may also be susceptible to radical-like behaviour.164 

If this odd electron character is delocalized onto the r|3-allyl ligand, central carbon 

addition of an organic free radical may be possible (eq. 1.18).

(1.18)

Type IV: Cr(ll), d4,16e“ 
high-spin

Cr(lll), d3,15e'

L = neutral 2e' donor

ligands.167’168

(1.19)

Type V: Cr(lll), d3,17e' Cr(IV), d2,16e'

X = anionic 4e" 7c-donor
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In lieu of rc-acidic ligands, we propose to impart thermal stability on the Type III- 

V chromium p -allyl targets by incorporating sterically imposing substituents on both L- 

and X-type ancillary ligands, and possibly on the cyclopentadienyl ligand as well. The 

added steric bulk of these ancillary ligands may also protect the unsaturated metal centre 

in most of these systems from unwanted alkylation reactions. Although thermal stability 

of the proposed p3-allyl systems is an ideal trait, it is not required for metallacyclobutane 

formation. As observed for the titanacyclobutane syntheses discussed above, p3-allyl 

precursors can easily be prepared in situ at low temperature and trapped with 

nucleophiles or organic free radicals.92

Preparation of the Type I-V chromium r|3-allyl targets may be accomplished by 

adapting established related molybdenum chemistry or by nucleophilic or radical 

allylation of relevant chromium precursors. Further discussion of these relevant synthetic 

strategies will appear in following chapters.

Our investigation of the Type I target complexes has fortunately led to a wealth of 

novel organochromium chemistry. As a consequence, detailed discussion of these results 

occupy chapters two through five. Attempts to synthesize the Type II-V target 

complexes, however, were substantially less fruitful, and an account of these 

investigations appears in chapter six.
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Chapter 2.

General synthesis of cyclopentadienylchromium(II) -allyl 
dicarbonyl complexes

2.0 Introduction

Since organochromium complexes resembling the Type I r\ -allyl targets, outlined 

in the previous chapter, are unknown, we initially envisioned several synthetic strategies 

to obtain these elusive unsaturated compounds (Scheme 2.1). Method A entails the 

decarbonylation of a cationic r|3-allyl carbonyl nitrosyl species la, while Method B 

involves substitution of the CO ligand via addition of an anionic (XT) group to form the 

neutral Cp'Cr(NO)(ri3-allyl)X species lb. Removal of this X-type ligand with silver salts 

then generates the desired Type I target complex. Alternatively, species lb may be 

obtained by protonation of a precursor p4-(l,3-diene) complex Ic by using an acid 

containing a coordinating counterion (Method C). Addition of an acid with a non­

coordinating counterion (e.g., H B F 4) ,  however, may afford the Type I target complex 

directly (Method D).
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Scheme 2.1

Method B
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Ag+ R' = Me
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Rn

Method D
ON / [ ' w

Cr(ll), d4,16e" 
low-spin

Type I

Ic

Despite these seemingly straightforward methods, chromium if-allyl complexes 

of the type illustrated by Ia-Ic  have not been reported. Structurally related molybdenum 

congeners, however, are well established. Carbonyl nitrosyl molybdenum complex 1 (e.q

1.1, p. 3), for example, is analogous to the desired cationic t|3-allyl chromium complex la  

and can be prepared via addition of a nitrosyl salt to the neutral dicarbonyl precursors

(e.g., complex 62, eq. 2.1). 1-5

OC 
O C

„„Mo. / \

7

[NO]X, -CO^ 

MeCN, 0 °C

62

o n " '/Mo

OC

1

(2 .1)
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-i
These molybdenum r\ -allyl dicarbonyl complexes are obtained via the alkylation 

of the cyclopentadienyltricarbonyl molybdate salt 62a with allyl bromide, followed by 

decarbonylation of the consequent a-allyl complex 62b induced by photolysis6 or

•j
trimethylamine N-oxide (Scheme 2.2, path a). Alternatively, the addition of allyl 

bromide to tris-(acetonitrile)molybdenum tricarbonyl complex 62c affords the thermally 

stable seven-coordinate r|3-allyl species 62d, which upon addition of cyclopentadienyl 

anion also provides dicarbonyl complex 62 (Scheme 2.2, path b).8

Scheme 2.2

( Na

OC' /  CO 
OC

62a

THF, RT, 2 h 

path a

O C '^M̂ ',CO 
OC^ v " '

62b or Me3NO, 4 h

hv, 6 h

CO
MeCN I v,,CO

JMo' 
MeCN | CO 

NCMe

62c

MeCN, A, 18 h 

path b

MeCN,, j
MeCN— Mo

CO ^  ̂u u  CO

62d

Br

t° -A

O C '" / 0
OC

62

LiCp, THF, 
RT, 18 h
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Curiously, prior to our work, there has been no report of the use of 

Na[CpCr(CO)3]9 to prepare the chromium analogues of the if-allyl complex 62. 

Extension of the oxidative addition pathway (path b) to (MeCN)3 Cr(CO)3 ,10 has been 

explored; however, under these reaction conditions only chromous halides are obtained, 

with no evidence of even transient ri3-allyl formation.8 In addition to complex 53 (Chart

1.4, p. 30), which is prepared via a single carbonylation of the half-open chromocene 

precursor,11 only two other members of this compound class have been previously 

reported: CpCr(n3-cyclopentenyl)(CO)2 , prepared in <5% yield by treatment of 

chromocene with CO and H2 at high pressure12 and CpCr(ri3-crotyl)(CO)2 , isolated in 

12% yield by photolysis of [CpCr(CO)3 ]2  in the presence of 1,3-butadiene; this complex 

was only tentatively characterized.13,14

Thus, we began pursuing the synthesis and reactions of CpCr(p3-allyl)(CO)2  

complexes by modifying the synthetic procedures used to prepare molybdenum complex 

62. The results of this investigation constitute the subject of Chapters 2 and 3. The 

synthesis and reactions of nitrosyl diene complexes Ic by Methods C and D will be 

discussed in Chapter 4.

2.1 Synthesis of neutral Cp'Cr(i]3-allyl)(CO)2  complexes

Initially, adaptation of the anionic alkylation procedure (Scheme 2.2, path a) to 

the chromium series was investigated. Unfortunately, the addition of allyl halides to 

Na[CpCr(CO)3] 64 at room temperature led only to decomposition. To preclude possible 

radical reaction pathways initiated by electron transfer from complex 64, allyl tosylate 

was substituted for the allyl halides, again conducting the reaction at room temperature.
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Subsequent addition of excess trimethylamine iV-oxide to induce decarbonylation thus 

provided an orange-green suspension. Removal of the solvent and trituration of the 

residue with pentane afforded an orange compound 66 that, as determined by 'H NMR 

spectroscopy (Table 2.1), does indeed posses an r|3-allyl ligand (eq. 2.2).

i) C3H5OTs, <̂ ±2?
THF, RT I

ii) Me3NO O C ( Z2)
OC 41

10% 66

Table 2.1: *H NMR data (ppm) for the dicarbonyl q3-allyl complex 66.“

Cp ĉentral 11 \)7I

3.97 3.73
( tt ,J=  11.1,7.0 Hz)

0.48
(d t,J=  10.9,1.1 Hz)

2.67
(dt, .7=7.0,1.1 Hz)

“The anti and syn allyl protons are assigned on the basis of the relative magnitude of the 
respective coupling constants with the central allyl proton and comparison to typical 
values obtained from a range of known r|3-allyl compounds.15'19

Infrared analysis of this product clearly reveals the presence of two carbonyl 

ligands, with stretching frequencies at 1939 and 1869 cm'1, suggesting the formation of 

cyclopentadienylchromium r|3-allyl dicarbonyl complex 66. Combustion and mass 

spectral analysis were also in agreement with the assignment of this complex, which is 

unfortunately obtained in less than 10% yield. Nonetheless, crystals of this material were

| Na

OC","yCr'^ c O
OC

64
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grown by cooling a solution in pentane to -35 °C and the solid-state molecular structure 

solved by X-ray crystallography (Fig. 2.1).

C17C16

C15,
C18

C19

Cr1

C10
010 C13

C14'

C11

C12
011

Figure 2.1: Solid-state molecular structure of r|3-allyl dicarbonyl complex 66. 
Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20% 
probability level. Hydrogen atoms are shown with arbitrarily small thermal 
parameters. Selected bond lengths (A) and angles (deg): Cr-C(10) = 1.814(6), 
Cr-C(ll) = 1.817(5), Cr-C(12) = 2.231(5), Cr-C(13) = 2.108(4), Cr-C(14) = 
2.239(5), O(10)-C(10) = 1.168(6), 0(11)-C(11) = 1.155(6), C(12)-C(13) = 
1.393(8), C(13)-C(14) = 1.397(8); C(10)-Cr-C(15)= 95.3(2), C(10)-Cr-C(ll) = 
83.4(2), C(10)-Cr-C(13) = 107.4(2), C(12)-Cr-C(14) -  65.0(2), C(ll)-Cr-C(13) 
= 107.9(2), C(13)-Cr-C(18) = 88.8(2), C(12)-C(13)-C(14) = 118.8(5).

The yield of complex 66 can be increased to 20% by cooling the reaction mixture 

to -30 °C, with subsequent addition of M ^NO as a solution in methanol rather than as a 

suspension in THF (eq. 2.3). The modest success of this reaction is presumably 

dependent on stabilizing the proposed seven-coordinate a-allyl intermediate 65
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sufficiently to avoid complete decomposition by chromium-carbon bond homolysis; the 

Cr-allyl bond strength of this species is clearly weaker than that of the analogous 

Mo-allyl bond in the isolable a-allyl complex 62b (Scheme 2.2, p. 48).20

| Na

oc""/Cr'^co
OC

64

-OTs

THF, 
-30 °C, 2 h

OC 
OC

66

O C ^ Crv 'C O
OC x ----

65

xs Me3NO (MeOH) 
C—  RT , 2 h

20%

(2.3)

Modification of the molybdenum oxidative addition procedure fortunately 

provides chromium r| -allyl dicarbonyl complex 66 in much higher yield (eq 2.4 and 

Table 2.2, entry 1). Treatment of (MeCN)3Cr(CO)3  6710 with allyl bromide in 

acetonitrile at -30 °C, for example, results in a rapid colour change from yellow to red, 

logically attributed to the formation of thermally unstable r|3-allyl intermediate 68. 

Subsequent addition of NaCp in acetonitrile at low temperature yields q3-allyl complex 

66 in 75% yield after isolation by trituration into pentane and chromatography on neutral 

alumina(I). Warming the reaction mixture prior to the addition of NaCp results instead in 

the formation of an uncharacterizable paramagnetic green material. Substituting allyl 

chloride for allyl bromide in this procedure results in little or no reaction with 

(MeCN)3Cr(CO)3.
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MeCN
MeCN/,, I ,uCO 

^.'Crv. 
MeCN | T O  

CO

67

-Br

MeCN, 
-30 °C, 1 h

OC"
OC

66

MeCN,, j
Br

MeCN— j C r - ^ ^

CO/ \
CO

75%

(2.4)

The thermal stability of the putative seven-coordinate chromium t|3-allyl 

intermediate 68 is markedly lower than that of the molybdenum analogue 62d (Scheme

2.2, p. 48), presumably due to the inherently lower Cr-allyl bond strength. The 

structurally related seven-coordinate chromium r| -allyl complexes 51, 55, and 56 (Chart

1.4, p. 30) are, however, reported to be thermally stable. In the case of bipyridyl complex 

56, the added chelation may introduce kinetic stability, a trend also apparent for the 

ammine-bound complexes 51 and 55. The hemilability of the respective 

bis(pyrazole)amino and tris(pyrazolyl)borate ancillary ligands of complexes 51 and 55 

may also serve to relieve steric congestion by bonding in a k  -fashion, allowing for 

increased thermal stability. Cationic complex 51 is further stabilized by the absence of a 

coordinating counterion; the neutral bromide analogue of complex 51, for example, is

91 99reported to be thermally unstable. ’

Thus, the addition of excess KPF6 to a solution of the putative seven-coordinate 

complex 68 results in an extended lifetime (up to 1 h at RT) of this red intermediate.

This increase in stability, however, does not significantly affect the isolated yield of
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if-allyl dicarbonyl complex 66. Synthesis of additional Cp'Cr(r|3-allyl)(CO) 2  complexes 

(Chart 2.1) was thus accomplished using the general procedure shown in equation 2.4; 

detailed reaction conditions are summarized in Table 2.2.23

OC 
OC
f y v  o t f y v TOC 

OC

66 69

Me

° c ' 7 c > + 0C "'"Cr'7
OC ' OC

70 exo 70 endo Me 
(1 : 2 )

OC 
OC

I P h  1

"'/Cr̂ /V  OC"yCS £ \  
/ /  OC *

o c
OC

71 72 73 74

Chart 2.1: Novel Cp'Cr(ri3-allyl)(CO) 2  complexes 66 and 69-74, prepared via the
modified oxidative addition method (eq. 2.3).
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Table 2.2: Reaction details for the synthesis of rf-allyl complexes 66 and 69-74 from 
(MeCN)3Cr(CO)3 67 (eq. 2.3).

Entry Substrate Time^'h”  M Cp' Product Vco % Yield

1 1 C5H4Na 66 1939, 1869 75

2 1 C5H4Na 69 1932, 1863 73

3
Me

^ A ^ B r 6 C5H4Na 70 exo; 70 endo 1943, 1938, 
1880,1870 71

4 Ph\ ^ \ / Br 2 C5H4Na 71 1936, 1869 61

5 1 'BuC5H4Li 72 1931, 1863 69

6 ^ x ^ B r 1 C9H7Li 73 1938, 1871 25

7 Ĉ8r 12 C5H4Na 74 1923, 1860 12

"Time refers to the period allowed for the oxidative addition of allyl substrate to 
(MeCN)3Cr(CO)3. ^Infrared spectra recorded in THF solution, cm'1.

The preparation of the 3- and 2-methylallyl complexes 69 and 70, along with the 

r)3-cinnamyl and terf-butylcyclopentadienyl complexes 71 and 72 (Entries 2-5, 

respectively) proved to be straightforward. The introduction of other cyclopentadienyl- 

type ligands, however, provided unexpected challenges. The use of indenyl lithium 

provides only a low yield of the sterically more crowded ri5-indenyl allyl complex 73 

(entry 6). This we attribute to the competitive addition of the indenyl anion to the allyl 

ligand rather than the metal centre, producing a mixture of allylindene isomers as the 

major reaction product (Scheme 2.3), as identified by spectroscopic comparison to
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authentic material.24 The organic byproducts are obtained as initial fractions upon 

chromatography of the reaction mixture over neutral alumina(I), using pentane as the 

eluent. Consistent with this observation, the addition of permethylcyclopentadienyl 

lithium unsurprisingly results in exclusive formation of allylpermethylcyclopentadiene, 

again determined by spectroscopic comparison to authentic material25 (Scheme 2.3); the 

identity of the organochromium byproduct(s) is unknown. Larger anions are clearly too 

sterically encumbered to access the metal centre, instead preferentially alkylating at the 

allyl ligand.

Scheme 2.3

C9H7Li

MeCN 
-30 °C—  RT

Br
MeCN,,, j 

MeCN— Cr-
/ \

CO

68

- A
CO

Cp*Li

MeCN 
-30 °C—*• RT

+   p r\

OC
minormajor

OC"yCr'
oc

not observed

Another limiting factor in this methodology is the persistent formation of 

(CO)sCr(MeCN)26 as a minor side product. The formation of this complex is minimized 

by using a vigorous nitrogen purge throughout the reaction; fortunately, this relatively
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polar impurity is readily removed by chromatography on neutral alumina(I). A second 

limitation arises from the decreasing rate of oxidative addition as a function of the steric 

size and substitution of the allyl substrate. In the reaction of 3-bromocyclohexene with 

(MeCN)3Cr(CO)3 , for example, only a very slow (-12 h) colour change to red is 

observed. Subsequent addition of NaCp provides the expected cyclohexenyl complex 72, 

but in only 12% isolated yield (entry 7). During the time required for oxidative addition 

of this substrate gradual thermal decomposition of the sterically encumbered seven- 

coordinate intermediate presumably dominates.

I 1The H NMR and infrared spectra of q -allyl complex 66 indicate that only a 

single configurational isomer of the molecule is present in solution, identified in the solid 

-state as exo by X-ray crystallography (Fig. 2.1). Interestingly, this contrasts with that of 

the molybdenum analogue 62, which exists in solution as an approximate 1 : 1 mixture of

77 78 7 7endo and exo isomers. ’ Given that the <5 and /  values for the q -crotyl, q -cinnamyl, 

and terf-butylcyclopentadienyl complexes 69-72 (entries 2-5, respectively) are very 

similar to those observed for q -allyl complex 66 (see the Experimental section for 

details), the configuration of these complexes is also assigned as exo. The 'H NMR 

spectrum of the 2-methylallyl complex 70 (entry 3), however, reveals that the product is 

formed as an approximately 2 : 1 mixture of isomers favouring the tentatively assigned 

endo configuration. The minor exo isomer is less soluble and selectively crystallizes 

from pentane, as established by X-ray crystallography (Fig. 2.2). *FI NMR analysis of the 

crystals establishes that the exo isomer of complex 70 does not equilibrate with its endo 

congener at room temperature.
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C14,

C10

C12

Figure 2.2: Solid-state molecular structure of the exo isomer of r|3-(2-
methylallyl) complex 70. Non-hydrogen atoms are represented by Gaussian 
ellipsoids at the 20% probability level. Hydrogen atoms are shown with 
arbitrarily small thermal parameters. Selected bond lengths (A) and angles 
(deg): Cr-C(l) = 1.813(18), Cr-C(2) = 1.821(19), Cr-C(3) -  2.234(17), Cr-C(4)
-  2.149(16), Cr-C(5) = 2.233(18), 0(1)-C(1) = 1.163(2), 0(2)-C(2) = 1.153(2), 
C(3)-C(4) = 1.403(3), C(4)-C(5) = 1.405(3), C(4)-C(6) = 1.514(2); C(l)-Cr- 
C(12) = 95.5(8), C(l)-Cr-C(2) = 82.1(8), C(l)-Cr-C(4) = 107.0(8), C(3)-Cr-C(5)
-  64.8(7), C(2)-Cr-C(4) = 107.6(7), C(4)-Cr-C(10) = 89.7(7), C(3)-C(4)-C(5) = 
116.9(16).

Inspection of the *H NMR spectrum of indenyl complex 73 suggests the presence 

of two stereoisomers in solution, one formed in only trace amounts. In the major isomer, 

the signal for the central allyl proton appears at -0.11 ppm, strongly suggesting the allyl 

ligand is in the exo configuration, positioned directly beneath, and thus shielded, by the 

indenyl aromatic ring, as drawn in Scheme 2.3. This configuration has been confirmed in 

the solid-state by a crude structure determination on a poorly diffracting crystal, which
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provided both atom connectivity and ligand orientation, but not high resolution structural 

data (Fig. 2.3). The allyl ligand configuration of the minor isomer of indenyl complex 73 

is speculated to be endo, with the now shielded anti methylene protons apparent at -0.63 

ppm.

C18A
C19A

C11A
C17AC12A

C16A
C15A

C14A,C13A

C4A

7°
C5AC2

02

Figure 2.3: The solid-state molecular structure of the exo isomer of indenyl 
rj3-allyl complex 73. Due to the poorly diffracting crystal, accurate structural 
data could not be obtained.

Despite the low yield, ri3-cyclohexenyl complex 74 revealed several intriguing 

spectroscopic and structural features. While *H NMR spectroscopy shows typical signals 

for the terminal allyl, central allyl, and adjacent methylene protons at £4.02 (t, 1H), 3.47 

(m, 2H), and £ 1.79 (m, 4H), respectively, the two remaining aliphatic proton resonances 

appear at unique and unexpected positions. Thus, two upheld multiplets are observed, at 

d 0.77 (m, 1H) and 0.38 (dtt, 1H), corresponding to the equatorial and axial protons,
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respectively, of the distal methylene group. The unusual shielding of this group is 

ascribed to a chair-like conformation of the cyclohexenyl ring, which places these 

protons underneath the metal, physically near the 7t-system of the carbonyl ligands. This 

conformation is indeed observed in the solid-state structure (Fig. 2.4), suggesting a 

similar structure in solution.

C10

rO y c i2
C11

-3
Figure 2.4: Solid-state molecular structure of r\ -cyclohexenyl complex 74. Non­
hydrogen atoms are represented by Gaussian ellipsoids at the 20% probability 
level. Hydrogen atoms are shown with arbitrarily small thermal parameters. 
Selected bond lengths (A) and angles (deg): Cr-C(l) = 1.825(15), Cr-C(2) = 
1.821(15), Cr-C(3) = 2.275(15), Cr-C(4) = 2.091(14), Cr-C(5) = 2.276(15), 0(1)- 
C(l) = 1.155(18), 0(2)-C(2) = 1.158(19), C(3)-C(4) = 1.407(2), C(4)-C(5) =
1.411(8), C(5)-C(6) = 1.512(2), C(6)-C(7) -  1.531(2), C(7)-C(8) = 1.523(2); C (l>  

Cr-C(ll) = 93.3(6), C(l)-Cr-C(2) = 85.0(7), C(l)-Cr-C(4) = 109.3(6), C(3)-Cr- 
C(5) = 63.4(5), C(2)-Cr-C(4) = 107.4(6), C(4)-Cr-C(13) = 88.6(6), C(3)-C(4)-C(5) 
= 116.2(14), C(5)-C(6)-C(7) = 113.3(13), C(6)-C(7)- C(8) = 113.3(14), C(3)-C(8)- 
C(7)= 113.4(13).
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2.2 Reactivity of the CpCr(ri3-allyl)(CO)2  complex

In addition to studying nitrosyl addition to if-allyl dicarbonyl complex 66 (see 

Chapter 3), we investigated the efficacy of other potential carbonyl substitution methods. 

For example, addition of 0.48 equivalents of iodine to complex 66 does indeed lead to 

CO effervescence, but unfortunately, as ascertained by combustion analysis, the 

otherwise uncharacterized paramagnetic product consists only of the CpCrl fragment. 

Photolysis of complex 66 in the presence of tertiary phosphines or amines leads only to 

intractable products, with complete decomposition of the starting material. Trimethyl- 

amine iV-oxide also failed to induce the substitution of these ligands, even in refluxing 

acetone or toluene. Given that the carbonyl infrared stretching frequencies of complex 66 

are lower than 2000 cm-1,29 it is no surprise that this reagent is unreactive toward the 

electron-rich metal centre.

Interestingly, the addition of tetrabutylammonium cyanide to complex 66 

provides a tractable product, the structure of which is tentatively assigned as either that of 

the anionic rj2-(3-cyanopropene) complex 75 or the rj3-allyl chromate complex 75' (eq. 

2.5). Assignment of the 'H NMR data of this product unfortunately remains ambiguous 

and acquiring reliable infrared data was impeded by the low product purity. However, 

since no effervescence was observed upon addition of [Bu4N]CN, the more probable 

assignment for the structure of this product is that of complex 75.
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Bu4N+

T '  [Bu4N]CN ^  \ '  / CN V  \ f  BU4N
n r" '" P r'v̂ >A  ̂ ------------------ nr"""P r̂ / ; or M r"" /^ /A -v  )

/  THF- RT 0  /  / /  /
OC 41 OC OC

66 75 75’

Attempted displacement of one or more carbonyl ligands of r|3-allyl complex 66 

by the strongly donating N-heterocyclic carbene, l,3-bis-(2,4,6-trimethylphenyl)- 

imidazolin-2-ylidene (IMes),30 also failed to afford the desired product(s), instead 

providing the diamagnetic zwitterionic alkylation product 76 cleanly and in excellent 

yield (eq. 2.6). The structure of this complex was determined by spectroscopic analysis 

and confirmed in the solid-state by X-ray crystallography (Fig. 2.5). Although anionic 

18-electron Cr(0) complexes of the form r(5-CpCrL2(olefin) (L = neutral donor) appear to 

be unprecedented, corresponding neutral (t]6-arene)CrL2 (olefm) analogues have been 

reported.31

I
O C "yC S £ \  C6H6, R T1 

OC 41

66

IMes

89%

+ N
(2 .6 )
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C13 C14

C28C10
C12

C23

C27

C25
C21

C29

C37

C31C32,

C38
C34

Figure 2.5: The solid-state molecular structure of zwitterionic complex 76; 0.5 
equivalents of interstitial THF are omitted. Non-hydrogen atoms are represented 
by Gaussian ellipsoids at the 20% probability level. Hydrogen atoms are shown 
with arbitrarily small thermal parameters. Selected bond lengths (A) and angles 
(deg): Cr-C(l) = 1.789(2), Cr-C(2) = 1.798(3), Cr-C(3) = 2.150(2), Cr-C(4) = 
2.140(2), 0(1)-C(1) = 1.182(3), 0(2)-C(2) = 1.180(3), C(3)-C(4) = 1.414(3), 
C(4)-C(5) = 1.523(3), C(5)-C(6) = 1.490(3), C(7)-C(8) = 1.340(3), N(l)-C(6) = 
1.343(3), N(2)-C(6) = 1.341(3); C(l)-Cr-C(10) = 102.89(10), C(l)-Cr-C(2) = 
85.89(10), C(l)-Cr-C(3) = 109.99(9), C(l)-Cr-C(4) = 84.07(9), C(3)-Cr-C(4) = 
38.48(8), C(3)-C(4)-C(5) = 119.10(19), C(4)-C(5)-C(6) = 110.27(17), N(l)-C(6)- 
N(2) = 106.85(17).

As a result of the anionic charge on the chromium centre in zwitterionic complex 

76, there is increased 7i-backbonding to the carbonyl ligands, resulting in substantially 

lower energy C -0  infrared absorptions (1845 and 1757 cm'1); the average C -0  bond 

distance is approximately 1.6% longer than the corresponding distance of the neutral 

r|3-allyl precursor 66 (recall Fig. 2.1, p. 51). Accordingly, the average Cr-CO bond
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length of zwitterionic complex 76 is shorter than that of rj3-allyl complex 66, also by a 

difference of 1.6%.

Although this reaction does not lead to decarbonylation, the product reveals what 

is unprecedented ligand-centred reactivity for the stabilized carbene, which more 

typically functions as an ancillary ligand in organometallic systems.32,33 The high 

nucleophilicity of this N-heterocyclic carbene toward the neutral allyl complex 66 is also 

surprising given that no reaction is observed between complex 66 and excess PMe3 , even 

at 65 °C.

Following these unsuccessful direct carbonyl displacement attempts, we 

attempted to oxidize the low valent metal to chromium(III), weakening the Cr-CO bond 

and facilitating displacement of the consequently more labile CO. Thus, treatment of 

complex 66 with ferricinium or silver salts indeed provides spectroscopic evidence of at 

least partial oxidation. As monitored by solution infrared spectroscopy, the carbonyl 

absorptions for neutral complex 66 in THF (1939 and 1869 cm"1) shift to markedly higher 

frequency in the oxidized product (2070 and 2032 cm"1), clearly indicative of stronger 

C -0  bonds and weaker chromium-CO d-»7t* backbonding interactions. Unfortunately, 

the oxidized product does not persist in THF, acetonitrile, or acetone solutions: the 

higher energy carbonyl vibrations disappear completely after three hours at room 

temperature. It has been determined, however, that the oxidized product is only sparingly 

soluble in 1,2-dimeth-oxyethane (DME), but due to similar solubility of the unreacted 

chemical oxidants, the chromium(III) species could only be isolated in very low purity. 

The use of a more convenient oxidant for preparing these cationic complexes is discussed 

in Chapter 3.
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Chapter 3.

Synthesis of the first thermally stable chromium(III) T|3-allyl complexes

3.0 One-electron oxidation of the neutral CpCr(ti3-allyl)(CO)2 complexes

Despite the discouraging results from the early attempts at decarbonylation of 

chromium r|3-allyl dicarbonyl complex 66, we were confident that cationic 

CpCrNO(CO)(ri3-allyl)+ complexes (i.e., Ia, p. 48) could be prepared analogously to the 

corresponding molybdenum complexes (see eq. 2.1, p. 47). Surprisingly, treatment of 

chromium(II) q3-allyl complex 66 with nitrosonium salts in either acetone or acetonitrile 

provides crude reaction mixtures that show spectroscopic evidence for simple oxidation 

of the metal from chromium(II) to chromium(HI) without coordination of the nitroso 

ligand. Indeed, carbonyl infrared absorptions identical to those from the above 

ferricinium and silver oxidation reactions were present.

Given the insolubility of the chromium(III) product in DME and the unusual 

ability of this solvent to stabilize nitrosonium oxidants,1 we next investigated the effect of 

this relatively benign solvent on the oxidation reaction. Thus, treatment of the 

chromium(II) rf-allyl complex 66 with nitrosonium hexafluorophosphate in DME at 0 

°C, in a system open to an N2 atmosphere, leads to nitric oxide effervescence and 

precipitation of an analytically pure paramagnetic green solid, subsequently identified as

3 9cationic chromium(III) r\ -allyl complex 77 (eq. 3.1, and Table 3.1, entry 1).

Infrared spectroscopy of this solid as a NUJOL mull shows carbonyl stretching 

frequencies at 2070 and 2032 cm'1, with no evidence of nitric oxide coordination or the 

neutral q3-allyl dicarbonyl complex. The lack of formation of a carbonyl nitrosyl 

analogue of rj3-allyl molybdenum complex 1 is surprising; the smaller ionic radius of
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chromium apparently permits one electron oxidation by nitrosonium ion, but not the 

subsequent coordination of the co-generated nitric oxide. Similar reactivity has been 

observed for other chromium(II) complexes upon nitrosonium ion oxidation to the 

chromium(III) analogues.3,4

p f ;
I R„ NOPFe.DME I

_ _  ___    1,\'Olsv /2>/
° o c  0 20 min‘

Table 3.1: Reaction details for the synthesis of cationic chromium(III) q3-allyl 
complexes 77-79 from the neutral chromium(II) precursors (eq. 3.1).

Entry Substrate Product(s) vCoa % Yield

< 2 ^  PFe
|

1 66 o c  " f s a ,
OC • '

77

PFe

2070, 2032 82

2 69
Cr+ /V Me

OC 
OC * '

78 exo (+ endo)

< ^± 5?  PFe
1 +

2065, 2040, 
2031,2022 70

3 74
oco f A

79 V

2039, 2002 96

“Infrared spectra recorded as a NUJOL mull, cm'1.

This methodology is readily extended to the oxidation of substituted chromium(II) 

r|3-allyl complexes. Thus, treatment of neutral q3-crotyl and q3-cyclohexenyl complexes
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69 and 74 with N0PF6 in DME leads to the oxidized congeners 78 and 79, respectively 

(Table 3.1, entries 2 and 3). Oxidation of the more soluble indenyl ri3-allyl complex, 

however, does not provide a precipitate and no tractable reaction product can be isolated 

from solution. The infrared spectra of complexes 77 and 79 each show two carbonyl 

stretching frequencies, suggesting the presence of a single stereoisomer, whereas the 

spectrum of q -crotyl complex 78 displays four high energy absorptions, implying the 

presence of at least two stereoisomers, tentatively assigned as endo and exo. Elemental 

analysis of this complex confirms the compositional homogeneity, supporting this 

tentative assignment of a mixture of allyl stereoisomers.

Both chromium(III) q -allyl complexes 77 and 78 are green to yellow-green in 

colour; the q3-cyclohexenyl complex 79, however, is an orange-red powder. This 

contrast in colour suggests the possibility of unique bonding interactions for the 

cyclohexenyl ligand, including the possibility of an agostic interaction between one 

methylene C-H bond of the r|3-cyclohexenyl ligand and the now unsaturated 17-electron 

metal centre. Indeed, the X-ray crystal structure (Fig. 2.3) of the neutral q -cyclohexenyl 

precursor 74 reveals the distance between the metal and one distal (non-allylic) 

methylene hydrogen to be just 3.22 A; upon one-electron oxidation, this distance may 

contract sufficiently to create an agostic bonding interaction. Alternatively, the 

difference in colour may simply result from the unique l,3-bis(anti) substitution pattern 

imposed by the endocyclic disposition of the q3-allyl moiety.
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3.1 Crystallographic structural comparison of the Cr(II) and Cr(III) t|3-allyl 
redox isomers

Single crystals of the unsubstituted cationic allyl complex 77 were deposited 

directly from the oxidation reaction conducted at higher dilution and the structure was 

confirmed by X-ray crystallography (Fig. 3.1). While the solid-state structure of this 

complex is in itself unremarkable, more notable is the opportunity to compare this 

cationic chromium(III) complex with the solid-state structure of the neutral but otherwise 

identical chromium(II) complex 66 (Table 3.2). The structures, while superficially 

similar, differ in a number of significant parameters. The chromium responds to the 

oxidation by marginally decreasing the metal-carbon bond distances for the two terminal 

allyl positions to 2.220(3) A from 2.231(5) and 2.239(5) A in complex 66, but the 

distance between the allyl central carbon and the chromium centre increases to 2.151(4)

A from 2.108(4) A. These differences in bond distances alter the dihedral angle between 

the planes containing the allyl ligand and the cyclopentadienyl, respectively, which 

increases by more than 5° in the oxidized complex.
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'j
Figure 3.1: The solid-state molecular structure of cationic r\ -allyl complex 77 
showing the disordered PF6 counterion; 0.5 equivalents of non-coordinated 
interstitial DME are omitted. Non-hydrogen atoms are represented by Gaussian 
ellipsoids at the 20% probability level. Hydrogen atoms are shown with 
arbitrarily small thermal parameters. Primed atoms are related to unprimed ones 
via the crystallographic mirror plane (0, y, z) passing through Cr, C3, CIO, and 
the midpoint of the C12-C12’ bond. See Table 3.2 for selected bond lengths and 
angles of the cation.
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Table 3.2: Selected bond lengths (A), angles (deg), and dihedral angles 
between planes (deg) for allyl complexes 66 (neutral) and 77 (cation).0

Neutral Cr(II) r|3-allyl complex 66

C10 C12

Cationic Cr(III) t|3-allyl complex 77'

Bond lengths (A) Bond lengths (A)

Cr(l)-C(10) 1.814(6) Cr-C(l) 1.901(3)
Cr( 1 )-C( 11) 1.817(5)

Cr(l)-C(12) 2.231(5) Cr-C(2) 2.220(3)
Cr(l)-C(13) 2.108(4) Cr-C(3) 2.151(4)
Cr(l)-C(14) 2.239(5)

Cr(l)-C(15) 2.164(5) Cr-C(10) 2.164(4)
Cr(l)-C(16) 2.178(6) Cr-C(ll) 2.184(3)
Cr(l)-C(17) 2.315(5) Cr-C(12) 2.215(3)
Cr(l)-C(18) 2.215(5)
Cr(l)-C(19) 2.190(5)

0(10)-C(10) 1.168(6) 0(1)-C(1) 1.125(4)
0(11)-C(11) 1.155(6)

Bond angles (deg) Bond angles (deg)

C(ll)-Cr-C(10) 83.4(2) C(l)-Cr-C(l’) 87.72(19)
C(ll)-Cr-C(12) 72.6(2) C(l)-Cr-C(2) 77.51(14)
C(ll)-Cr-C(13) 107.9(2) C(l)-Cr-C(3) 113.38(12)
C(ll)-Cr-C(14) 113.4(2) C(l)-Cr-C(2’) 122.30(14)
C(ll)-Cr-C(19) 89.0(2) C(l)-Cr-C(ll) 81.69(12)
C(12)-Cr-C(18) 93.7(2) C(2)-Cr-C(12) 92.90(13)
C(13)-Cr-C(18) 88.8(2) C(3)-Cr-C(12) 88.09(14)
C( 12)-C( 13)-C( 14) 118.8(5) C(2)-C(3)-C(2’) 120.0(5)

Dihedral angle Dihedral angle
planes (deg) planes (deg)

Cr(CO)2/ allyl 2.8(8) Cr(CO)2 / allyl 1.8(8)
Cr(CO)2 / Cp 38.24(18) Cr(CO)2 / Cp 28.27(17)
allyl / Cp 35.5(6) allyl / Cp 30.1(6)

“Complete listings of bond lengths and angles are provided in the 
Appendices. ^Counterion omitted for clarity.
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The most striking difference between the two rf-allyl complexes, however, is 

manifest in the dihedral angle between the plane containing the Cr(CO) 2  fragment and 

that of the cyclopentadienyl ring: in cationic complex 77, the Cr(CO) 2  plane is tilted 

fully 10° closer to the plane of the ring than the neutral complex 66. This substantial 

relaxation of the roughly square pyramidal coordination sphere may be attributed to the 

reduction in d->7t* back-donation from the oxidized metal centre to the ancillary 

carbonyl and allyl ligand. The location of the counterion in or just under the cleft formed 

between the allyl and carbonyl ligands (Fig. 3.1), however, suggests that the ancillary 

ligands undergo a shift toward the cyclopentadienyl ring in order to accommodate a 

closer association of counter anion and the cationic chromium centre.

With the reduction in d-»7t* back-donation, the chromium-CO bond distances in 

complex 77 increase to 1.901(3) A, notably longer than in the lower valent complex 66 

(1.814(6) and 1.817(5) A). Accordingly, the C-0 bond lengths of the cationic complex 

are approximately 3% shorter than those in complex 66, resulting in an almost 150 cm'1 

increase in the average carbonyl stretching frequency in the infrared spectrum of the 

cationic complex. Such changes in bond distances and infrared absorptions have been 

previously reported for redox pairs of chromium dicarbonyl complexes, albeit with 

entirely different ligand sets (Table 3.3).4,5
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Table 3.2: Selected bond distances (A) and carbonyl infrared absorptions (cm'1) for 
redox isomers of [Cr(CO)2(7t-alkyne)(r\6-arene)]n (n = 0,1)“ complexes (ref. 4, 5).

Complex C r-C O C-O vco*

Cr(CO)2(PW>CPh)0i6-C6Me6)

[Cr(CO)2(PhC=CPh)(ri6-C6Me6)]+

1.823(3),
1.816(4)

1.880(6),
1.869(8)

1.166(3),
1.166(3)

1.140(8),
1.131(9)

1900, 1823 

2024, 1974

Cr(CO)202-MeOC6H4C=CC6H4OMe-p)(n6-C6Me6) N/Ae N/Ac 1889, 1811

[Cr(CO)2(p-MeOC6H4C=CC6H4OMe-p)(ii6-C6Me6)]+ 1.895(5),
1.865(5)

1.142(5),
1,146(6) 2011, 1965

“The cationic complexes were prepared via the addition of [Cp2Fe]PF6 to the neutral 
precursors. ^Infrared spectra recorded as solutions in dichloromethane. “This data was 
not published.

3.2 Coordination of nitric oxide to the cationic t]3-crotyl dicarbonyl complex

The addition of nitrosonium hexafluorophosphate to the neutral r|3-allyl 

dicarbonyl complexes 66, 69, and 72 in an open system thus leads exclusively to the first 

examples of thermally stable chromium(III) r|3-allyl complexes.2 We speculated, 

however, that the originally targeted Type la [CpCrNO(CO)Cn3-allyl)]+ complexes could 

instead be obtained by performing the addition reaction in a closed system, allowing the 

co-generated nitric oxide to eventually coordinate to the chromium centre with 

displacement of a CO ligand.

Thus, a solution of NOPFg in DME was added from the sidearm of a solvent 

bomb to a solution of r|3-crotyl dicarbonyl complex 69 in DME at 0 °C; the Teflon 

stopcock was sealed immediately after addition. After filtering the heterogeneous
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reaction mixture through Celite, the solvent was removed in vacuo and the dark orange 

residue dissolved in 0.8 mL of acetone-dg. Among the numerous resonances in the 'H 

NMR spectrum of this impure product mixture, two methyl doublets are apparent (in 

trace amounts) at S 2.58 (J= 6.8 Hz) and 2.32 (J= 6.4 Hz) in a 3.5 : 1.0 ratio, along with 

the corresponding r|5-cyclopentadienyl ligand resonances at <5 5.96 and 6.05. Although 

the yield of these products remains undetermined and the low product purity obscured the 

infrared data, we tentatively attribute these proton resonances as arising from a mixture of 

structurally unassigned diastereomeric isomers of [CpCrNO(CO)(r| -crotyl)]PF6 complex 

80 (eq. 3.2).

O C " f '
OC

69

Me NOPFe^ME^ 
0 °C—  RT, 2 h 

closed system

< ^ >  PF6 PFg

OC""/
ON

80

Me
+ O U " ' f '

OC

Me

80’

(3.2)

Interestingly, addition of gaseous nitric oxide to pure cationic ri3-crotyl dicarbonyl 

complex 78 does not provide the same product mixture. For instance, when a Schlenk 

flask containing complex 78 (without solvent) was purged with nitric oxide and the 

resulting mixture subsequently dissolved in acetone-dg, a homogeneous dark orange 

solution was obtained. NMR analysis of this sample after two hours at room temperature 

shows four distinct crotyl methyl doublets (different from those observed for cationic 

complex 80 and neutral complex 69) at S 1.61 (J=  6.8 Hz), 1.45 (J=  6.4 Hz), 1.41 (J  = 

6.4 Hz), and 1.16 (J=  6.4 Hz) in a 3.4 : 6.8 : 1.0 : 8.7 ratio. After twenty-four hours in 

solution at room temperature, however, this product mixture equilibrates to just one
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compound, the *H NMR spectrum revealing a single methyl doublet at 1.16 ppm (J= 6.4 

Hz). One- and two-dimensional NMR analysis of this compound reveals additional 

proton resonances that are easily assigned to a crotyl-type ligand (Table 3.4).

Table 3.4: *H NMR data (ppm) for the [CpCr(CO)2(NO)(crotyl)]PF6 complex 81/81'. 
See equation 3.3 for the labeling scheme.

Cp Ha Hb Hc Hd Me

6.24
4.20 

(dq, J — 6.5, 
5.5 Hz)

5.88 
(ddd, 7 =  17.0, 
10.5, 5.5 Hz)

5.15 
(d , / =  10.5 Hz)

5.15 
(d , J=  17.0 Hz)

1.16 
(d, J =  6.5 Hz)

Since the relative downfield chemical shift of three of these protons is indicative 

of a terminal olefmic group, this crotyl moiety is tentatively assigned as the a-crotyl 

ligand of cationic complex 81 (eq. 3.3). The chemical shift of the methyl group, 

however, is considerably upfield at 1.16 ppm and therefore likely arises from a methyl 

substituent on a non-metal-bound sp carbon. The nitrosyl insertion complex 81' (eq.

3.3) is therefore one possible alternative for the structural assignment of this product, 

perhaps rendered more reasonable by the fact that chromium a-allyl ligands are generally 

thermally unstable at room temperature. Unfortunately, this compound could not be 

isolated from solution and we have been unable to obtain an infrared spectrum.
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pf6
I + ,

o c " ' /  
oc /x

78

Me i. xs NO{g), RT 
 — »
ii. Ac-d6

PF6 Hd

O C "'/Cr^ N '
OC

Hr

'Me
0

u  PF°
Oc» / c^ no

OC
Me
81

(3-3)

81’

3.3 Reactivity of the [CpCr(p3-allyl)(CO)2 ]PF6 complex

Cationic r| -allyl complexes 77-79 are indefinitely stable as solids at room 

temperature, unique among all previously reported chromium(III) r|3-allyl compounds 

(recall Chart 1.2, p. 28). In donor solvents, however, the complexes are susceptible to 

rapid disproportionation. In acetonitrile, for example, complex 77 is completely 

consumed after three hours to give a 1 : 1 mixture of the neutral q3-allyl complex 66 and 

the novel dicationic cyclopentadienylchromium(HI) tris(acetonitrile) complex 82 in high 

yield (eq. 3.4). 1,5-Hexadiene (unquantified), presumably arising from homolytic 

cleavage of the allyl ligand, was identified in the crude reaction mixture by gas 

chromatography (see the Experimental section for details).
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PFe < Q > 2PF6
I + MeCN  ̂ 0.5 I 0.5 I 2+

O C '" / 3 h, RT ^  O C '" / + M eCN"") ^ N C M e  (3-4)
OC /X -C6H10 OC MeCN

77 66 82

The mechanism of this reaction is presumed to involve equilibrium dissociation of 

the carbonyl ligands to give some of the cationic bis(acetonitrile) complex 83 (Scheme

3.1). This relatively electron rich intermediate can then reduce the remaining dicarbonyl 

cation 77, ultimately producing a 1 : 1 mixture of the neutral r|3-allyl complex 66 and the 

thermally unstable dicationic chromium(IV) allyl intermediate 84. Subsequent 

association of acetonitrile followed by homolysis of the consequent o-allyl ligand of 

intermediate complex 85 leads to the formation of 1,5-hexadiene and the observed 

dicationic tris(acetonitrile) complex 82. Consistent with this mechanism, the rate of the 

disproportionation is reduced at higher dilution. The structural assignment is supported 

by independent synthesis: treatment of the known dichloro dimer [(r^-CstyCrChk6 

with four equivalents of silver hexafluorophosphate in acetonitrile affords the interesting 

tris(acetonitrile) complex 82 in high yield.
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Scheme 3.1

< ^ >  PFe

OC 
OC

MeCN, -2CO
PFe

77

I +

MeCN"'/°r' ^ \
viMeCN

83

MeCN'"
MeCN

2PF6

,.Cr^+
/  NCMe

82

OC 
OC

66

MeCN" 
MeCN

1  2 +
2PF6

84

2PF6
MeCN j  2 +

"  MeCN"^CrC"NCMe
MeCN ^

85

Other attempts to induce substitution of the carbonyl ligands in cationic complex 

77 without concomitant redox disproportionation have met no notable success. Although 

trimethylamine N-oxide is generally used to remove metal carbonyl ligands,7 it can also
o

form metal oxides upon reaction with organochromium complexes. Thus, addition of 

this reagent to a suspension of complex 77 in DME at low temperature leads only to the 

formation of an intractable product mixture. Heating a suspension of complex 77 in 

toluene gave a variable amount of the neutral r|3-allyl dicarbonyl complex 66 and an 

uncharacterizable blue material.

Displacement of the carbonyl ligands with strong neutral donors also failed to 

yield products retaining the allyl ligand. For example, the reaction of complex 77 with 

IMes gave only unidentified metal-containing product(s). A diamagnetic organic fraction 

was also isolated, which by 'H NMR spectroscopy proved to be primarily the protonated
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carbene, IMesH+PF6~, a known compound,9 along with a trace of the tentatively 

identified allylated analogue, l,3-bis(2,4,6,-trimethylphenyl)-2-(l-propenyl)imidazolium 

hexafluorophosphate (eq. 3.5), this product was assigned on the basis of broad *H NMR 

signals between 5.0 and 6.5 ppm, indicative of a terminal olefin. The major reaction 

pathway thus appears to be the deprotonation of the starting complex (presumably at the 

allyl ligand), accompanied by a trace of the less favourable nucleophilic addition to the 

ri3-allyl terminal position. It is not obvious why the more electrophilic chromium(III) 

complex 77 favours deprotonation over nucleophilic addition, despite the obviously low 

activation barrier for the nucleophilic pathway in the neutral congener 66 (recall eq. 2.5, 

p. 52).

PFe
I + IMes

OC'"/Cr-v̂ \  DME, -78 °C 
OC 1

77

The investigation of phosphine substitution was equally disappointing. In 

contrast to the chemistry of the neutral chromium(II) r\ -allyl complex, the reaction of 

chromium(III) complex 77 with monodentate or bidentate tertiary phosphine proceeds at 

or below room temperature, but leads only to the isolation of de-allylated diamagnetic 

cationic cyclopentadienylchromium(H) bis(phosphine) complexes in low yield (Scheme

3.2).

Thus, treatment of a suspension of complex 77 in DME with two equivalents of 

trimethylphosphine leads to the formation of a yellow-green solid, identified

PF,

+
4 N"
\ = J

(3.5)
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spectroscopically as the Zra«s-bis(trimethylphosphine)cyclopentadienylchromium(II) 

dicarbonyl cation 86. A second product, isolated from the supernatant, was determined to 

be the known allyltrimethylphosphonium hexafluorophosphate by spectroscopic 

comparison to authentic material prepared independently.10 Similar reaction conditions 

provided the m-[l,2-bis(diphenylphosphino)ethane]cyclopentadienyl chromium(II) 

dicarbonyl cation 87 from treatment with one equivalent of bis(diphenylphophino)ethane, 

along with the tentatively assigned doubly allylated phosphonium salt, also obtained in 

very low yield (Scheme 3.2)

Scheme 3.2

+ PFe
6 + ^ \ ^ P M e 3

( 1 5 %)

  PF
PMe3

/  DME *  Me3P ^ Cr̂ "C O
OC PMe3 + Intractable Cr

^  pp-  «  ,33%, “ '<S>

oc
77 _ 0-5 Ph2 2PFe

dppe _ , +

DME Ph2P’ yCr-'/QC) (10%)
C -p p ho CO + Intractable Cr 

/9 1 0 /x byproduct(s)
87 \ /o/

Complexes 86 and 87 presumably arise from the association of one phosphine to

3 1the metal with concomitant isomerization of the allyl ligand from r| - to q -hapticity 

(Scheme 3.3, path a). Subsequent homolytic loss of allyl radical and association of a
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second phosphine provides the observed product. The allylphosphonium salts must then 

result from an independent pathway triggered by nucleophilic addition of phosphine to 

the allyl ligand (Scheme 3.3, path b), followed by dissociation of the alkene from the now 

lower valent Cr(I) centre. Unfortunately, no other tractable metal-containing products 

could be isolated from these reactions, leaving the fate of the reduced chromium species 

as yet undetermined.

Scheme 3.3

(a)
PR3

PF,
-c 3h 5- x *

0 C " 7 \ " C 0  -  OC" /  CO

s £  R’P \

PF,6

0C"'"-Cr+

p r 3

86/87

OC
77

^ R3 PF,
(b)

PR
O C 'y P S ^   ̂ ~ ~ V  -CpCHfCOfc"

OC J .
^ \ ^ PR3

p f 6

The presence of the PMe3 and dppe ligands is quite evident in the *H NMR 

spectra of complexes 86 and 87. The proton resonances for the cyclopentadienyl ligands 

of both complexes, for example, are present as triplets (J= 2.0 and 1.5 Hz, respectively), 

resulting from three-bond 'H-31?  coupling. More interesting, however, is the proton
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resonance of the methyl groups of bis(PMe3) complex 86 (Fig. 3.2, A). Rather than a 

simple doublet resulting from two-bond 'H-31? coupling, this signal is present as a second 

order multiplet. Such methyl signal patterns are common among bis(PMeR2) (R = alkyl 

or aryl) complexes and are known to arise as a result of virtual coupling.11 Thus, the 

bis(phosphine) geometry/NMR comparison reported by Crabtree11 (reproduced in Fig.

3.2, B) suggests that the relative angle between the PMe3 ligands of bis(PMe3) complex 

86 may be in the range of 125° and 130°.

Figure 3.2, A: Expansion of the methyl region from the 'H NMR spectrum of cationic 
bis(PMe3) complex 86, and B: a comparison of the effect of phosphine ligand geometry 
on the methyl *H NMR signals of bis(PMeR2) (R = alkyl or aryl) complexes.
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In addition to this NMR spectroscopic analysis, the structural determination of 

both complexes 86 and 87 was complemented by X-ray crystallography (Figs. 3.3 and

3.4). In accordance with the above proposed phosphine geometry, the crystal structure of 

bis(PMe3) complex 86 clearly reveals a P(l)-Cr-P(l’) angle of 129.66(4)°. The dppe 

complex 87, on the other hand, clearly possesses cis geometry: P(l)-Cr-P(2) = 77.84(5)°. 

Both of these complexes are structurally very similar to previously reported cis- and 

Zra«s-bis(phosphine) complexes.3,4’12-15

Figure 3.3: Solid-state molecular structure of complex 86, showing only the 
cationic fragment. Non-hydrogen atoms are represented by Gaussian ellipsoids at 
the 20% probability level. Hydrogen atoms are shown with arbitrarily small 
thermal parameters. Primed atoms are related to unprimed ones via the 
crystallographic twofold rotatonal axis (1/4, 1/4, z) passing through the Cr atom. 
Double-primed atoms are related to unprimed ones via the crystallographic mirror 
plane (1/4, y, z) containing Cr, PI, and P I’. The carbon atom labelled C2@ is 
related to C2 via the mirror plane (x, 1/4, z) containing Cr and the carbonyl groups. 
Selected bond lengths (A) and angles (deg): Cr-C(l) = 1.843(3), Cr-P(l) = 
2.3509(8), Cr-C(10) = 2.193(5), Cr-C(ll) = 2.199(4), Cr-C(12) = 2.1997(5), O- 
C(l) = 1.150(4); C(l)-Cr-C(10) = 118.70(8), C(l)-Cr-C(l’) = 111.26(17), P(l)-Cr- 
P (l’) = 129.66(4), P(l)-Cr-C(l) = 76.11(4), P(l)-Cr-C(10) = 83.45(13).
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Figure 3.4: Solid-state molecular structure of complex 87 showing only the 
cationic fragment; 1.5 equivalents of interstitial acetone are omitted. Non­
hydrogen atoms are represented by Gaussian ellipsoids at the 20% probability 
level. Hydrogen atoms are shown with arbitrarily small thermal parameters. 
Selected bond lengths (A) and angles (deg): Cr-C(l) = 1.854(6), Cr-C(2) = 
1.834(5), Cr-P(l) = 2.3994(13), Cr-P(2) = 2.3889(13), Cr-C(10), 2.171(5), Cr- 
C (ll)  = 2.186(5), Cr-C(12) = 2.234(5), Cr-C(13) = 2.242(5), Cr-C(14) = 
2.187(5), 0(1)-C(1) -  1.146(7), 0(2)-C(2) = 1.162(7), P(l)-C(13) = 1.866(4), 
C(3)-C(4) = 1.511(7), P(2)-C(4) = 1.820(5); C(l)-Cr-C(10) = 88.1(2), C(l)-Cr- 
C(2) = 78.6(2), P(l)-Cr-C(12) = 87.29(14), P(2)-Cr-C(13) = 82.43(14), P(l)-Cr- 
P(2) = 77.84(5), P(l)-C(3)-C(4) = 110.9(3), P(2)-C(4)-C(3) = 105.7(3).
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Chapter 4.

Synthesis of unprecedented first-row s-trans 1,3-diene complexes

4.0 Introduction

Although addition of the nitrosonium ion to our novel chromium rj3-allyl 

dicarbonyl complexes does not lead to the desired cationic carbonyl nitrosyl species lb, 

we remained hopeful that the Type I cationic chromium(II) rj3-allyl target complexes 

could be obtained by an alternative method involving protonation of chromium(O) 

nitrosyl complexes bearing r|4-conjugated diene ligands (eq. 4.1, Methods C and D). 

Prior to this work, however, such reactions had not been demonstrated for chromium 

diene complexes.

ON

Method C

h t  ►
R' = Me

lb

Method D

Cr(ll), cr,16e
low-spin

Type I

HX, R' = Me

Rn

a Me ( 4  1 ) 
ON 1 ;

X
Ic

A

Fortunately, the conversion of molybdenum nitrosyl r|4-( 1,3-diene) complexes to 

four-legged piano stool ri3-allyl complexes, analogous to the proposed chromium 

chemistry, is well established. For example, the addition of aqueous hydroiodic acid to a 

solution of CpMo(NO)(r|4-s-tra«.s-butadiene) 88 in dichloromethane affords the
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corresponding r|3-crotyl complex in excellent yield (eq. 4.2).1 The addition of 

tetrafluoroboric acid to r|4-diene complex 88, however, leads only to intractable

Our attempts to prepare chromium analogues of complex 88, either s-cis or 

s-trans, are documented below. Since these results include unprecedented examples of 

exclusively s-trans 1,3-diene coordination at chromium, a succinct introduction to the 

history of this peculiar coordination mode is warranted. Moreover, given the presence of 

the nitrosyl ligand throughout these complexes, a brief foreword is also required to 

introduce this uniquely reducing, yet 7c-acidic, ligand.

4.0.1 Salient features of nitric oxide

As a neutral molecule, nitric oxide is a stable radical, containing an unpaired 

electron in a partially filled n* molecular orbital.2'5 Surprisingly, in addition to being 

ubiquitous throughout organometallic chemistry, trace amounts of this seemingly toxic 

molecule were discovered to play a critical role in physiological regulation.5,6 

Consequently, there is now considerable interest in developing organometallic nitrosyl

products,1 suggesting that this second-row metal will not support the desired unsaturated 

coordination sphere.

88

(4.2)
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complexes capable of delivering trace amounts of nitric oxide to specific biological 

targets.7'12

As a transition metal ligand, nitric oxide easily reduces coordinated metal centres 

by donating its odd electron, formally generating the coordinated nitrosonium ion NO+, 

an isoelectronic analogue of CO. Given the greater electronegativity of nitrogen over that 

of carbon, NO+ is typically a stronger 7r-accepting ligand than CO and therefore generally 

less labile. Similar to CO, the nitrosyl ligand is also known to bridge bimetallic systems2, 

3 and insert into metal-carbon bonds.13'18

Unlike carbon monoxide, however, this ligand can adopt more than one bonding 

mode. Depending on the electronic and/or steric requirements of the metal, nitric oxide 

exists as either a linear or bent ligand {i.e., the M -N -0  angle approaches 180° or 120°, 

respectively). In electron counting terms, a linear nitrosyl ligand can either be considered 

as the 2-electron donating NO+ moiety or as the 3-electron donating *NO radical (Fig.

4.1, structures i and ii, respectively). In the bent NO geometry the ligand formally exists 

as the nitroside group NO-, and therefore behaves either as an anionic 2-electron donor or 

as a neutral 1-electron donor (Fig. 4.1, structures iii and iv, respectively).

The infrared absorption for non-coordinated nitric oxide is 1870 cm'1, a value that 

may increase or decrease upon binding to a metal. ‘ In general, however, NO stretching 

frequencies of linear nitrosyl ligands range from 1950-1450 cm'1, while those for 

complexes containing bent nitrosyl ligands are in the range of 1720-1400 cm'1. Bridging 

nitrosyl ligands may have NO stretching frequencies anywhere between 1650 and 1300 

cm'1.2'5 Unfortunately, given the significant overlap of these ranges, there is no reliable
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correlation between the value of vNo and the M -N -0  bond angle. Definitive assignment 

of this latter parameter is therefore only possible via X-ray crystallography.

M- -:n= o : M— n= o:
(i)

linear NO

+ _ / P : / P :
M-*— :N. — ► M N.

(iii) ' (lv)*
bent NO

Figure 4.1: Resonance structures of linear and bent bonding modes of nitric oxide.

4.0.2 A brief history of s-trans 1,3-diene complexes

Butadiene, the simplest of the conjugated olefins, can attain two planar 

orientations. The s-trans conformation, in which both double bonds are positioned on 

opposite sides of the single bond, is more stable than the complementary s-cis isomer by 

ca. 3-4 Kcal/mol, with the isomeric interconversion being kinetically rapid (AG# ~ 7 

Kcal/mol). However, due to more favourable metal-diene orbital overlap,19 most 

transition metal butadiene complexes adopt q4-coordination in the thermodynamically 

less favourable s-cis conformation. The first of this ubiquitous class of complexes, 

Fe(CO)3(s-m-butadiene), was reported over seventy-five years ago;20 however, the first 

s-trans 1,3-diene complex, zirconocene(butadiene) 89, was reported a full half century 

later by Erker21,22 and Nakamura23 (Scheme 4.1, paths a and b, respectively). Both
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investigators provided evidence that the s-trans product forms kinetically via an 

if-intermediate 89' (not shown), which subsequently gives rise to the s-cis r|4-butadiene 

isomer 89" under equilibrium conditions. Under thermodynamic control, an 

approximately 1 : 1 mixture of s-trans and s-cis butadiene complexes eventually forms. 

The s-cis isomer exhibits a typical a  ,7t-metallacyclic structural framework that 

undergoes a rapid “ring-flip” isomerization process, as illustrated.

Scheme 4.1

Ph
rPh hv, -30 °C \  

path a

RT

Mg(C4H6) 
path b

/
89’ 

89

Z r - ,

The degree and position of substitution of the coordinated diene in these 

complexes was found to be important for the bonding preference. Dienes substituted at 

the terminal positions by alkyl groups, for example, prefer the s-trans coordination mode, 

while internal alkyl substitution strongly favours s-cis coordination.24
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Following the discovery of the zirconocene( 1,3-diene) complexes, the s-trans 

bonding mode has been expressed among many of the transition metals. For instance, 

mononuclear s-trans diene complexes have been prepared from early metals such as 

hafnium, niobium, tantalum, molybdenum, and tungsten, and relatively late metals such 

as rhenium and ruthenium.24'26 The reactivity, structural, and electronic trends associated 

with these complexes, along with those of the zirconium series, have been extensively 

reviewed.24'26 Characteristic among these s-trans complexes is a diene torsional angle 

[i.e., C(l)-C(2)-C(3)-C(4)] ranging from 114° to 141°, in contrast to that of s-cis 

1,3-diene complexes which approaches 0°. Table 4.1 (p. 95) lists comparative bond 

distances and angles for numerous examples of previously reported s-trans diene 

complexes as well as those of the novel chromium p4-( 1,3-diene) complexes discussed in 

this chapter.1,27'36

Of the various methods used to synthesize molybdenum(s-/ran5- 1,3-diene) 

complexes (Chart 4.1, routes a-c), ' ’ ’ the addition of 1,3-dienes to 

[Cp'Mo(NO)l2 ]2  under reducing conditions is the most widely used. The few examples 

of tungsten(s-/‘ra«5-diene) complexes are obtained from the hydrogenation of 

Cp'W(NO)(CH2SiMe3) 2  in the presence of conjugated dienes (Chart 4.1, route d).43,44 

Unfortunately, chromium compounds of the formula CpCr(NO)X2, where X is a halogen 

or alkyl, are not stable45 and therefore cannot be used for the formation of the 

corresponding chromium(ri4-1,3-diene) complexes.
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(a)
\  „ 
Mcf

O N ''V  v

J N °

:mo
V Na/Hg

h i "

(b) OCM Mov

o c

H
H+

OH

(c) \\ Mo* (-C3H6)
\UMo

\

+
M i n i ,

I H2,
(d) /W ^..,CH2SiMe3  ►

0N  CH2SiMe3 (-2SiMe4) ON \ J

Chart 4.1: Preparative methods for known group VI s-fraws-diene complexes: (a) ref. 1, 
29, 37; (b) ref. 38-40; (c) ref. 30, 41, 42; (d) ref. 43,44.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



94

Several dinuclear and multinuclear complexes have also been reported to exhibit 

both s-trans and s-cis diene coordination across the metal-metal bond.24 As such, several 

modes of mono- and dinuclear conjugated diene bonding have been identified (Chart

4.2).24

A 'J 9
Chart 4.2: Bonding modes of conjugated dienes: A = s-cis-r\ (tc ); B = s-cis-(a ,%); C = 
r)2; D = s-trans-rf; E = s-trans-(syn-t]2:r\2); F = sy«-(r|3:a); G = s-trans-{anti-r\:r\ )] H = 
bilateral coordination (common to alkali metals).
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Table 4.1: Selected bond lengths (A) and angles (deg) of several transition metal s-trans diene complexes.

Entry Complex C O K 'U ) C(2)-C(3) C(3)-C(4) M -C(l),
M-C(4)

M-C(2),
M-C(3)

C(l)-C(2)-C(3),
C(2)-C(3)-C(4) C(l)-C(2)-C(3)-C(4) Ref.

1 C r ,  

8 Me

1.417(14) 1.356(11) 1.317(15) 2.188(4),
2.245(12)

2.146(6),
2.080(6)

112.7(8),
121.7(8) 125.2 Ch. 4

2
”> w

N Me 
O

1.386(4) 1.448(4) 1.401(5) 2.222(3),
2.235(3)

2.163(3),
2.135(3)

116.7(3),
118.4(3) 119.3 Ch. 4

3
(j B(C6P5)3
o y

1.382(3) 1.418(3) 1.390(3) 2.2806(19),
2.2531(18)

2.1294(19),
2.1375(19)

120.3(2),
118.5(2) 123.5(2) Ch. 5

4

1

1.402(5) 1.393(5) 1.364(6) 2.453(3),
2.455(3)

2.352(3),
2.338(3)

122.3(4),
123.4(4) 124.3(4) 27

5 1.41(2) 1.44(2) 1.39(2) 2.50(1),
2.54(1)

2.37(1),
2.39(1) 120.01 126.8,

129.4 28

U\
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Table 4.1 (continued): Selected bond lengths (A) and angles (deg) of transition metal s-trans diene complexes.

Entry Complex C(l)-C(2) C(2)-C(3) C(3)-C(4) M-C(l), M-C(2), C(l)-C(2)-C(3),
M-C(4) M-C(3) C(2)-C(3)-C(4) C(l)-C(2)-C(3)-C(4) Ref.

Me.

Me

Mo

O

Me

Me
1.418(4) 1.408(4) 1.401(4) 2.390(3), 2.209(3), 122.3(3),

2.365(3) 2.234(3) 122.1(3) 124.77 29

Mo

NO

1.386(8) 1.422(8) 1.405(8) 2.331(5),
2.306(5)

2.206(50,
2.236(5)

120.0(5),
119.5(5) 121.54

1.39(2) 1.40(2) 1.29(3) 2.264(7),
2.29(4)

2.20(3),
2.30(4)

125(2),
120(2) 0.23 30

Ta
1.32(3) 1.53(4) 1.33(3) 2.418(17), 2.306(15), 102(2),

2.297(19) 2.313(12) 102(2) 140(2) 31

10

(R2N)B—< j ^ >

TsT 1.44(2) 1.45(1) 1.42(2) 2.45(1),
2.39(1)

2.29(1),
2.34(1)

123(1),
120(1) 121.57 32

“This s-cis butadiene complex is included only to illustrate structural differences with the s-trans coordination mode.
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Table 4.1 (continued): Selected bond lengths (A) and angles (deg) of transition metal s-trans diene complexes.

Entry Complex C(l)-C(2) C(2)-C(3) C(3)-C(4) M -C(l),
M-C(4)

M-C(2),
M-C(3)

C(l)-C(2)-C(3),
C(2)-C(3)-C(4) C(l)-C(2)-C(3)-C(4) Ref.

11
Q o 

o — 'b  o'
/  \

1.380(4) 1.447(4) 1.391(4) 2.259(3),
2.285(3)

2.114(3),
2.110(3)

119.4(3),
116.7(3) 126.9(3) 33

12
-Ru;

Me

/ Me 1.392(4) 1.457(4) 1.402(4) 2.196(3),
2.291(3)

2.146(3),
2.107(3)

123.1(3),
112.1(3) 122.6 34

13

Q P'O—'b .-u-0'
Me. /  \  MeA Y

Me Me

1.391(7) 1.421(6) 1.399(7) 2.255(4),
2.278(5)

2.091(4),
2.089(4)

118.0(4),
118.3(4) 123 35

14

H
,B.

f i
\  ^  M

RU"i,Q|
M e ^ C ^ M e

1 372(5) 1 447(7) 1 372(5) 2.306(3), 2.153(3), 120.7(6),
w  2.306(3) 2.153(3) 119.8(6) 125.4(7) 36

vo-j
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4.0.3 Alternative strategies for the preparation of chromium t]3-allyl carbonyl 
nitrosyl complexes

Given the apparent difficulties associated with the preparation of chromium 

r|4-( 1,3-diene) nitrosyl complexes via reductive methods,45 direct preparation of the 

16-electron Type I r|3-allyl complexes via protonation of chromium dienes seemed 

unlikely. We therefore postulated an alternative strategy for obtaining the Type lb 

Cp'Cr(NO)X(ri3-allyl) complexes, which might then be converted to Type I (see p. 87). 

Thus, a single decarbonylation of a carbonyl-containing chromium precursor in the 

presence of a mono-olefin such as propene or a conjugated diene such as butadiene may 

afford the r|2-alkene or r|2-diene products Id and Ie (eq. 4.3). Hydride abstraction from 

the former complex followed by addition of a halide (X") is then expected to provide the 

parent p -allyl complex of the lb series, while protonation of the latter with haloacids 

should lead to the analogous r\ -crotyl species (eq. 4.3, Methods E and F, respectively).

< ^ ? R"

ON"'^Cr'
oc

Method E

i)-H~ ^

ii)X“
R’= H

Rn Method F

O N '^ ° r^ V R =

HX 

Me O N"7 Cr'
(4.3)

OC
Id lb Ie

Herberhold46'48 has auspiciously demonstrated that CpCrNO(CO)2  9049 does 

indeed lose CO under photolytic conditions and, in the presence of olefins or alkynes, 

forms compounds similar to the target Id complexes. Unfortunately, due to competitive 

photolytic decomposition, these products are generally obtained in low to medium yields
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(10-50%). Given the lack of X-ray crystallographic data and the use of low resolution 

(60 MHz) 'H NMR spectroscopy, structural determination of many of these complexes 

remains circumstantial.46

Curiously, the only diene substrates reported by Herberhold were norbomadiene 

and 1,5-cyclooctadiene, both of which are non-conjugated. Photolysis with the former 

diene provides the expected q -norbomadiene product while photolysis with the latter 

affords dinuclear complex 93, very tentatively assigned to have two CpCrNO(CO) 

fragments bridged by the 1,5-diene (eq. 4.4). Characterization of this unique but 

thermally sensitive product was limited only to mass spectrometric analysis. Thus, prior 

to our work, there has been no investigation of photochemical substitution using 

conjugated dienes. Exploration of this understudied area, however, clearly would require 

significant optimization of Herberhold’s photochemical method.

4.1 Photolysis of Cp’CrNO(CO)2  complexes in the presence of olefins

4.1.1 Formation of CpCrNO(CO)(ii2-alkene) complexes

The photolytic decomposition observed by Herberhold is completely suppressed 

when the photolysis is conducted under ultraviolet irradiation through a 370 nm cutoff 

filter. In this way, photolysis of CpCrNO(CO) 2  90 in benzene in the presence of excess 

propene affords the CpCrNO(CO)(r|2-propene) complex 91 in 70% yield, a substantial

1,5-cyclooctene

CO
90 93
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improvement over Herberhold’s yield of 10% (Scheme 4.2). Performing the reaction in 

neat liquid propene also affords complex 91 in comparable yield. Analysis of this 

complex by 'H NMR spectroscopy (Table 4.2, entries 1 and 2, p. 105) revealed an 

approximate 1:1.5 stereochemical mixture of ri2-propene isomers. Without further 

structural data, however, assignment of the configuration of the stereogenic metal centre 

as well as the orientation of the r|2-propene ligand {i.e., endo vs. exo) is not possible (Fig.

4.2). Two-dimensional NOE experiments (TROESY) failed to resolve this uncertainty.

Scheme 4.2

i + i

hv (>370nm) O N / C V""C O  +
5 °C, C6H6 (-CO) CO

70%

Cr-„
ON V 'c o  

CO

90

cyclooctene

hv (>370nm)
5 °C, C6H6 (-CO)

63%

91 (1 : 1) 91’

COON

92

The same photochemical methodology also provides the r|2-cyclooctene complex 

92, formed as a single isomer, in a yield higher than previously reported (63% vs. 50%) 

(Scheme 4.2). Since cyclooctene is a high boiling liquid, the progress of this reaction can
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be monitored via carbon monoxide evolution from the reaction vessel into an inverted 

graduated water column. Thus, after 9 h of photolysis using the 370 nm cutoff filter, a 

2.07 mmol scale reaction evolved ~22 mL of CO(g) (88% of the calculated maximum). 

Removal of the volatiles leaves a brown residue which, upon recrystallization from 

pentane, affords the q -cyclooctene complex 92. Previous characterization of complexes 

91 and 92 is of poor quality.46 Thus, refer to the Experimental section for the improved 

characterization details of these complexes.

I 1 \
/ 9 r'" " r n  ON 1 p °  ON V "co
(R)endo  (S) endo

/  i ""rn .Cr",,,,/~
ON V ^ O  ON \  f /

CO

(R) exo (S) exo

Figure 4.2: Possible stereoisomers of the CpCrNO(CO)(p2-propene) complex 92.

4.1.2 Formation of Cp*CrNO(CO)(Tj2-alkene) and (p2-alkyne) complexes

With the improvement of this photochemical methodology, we hoped to extend 

the synthesis of the CpCrNO(CO)(p2-olefin) complexes to the permethylcyclopentadienyl 

analogues. Unfortunately, according to the literature,50 the required starting material, 

Cp*CrNO(CO)2  94, is prepared in only 48% yield from an inefficient week-long heating
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to reflux of Cr(CO)6 and NaCp in THF, followed by the addition of Diazald. We have 

found, however, that the yield of this reaction is increased to 85% under much milder 

reaction conditions and in far shorter time by the addition of Cp*Li to the more labile 

chromium(O) complex (MeCN)3Cr(CO)3  67, with subsequent nitrosylation as previously 

described (eq. 4.5). This method can also be modified to yield CpCrNO(CO) 2  90 in 90%.

MeCN 
MeCN/,, 1 .oCO

MeCN | ^ C O  
CO

Cp*Li, THF Diazald

20 min, RT 
(-3 MeCN) oc V 00

CO

5 h, THF 
RT (-CO)

/C r-,,, 
ON V 

CO

67 85% 94

'CO
(4.5)

In the substitution reaction, treatment of dicarbonyl complex 94 with excess 

propene under photolytic conditions provides an otherwise unassigned mixture of the 

novel q2-propene diastereomers 95 and 95' in good yield. The related r|2-allyltrimethyl- 

silane isomers 96 and 96’ are also prepared in the same manner, but in somewhat lower 

yield (eq. 4.6). The 370 nm UV cutoff filter is superfluous in this series: no 

decomposition is observed even after prolonged photolysis (>36 h) through Pyrex 

glassware.
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R

hv (pyrex)
5 °C, C6H6 (-CO)

(4.6)

(R = H) 66% 
(R = TMS) 48%

95
96

(1 : 1) 95’
(2 : 3) 96’

Spectroscopic analysis clearly reveals that the *H and 13C NMR signals of one

isomer of complex 95 are broad at room temperature. At -80 °C, however, the 

resonances of both diastereomers are sharp and clearly resolved (Table 4.2, entries 3 and 

4). The broadness observed at room temperature may be ascribed to a rapid equilibration 

of one of the diastereoisomers of complex 95 with one or more chemically inequivalent 

rotamers (Fig. 4.3). Upon cooling to -80 °C, the improved resolution presumably results 

from thermodynamic equilibration to just one rotamer. A similar equilibrium is believed 

to be responsible for the broad room temperature NMR signals of one of the isomers of 

allylsilane complex 96. It is not entirely clear why the second stereoisomer of the 

propene and allylsilane complexes is apparently static at room temperature.

Figure 4.3: Two possible rotamers of one of the stereoisomers of complex 95.
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As observed for the CpCrNO(CO)(ri2-alkene) complexes 91 and 92, both Cp* 

rj2-alkene complexes 95 and 96 suffer from slow dissociation of the alkene in solution at 

room temperature. Donor solvents such as acetonitrile also promote rapid loss of the 

alkene ligand. Nonetheless, crystallization proceeds at low temperature without notable 

decomposition and, for allylsilane complex 96, delivers single crystals comprising a 

single diastereomer (Fig. 4.4). Unfortunately, due to subsequent decomposition, the 

NMR spectra of these crystals could not be obtained, leaving the spectroscopic 

assignment of stereochemistry unresolved.

C17£16
C11 C12' C18

C13C15 C10
C19

Figure 4.4: Solid-state molecular structure of the ri2-allyltrimethylsilane
complex 96/96*. Non-hydrogen atoms are represented by Gaussian ellipsoids at 
the 20% probability level. Hydrogen atoms are shown with arbitrarily small 
thermal parameters. Selected bond lengths (A) and angles (deg): Cr-N = 
1.676(2), 0(1)-N = 1.198(3), Cr-C(l) = 1.856(3), 0(2)-C(l) = 1.149(3), Cr-C(2) 
= 2.214(3), Cr-C(3) = 2.206(3), C(2)-C(3) = 1.380(4), C(3)-C(4) = 1.508(4); Cr- 
N-O(l) = 173.0(2), Cr-C(l)-0(2) -  178.2(3), N-Cr-C(l) = 92.77(12), N-Cr-C(2) 
= 102.09(12), N-Cr-C(3) = 93.77(11), C(2)-C(3)-C(4) = 122.9(3).
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Table 4.2: 'H NMR data (ppm) for the CpCrNO(CO)(p2-propene) complex 91“ and the 
Cp* analogue 95.b

[Cr] = CpCrNO(CO)

CH3
Hb

Entry Complex Cp' Ha Hb Hc CH3

1 91
major 3.14

3.14 (ddd, J=  
12.8, 9.2, 
6.0 Hz)

2.11 (d, J=  
12.8 Hz)

2.02 (d ,7 =  
9.2 Hz)

1.44 (d, J =  
6.0 Hz)

2 91
minor 4.31

2.67 (ddd, J =  
13.2, 9.2, 
6.0 Hz)

2.2 (d, J =  
13.2 Hz)

2.04 (d, J =  
9.2 Hz)

1.68 (d ,7=  
6.0 Hz)

3 95
static 1.45 2.19 (ov m) 2.29 (d ,J =  

13.2 Hz)
1.3 (d, .7=8.8 

Hz)
1.79 (d, J=  

6.0 Hz)

4 95
fluxionalc 1.41 2.17 (brm) 2.51 (d , / =  

12.0 Hz)
1.07 (d ,7 =  

8.4 Hz
1.88 (ov d, 

J » 5.0 Hz)

“Recorded in C6D6- ^Recorded in Toluene-dg. “Data for the fluxional isomer of complex 
95 was obtained at -80 °C.

It is surprising that the Cp'CrNO(CO) fragment in both the Cp and Cp* r|2-alkene 

complexes does not undergo a second photolytic carbonyl loss to form bis(r| -olefin) 

complexes, even upon prolonged irradiation in the presence of a large excess of olefin. 

Similarly, photolysis of complex 94 in the presence of excess 2-butyne or under an 

atmosphere of acetylene provides only the monosubstituted r\ -alkyne complexes 97 and 

98, each as a single isomer in solution (Scheme 4.3).
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Scheme 4.3

^  \ "rn ON \  c o
CO

94

2-butyne

hv (pyrex)

5 °C, C6H6 (-CO)

49% 97

C2H2

hv (pyrex)

5 °C, Tol-d8 (-CO)

-40%  conv.

C p CO
Me

Me

98

Cp COON

98', not observed

Regrettably, only the ri2-(2-butyne) complex 97 can be isolated as a solid. 

Moreover, conversion of complex 94 to products 97 or 98 cannot be driven to more than 

50%, even upon prolonged UV exposure. This may be attributable to the deep red colour 

of these products, which upon reaching a particular intensity, undergoes competitive 

absorption of UV radiation. In contrast, the r|2-propene complexes 91 and 95, obtained in 

significantly higher yield, are much less intensely yellow in solution.

Photolysis in the presence of other terminal alkynes such as phenylacetylene or 

1,7-octadiyne leads only to unidentified paramagnetic product mixtures. Reaction with 

allene, crotonaldehyde, or l,4-pentadiene-3-ol also leads to paramagnetic mixtures, while 

photolysis in the presence of ethylene fails to afford any observable product.
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The T| -coordination mode of the 2-butyne ligand in complex 97 was confirmed 

by X-ray crystallography (Fig. 4.5), while the bonding mode of r|2-acetylene complex 98 

was determined in solution. The relatively upfield alkyne resonances (101.5 and 85.4 

ppm) in the 13C NMR spectrum of this latter complex are consistent with the presence of 

a simple two-electron, ^-coordinated alkyne (similar to that of 2-butyne complex 97), 

rather than the alternative vinylidene51 structural isomer 98' (Scheme 4.3).

C17
C18C13C11C16

C10 C14
C19C15

Figure 4.5: Solid-state molecular structure of the (r|5-C5Me5)(r|2-2-
butyne)carbonylnitrosylchromium complex 97. Non-hydrogen atoms are 
represented by Gaussian ellipsoids at the 20% probability level. Hydrogen 
atoms are shown with arbitrarily small thermal parameters. Selected bond 
lengths (A) and angles (deg): Cr-N -  1.681(2), Cr-C(l) = 1.850(3), Cr-C(3) = 
2.096(3), Cr-C(4) = 2.179(3), 0(1)-N = 1.197(3), 0(2)-C(l) = 1.144(3), C(2)- 
C(3) = 1.473(4), C(3)-C(4) -  1.241(4), C(4)-C(5) = 1.469(4); Cr-N-O(l) = 
172.5(2), Cr-C(l)-0(2) = 179.2(3), Cr-C(3)-C(2) = 132.0(2), Cr-C(4)-C(5) = 
137.1(2), C(2)-C(3)-C(4) = 150.8(3), C(3)-C(4)-C(5) = 153.4(3).
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Remarkably, even after extensive reaction times (~30 h), the photolysis of 

Cp*CrNO(CO)2  94 in the presence of 1,5-hexadiene provides no evidence for the 

expected r|2-,ri2-( 1,5-hexadiene) complex 99. The only product identified 

spectroscopically in solution is the p2-( 1,5-hexadiene) complex 100/100', present as an 

approximately 1 : 1 mixture of unassigned isomers (eq. 4.7).

ON'

S 3

-Cr-,,,,\ "CO 
CO

94

1,5-hexadiene  )
hv (pyrex)

5 °C, C6H6 (-CO)

64% 100/ 100'

(4.7)

99, not observed

Dissociation of the 1,5-hexadiene ligand in solution unfortunately occurs much 

more rapidly than that of the related q2-propene and r|2-allyltrimethylsilane complexes 95 

and 96. This propensity for thermal decomposition is manifest even in the solid-state. 

Freshly isolated powder samples of 1,5-hexadiene complex 100, for example, decompose 

into a viscous oil over a twelve hour period under an inert atmosphere at room 

temperature. Complete characterization of this unstable mixture of isomeric complex 

was therefore not possible. Nonetheless, the presence of fully consistent metal-bound 

and -unbound olefinic proton resonances (between 8 3.5 and 2.0 and 8 6.0 and 4.5, 

respectively) in the 'H NMR spectrum o f complex 100, as well as correlated aliphatic 

proton signals, conclusively establishes the p -bonding mode of the non-conjugated 

diene.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

4.3 Photolysis of CpCrNO(CO)2 in the presence of conjugated dienes

4.3.1 Formation of CpCrNO(CO)(r]2-l,3-diene) and CpCrNO(ti4-s-frans-l,3-diene) 
complexes

Extension of the photochemical substitution to conjugated dienes afforded rather 

surprising results. Photolysis (UV, >370 nm) of CpCrNO(CO) 2  90 in the presence of 

butadiene, for example, leads to a mixture of three products, identified in situ but not 

isolated. The distinct *H NMR resonances of the Cp ligand for each product, as well as 

that of the starting material, rendered determination of product ratios and conversion 

quite trivial. Analysis of this crude reaction mixture thus reveals a 1 : 1 : 12 mixture of 

three principal products, with a total conversion of 90% (eq. 4.8, and Table 4.3, entry 1) 

The minor products could be assigned to r|2-alkene complexes, which resemble 

the proposed target complexes Ie (p. 98), is based on the relative integration of the 

independent Cp resonances at 4.40 and 4.38 ppm with that of the unbound terminal olefin 

proton signals between 4.7 and 5.8 ppm (Table 4.4). Two-dimensional 'I!-'!! 

correlations in the COSY NMR spectrum clearly connect these downfield signals to 

resonances between 2.1 and 3.6 ppm. Since these signals must arise from the second 

olefin of butadiene and are found relatively upfield, the diene ligand can be confidently 

assigned as q2-coordinate. Thus, the two minor products are assigned to be 

CpCrNO(CO)(ri2-butadiene) complexes 101 and 101', each a diastereomer of the other.
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ON'
.O n ,-C o  +

CO R'

90

R"
hv (>370 nm) 

5 °C ,C 6H6 *

62-90% conversion
(4.8)

R'
R"

1^Cr",,r n  Cr,„
O N ^  \ /  ON V " f \

CO R'

R”

101-105

+

106-110

Table 4.3: Reaction details pertaining to equation 4.8.

Entry Substrate r]2-products Tj4-products Respective 
product ratio"

Total
Conversion"

1 R, R', R" = H 101,101' 106 1 :1  : 12 90%

2 R, R" = H; R' = Me 102,102' 107 1 : 1 : 6 90%

3 R, R' = H; R" = Me 103,103' 108,108' 2.4 : 1 : 1.6 : 4.2 76%

4 R, R' = Me; R" = H 104,104' 109 1.6: 1 : 1.3 62%

5 R, R" = Me; R' = H 105,105' 110 1 : 1.4: 3.3 76%

“Based on relative integration of Cp signals in the *H NMR spectra after 17 h of 
photolysis.
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Table 4.4: Summarized *H NMR data (c5) of both isomers of r|2-butadiene and
r)2-isoprene complexes 101 and 102. Coupling constants (J) are in Hertz (Hz).

a

[Cr]

e

Complex Cp a b c d e f

101/101' 4.33 5.17 
(br m)

4.72 (dd,7 =  
6.0,0.4)

5.22 (dd, 7=  
16.8, 1.2)

3.6 (2nd 
order m)

2.18 
(dd, 7 =  

12.4, 1.2)

2.11
(br d, 7 =  

8.4)

101/101' 4.37 5.37 (2nd 
order m)

4.89 (dd, 7 =  
10.4, 1.2)

5.74 (ddd, 7  
= 18.0, 8.0, 

6.8)

3.21 (2nd 
order m)

2.29 (d, 7  
= 13.2)

2.15 (d, 7  
= 8.4

102/102' 4.34 5.0
(brm) 4.77 (br m) 1.49 (ov s) 3.88 (dd, J  

= 13.2,9.3

2.41 
(dd ,7=  

13.2, 2.1)

1.83 (br 
dd, 7 =  9.3, 

1.5)

102/102' 4.30 5.14
(brm) 4.78 (brm) 1.49 (ov s)

3.19
(dd ,7=

14.1,9.3)

2.3 
(dd, 7 =  

14.1,0.7)

2.24 (br d, 
7= 9 .3 )

“See the Experimental section for the NMR data of the tentatively assigned r|2-(l,3-diene) 
complexes 103-105. *[Cr] = CpCrNO(CO).

*H NMR analysis (Table 4.5) of the major butadiene product 106 clearly 

establishes that the diene ligand is bound in an r|4-butadiene fashion: the proton 

resonances all occur upheld between 2.0 and 3.5 ppm, consistent with being bound to the 

metal centre. Intriguingly, distinct resonances for six diene protons are clearly apparent, 

strongly suggestive of the elusive s-trans diene bonding mode! The s-trans coordination 

of the ligand renders all six butadiene protons chemically inequivalent (Fig. 4.6 , and 

Table 4.4), in contrast to the more symmetric structure expected for an s-cis butadiene 

ligand.37 For instance, both methine hydrogens (Hd and Hc) of the diene ligand appear at
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3.18 and 2.32 ppm, respectively, as strongly coupled multiplets and are mutually coupled 

by 10.7 Hz. These methine hydrogens also share large coupling constants with the 

respective anti protons, which appear as doublets at 2.32 (J=  14.0 Hz, Hc) and 2.08 ppm 

(J= 13.6 Hz, He). The two syn protons (Hf and Hb) appear as the expected relatively 

narrow doublets at 3.44 and 3.0 ppm and share a 6.8 Hz coupling constant with the 

internal methine protons.

Table 4.5: Summarized 'H NMR data (S) of p4-butadiene and r)4-isoprene complexes 
106 and 107.“ Coupling constants (J) are in Hertz (Hz).6

Complex Cp a b c d e f

106 4.54
2.74 

(br d, 7 =  
14.0)

3.0 
(dd, 7 =  6.8, 

0.8)

2.32 
(dddd, 7 =  
14.0, 10.7, 
6.8, 0.4)

3.18 
(ddd, 7 =  

13.6,10.7, 
6.8)

2.08 
(dt, 7  = 

13.6, 1.2)

3.44 
(dd, 7 =  
6.8, 1.2)

107 4.51 1.88 
(t, 7= 1.1)

3.3 
(d ,7 =  1.2)

1.45 
(br s)

2.16
(dd ,7=

14.1,7.2)

3.0 
(dd, 7 =  

14.1,1.5)

3.09 
(dd, 7 =  
7.2, 1.2)

“See the Experimental section for the NMR data of the tentatively assigned r|4-(l,3-diene) 
complexes 108-110. 6The relative connectivity of the diene protons of the s-trans-(\,3- 
diene) complexes could be clearly determined by multidimensional NMR spectroscopy; 
however, the assignment of which protons are nearer to the cyclopentadienyl ligand is 
purely arbitrary.
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f d b a c e

3.60 3.40 3.20 3.00 2.80 2.60 2.40 2.20 2.00

Hf

NH,

Figure 4.6: Assignment of the ri4-diene region of the 'H NMR spectrum of s-trans- 
butadiene complex 106. The minor resonances are attributed to the presence of trace 
amounts of the ri2-butadiene complexes 101/101*.

As required for the synthesis of the CpCrNO(CO)(r|2-mono-olefin) complexes 91 

and 92, the 370 nm cutoff fdter is necessary for preparing butadiene complexes 101 and 

106. The filter evidently prevents photolytic decomposition of the reaction products, 

which otherwise deposit insoluble paramagnetic material on the surface of the reaction 

vessel. Without the UV filter, irreversible loss of the q2-butadiene complex 101 occurs 

faster than decomposition of the r|4-butadiene complex 106. In this manner, however, 

prolonged photolysis delivers the q4-butadiene complex in very pure form, albeit in very 

low yield (<5%). Infrared analysis of this complex in THF reveals only a single nitrosyl 

stretch at 1670 cm'1, with no observable carbonyl stretch, furthering the assignment of an 

q4-coordinated diene complex. Likewise, infrared analysis of the crude mixture of q2- 

and q4-butadiene complexes 101 and 106 reveals two additional bands at 1973 and 1639
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cm'1, which correspond, respectively, to the carbonyl and nitrosyl ligands of the 

ri2-butadiene complex 101.

Similar results are obtained from photolysis of CpCrNO(CO) 2  90 in the presence 

of isoprene, 1,3-pentadiene, 2,3-dimethylbutadiene, or 2,4-dimethylbutadiene, giving 

mixtures of the r)2-(l,3-diene) complexes 102-105 and the s-trans coordinated t]4-(1,3- 

diene) complexes 107-110, respectively (eq. 4.8, Table 4.3, entries 2-5).

Both the s-trans r|4-butadiene and r)4-isoprene complexes 106 and 107 have been 

fully characterized spectroscopically (Table 4.5), while the 1,3-pentadiene, 2,3-dimethyl­

butadiene, and 2,4-dimethylbutadiene products were obtained as mixtures on a very small 

scale and analyzed via 'H and homonuclear COSY NMR spectroscopy only. Since many 

of the NMR signals of these complexes overlap with starting material resonances, 

structural assignments remain tentative for these latter complexes.

The Cp signals for the t]2-diene products 101-105 all appear around 4.4 ppm, 

while those of the q4-diene products 106-111 consistently appear downfield at 

approximately 4.5 ppm. This trend is helpful in assigning resonances to r|2- and/or 

rf-diene complexes for several reactions that produce ambiguous ^  NMR spectra. For 

instance, the majority of the 1,3-diene complexes shown in equation 4.8 elicit distinct 

individual Cp resonances for the two r|2-diene diastereomers, along with a third Cp signal 

for the r|4-diene product. In the case of the 1,3-pentadiene reaction, however, a fourth Cp 

signal is evident around 4.5 ppm. Although a definitive assignment of the products 

obtained from this reaction mixture remains inconclusive, this fourth product can be 

tentatively assigned as a second s-trans-( 1,3-pentadiene) diastereomer 108' (Fig. 4.7). A 

similar isomeric relationship has been noted for the molybdenum r|4-( 1,3-pentadiene)
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analogue.1 No such isomers are observed for the other chromium r|4-(substituted 

butadiene) complexes, possibly because of unfavourable steric interactions with the Cp 

ligand.

Cr

N O

Figure 4.7: Possible diene ligand configuration of the 
r|4-( 1,3-pentadiene) complex 108/108'.

Although this photolytic method easily generates ri4-(l,3-diene) complexes with 

up to 90% conversion, it is unfortunately limited in that the reactions cannot be driven 

exclusively to the r|4-diene products. In addition, neither the r\-  nor the ri4-diene 

products can be isolated as a stable solid and neither persists under prolonged exposure to 

high vacuum. Attempts to separate the product mixtures via column chromatography 

(silica, alumina, or florisil) under inert atmosphere result in only decomposition. 

Nonetheless, this chemistry provides the first examples of a first-row transition metal 

conjugated r)4-diene complex in the s-trans configuration, and therefore merits further 

investigation.
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2. Formation of Cp*CrNO(n4-s-tra«s-l,3-diene) complexes

Intriguingly, investigations into the photolytic decarbonylation of Cp*CrNO(CO)2  

94 in the presence of 1,3-dienes returned extremely satisfying results. An NMR scale 

photolysis reaction of this dicarbonyl complex in the presence of excess butadiene (in 

benzene-de), for example, provides a single product 111 in approximately 90% 

conversion after twelve hours of photolysis, isolated in 70% yield after silica-gel 

chromatography and crystallization from pentane (eq. 4.9). The 370 nm cutoff filter is 

again unnecessary: no decomposition is observed even after prolonged (>36 h) 

photolysis.

ON V 'C0 
CO

94

R

R’

hv (pyrex)

5 °C, C6H6 
(-2CO)

60-70%

ON

R
Cr

R'

111: (R, R1 = H)
112: (R = Me, R’ = H) 
113: (R, R1 = Me)

(4.9)

Analysis of the ’H NMR spectrum (Fig. 4.8, and Table 4.6) of the butadiene 

reaction product 111 clearly reveals the formation of an s-trans butadiene ligand. As 

observed for the related CpCrNO(s-fran.s'-butadiene) complex 106, all six diene protons 

are chemically inequivalent. It is interesting, however, that the relative chemical shifts of 

the two complexes are not identical (recall Fig. 4.6, p. 107). The coupling constants for 

both complexes differ very little (see the Experimental Section for details), thus the 

ri4-diene ligands must be bound in a similar fashion {i.e., having comparable dihedral, or
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torsional, angles). The relative chemical shifts of the diene protons could therefore be a 

result of the different magnetic anisotropy and/or increased electron donation of the more 

electron rich Cp* ligand. Consistent with this theory, an increase in metal to ligand n- 

backbonding is evident in this complex: the IR absorption (1641 cm'1) of the nitrosyl 

ligand is lower in energy relative to that of Cp complex 106 (1670 cm'1).

*H NMR analysis of aliquots taken throughout the reaction of dicarbonyl complex 

94 with butadiene reveals the formation of a trace amount of a 1 : 1 diastereomeric 

mixture of intermediate r)2-butadiene complex 111a, with spectroscopic signatures 

similar to the analogous cyclopentadienyl r|2-butadiene complex 101. The unbound 

olefin proton resonances of one isomer, for example, are evident between 4.9 and 5.6 

ppm and are correlated to the bound olefin proton resonances between 1.3 and 2.8 ppm. 

The ^  NMR signals of the second diastereomer appear relatively in the same regions as 

the first but are considerably broadened and difficult to discern clearly. Unfortunately, as 

observed for the CpCr(NO)(CO)(r|2-butadiene) complex 101, the rf-butadiene ligand of 

complex 111a irreversibly dissociates from the metal centre in solution at room 

temperature.

The q4-isoprene and ri4-(2,3-dimethylbutadiene) complexes 112 and 113 are also 

prepared in good yield using this method (eq. 4.9). Passing the crude reaction mixture 

through silica-gel and eluting with benzene under inert atmosphere readily purifies these 

complexes. Importantly, as the scale of the reaction is increased, so is the photolysis time 

required to effect high conversion (e.g., 36 h is required for a 820 mg scale reaction to 

reach 70% conversion).
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Table 4.6: Summarized *H NMR data (<5) for s-trans-( 1,3-diene) complexes 111-113.“ 
Coupling constants (J) are in Hertz (Hz).*

Complex C sMes a b c d e f

111 1.48
2.93 

(dd, y =  
13.6,0.8)

2.54 (dd, J  
= 6.8, 0.8) 1.65 (m) 3.45 (m) 1.55 (dt, J  = 

13.2, 1.0)
3.37 (d, J  

= 6.8)

112 1.49 3.25 (br s) 1.35 (dd, J  
= 1.2, 0.8)

1.54 
(br s)

1.50 1.50 
(ovm )

3.19 (dd,./ 
= 14.4,1.6)

2.61 (ddd, 
J=  7.2, 
2.0, 0.8)

113 1.57 3.15 (br s)
1.87 (br d , J  

= 1.6)
1.63

(br s)
1.12 

(br s)
3.17 (br d, J  

= 1.2)
2.53 
(br s)

“Due to the lack of coupling information, assignment of the signals for 2,3-dimethyl- 
butadiene complex 113 is partially based on the similarity of chemical shifts compared to 
the related butadiene and isoprene complexes. *The relative connectivity of the diene 
protons of the s-riwz,s-(l,3-diene) complexes could be clearly determined by 
multidimensional NMR spectroscopy; however, the assignment of which protons are 
nearer to the cyclopentadienyl ligand is purely arbitrary.

The 'H NMR spectra of complexes 111 and 112 reveal a single product in 

solution, whereas that of 2,3-dimethylbutadiene complex 113 shows a 9 : 1 mixture of 

two products. Based on very similar ‘H chemical shifts observed for the molybdenum 

s-m-diene analogue,37 this minor compound is tentatively assigned as the corresponding 

s-cis diene complex 113*. Alternatively, however, this complex may be a symmetrical
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bridging species, possessing a bound diene fragment more akin to diene bonding mode G 

in Chart 4.2 (p. 94). Confirmation of the coordination mode of this complex is 

unfortunately not possible given that this minor species forms in such low concentration 

and cannot be separated by chromatography or crystallization from the major s-trans 

complex 113. Nitrosyl infrared absorptions for the r|4-isoprene and r|4-(2,3-dimethyl- 

butadiene) complexes 112 and 113 appear at 1641 and 1636 cm'1, respectively.

3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0

Hf

N H

Figure 4.8: Assignment of the r|4-diene region of the *H NMR spectrum of
s-trans-butadiene complex 111. Minor impurities are assigned to the p2-butadiene 
complex 111a.

While the precise configuration of the p4-isoprene complex 112 cannot be 

determined by NMR spectroscopy, crystals of this complex were grown from pentane at 

-35 °C and the solid-state molecular structure obtained by X-ray crystallography (Fig.

4.9). The orientation of the isoprene ligand around the metal centre is twisted and clearly
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s-trans. Similar structural characteristics are seen in the solid-state structure of the

2,3-dimethylbutadiene complex 113 (Fig. 4.10). Crystals of r|4-butadiene complex 111 

were also grown, however, X-ray analysis was complicated by a high degree of disorder 

within the single crystals.

C13
C14' c ir C14C11

C12C12'
C15C15'

Figure 4.9. Solid-state molecular structure of s-frans-isoprene complex 112. 
Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20% 
probability level. Hydrogen atoms are shown with arbitrarily small thermal 
parameters. Selected bond lengths (A) and angles (deg): Cr-N = 1.679(8), O-N 
= 1.208(9), Cr-C(l) = 2.188(4), Cr-C(2) = 2.146(6), Cr-C(3) = 2.080(6), Cr- 
C(4) = 2.245(12), C(l)-C(2) = 1.417(14), C(2)-C(3) = 1.356(11), C(2)-C(5) = 
1.507(12), C(3)-C(4) = 1.317(15); Cr-N-0 = 173.5(12), N-Cr-C(l) = 101.6(6), 
N-Cr-C(2) = 88.0(4), N-Cr-C(3) = 108.3(4), N-Cr-C(4) = 92.6(3), C(l)-C(2)- 
C(3) = 112.7(8), C(l)-C(2)-C(5) = 124.1(12), C(3)-C(2)-C(5) = 122.7(10), 
C(2)-C(3)-C(4) = 121.7(8), C(l)-C(2)-C(3)-C(4) = 125.2(11).
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C15C19 C14 C10

C13C18 C11
C16

Figure 4.10: A side-on perspective of the solid-state molecular structure of s- 
fra/w-2,3-dimethylbutadiene complex 113. Non-hydrogen atoms are 
represented by Gaussian ellipsoids at the 20% probability level. Hydrogen 
atoms are shown with arbitrarily small thermal parameters; hydrogen atoms of 
the Cp* ligand are omitted. Selected bond lengths (A) and angles (deg): Cr-N = 
1.667(3), O-N = 1.212(3), Cr-C(l) = 2.222(3), Cr-C(2) = 2.163(3), Cr-C(3) = 
2.135(3), Cr-C(4) -  2.235(3), C(l)-C(2) = 1.386(4), C(2)-C(3) = 1.448(4), C(3)- 
C(4) = 1.401(5), C(2)-C(5) = 1.509(4), C(3)-C(6) = 1.513(4); Cr-N-0 = 
172.6(3), N-Cr-C(l) = 101.36(13), N-Cr-C(2) = 88.58(12), N-Cr-C(3) = 
108.05(12), N-Cr-C(4) = 89.37(13), C(l)-C(2)-C(3) = 116.7(3), C(l)-C(2)-C(5) 
= 121.1(3), C(3)-C(2)-C(5) = 121.6(3), C(2)-C(3)-C(4) = 118.4(3), C(2)-C(3)- 
C(6) = 120.4(3), C(4)-C(3)-C(6) = 120.8(3), C(l)-C(2)-C(3)-C(4) = 119.3(3).
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Aside from establishing the s-trans coordination mode, the crystal structures of 

ri4-isoprene and ri4-(2,3-dimethylbutadiene) complexes 112 and 113 are otherwise 

unremarkable; the torsional angle of the 1,3-diene ligand in both complexes is 

approximately 120°, typical of the heavier transition metal s-trans-( 1,3-diene) complexes 

(see Table 4.1 for a detailed comparison, p. 95).

Given the isolation of unprecedented first-row s-trans 1,3-diene complexes 

111-113, we were curious to evaluate the efficacy of this photochemical method for the 

preparation of more sterically hindered 1,3-diene compounds. Unfortunately, photolysis 

of dicarbonyl complex 94 in the presence of 1,1,4,4-tetraphenylbutadiene fails to promote 

any observable product formation. Photo-substitution using 1,4-diphenylbutadiene does, 

however, lead to the expected s-trans complex 114 in approximately 60% yield.

Isolation of this product in pure form was complicated by residual unreacted 1,3-diene, 

which could not be completely separated; the product, therefore, was characterized only 

by *11 and 13C NMR spectroscopy.

Photolysis of dicarbonyl complex 94 in the presence of the conjugated enyne, 

4-phenyl-l-buten-3-yne,52 was also investigated. Although spectroscopic evidence for a 

transient ri2-alkene-bound species was obtained, the final reaction mixture consisted of only 

decomposed organic starting material and intractable paramagnetic products.
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D. Photolysis of Cp’CrNO(CO)2 complexes in the presence of conjugated cyclic 
dienes

1. Formation of CpCrNO(CO)(t]2-cyclic-l,3-diene) complexes

Given that the r|4-(l,3-diene) complexes apparently adopt only the s-trans diene 

configuration, we were curious whether the photolysis of Cp'CrNO(CO) 2  complexes 90 

and 94 in the presence of rigidly s-cis conjugated cyclic organic dienes would provide the 

corresponding s-cis rj4-diene complexes. Small scale (-0.074 mmol) NMR-tube reactions 

revealed that upon irradiation CpCrNO(CO) 2  90 binds 1,3-cyclohexadiene to give a 1 : 5 

diastereomeric mixture of two CpCrNO(CO)(r|2-C6H8) complexes 115 and 115* (eq.

4.10). No evidence for the formation of a s-cis q4-diene complex was observed 

spectroscopically. The proton signals for the unbound olefin of the major r)2-(l,3-cyclo- 

hexadiene) isomer, for example, appear at 6.04 and 5.56 ppm while the bound olefin 

signals are evident at 3.54 and 2.41 ppm. The strong correlation in the homonuclear 

COSY spectrum for the signals at 6.04 and 3.54 ppm clearly establishes the rf-bonding 

mode.

cyclic 1,3-diene  ̂ |    115/115': n = 1

ON/U V""CO , , ,

go CO 5 ”C, C6D6 (-CO) o c  \ — (/)„

C(""-CO hv (>370nm) ’  1 1 6 /1 1 6 ^  = 2 <4 '10>

The corresponding r|2-(l,3-cycloheptadiene) complexes 116 and 116' were also 

prepared on a small scale and tentatively identified in situ by NMR spectroscopy (eq.

4.10); see the Experimental section for full details. Unfortunately, as observed for the
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cyclopentadienyl r|4-( 1,3-diene) complexes, the cyclic r|2-diene complexes 115 and 116 

cannot be isolated in pure form and suffer loss of the diene ligand upon prolonged 

exposure to high vacuum.

4.3.2 Monomeric and dinuclear [Cp*Cr(NO)(CO)]„(n2-cyclic-l,3-diene) complexes

To inhibit the thermolability of cyclopentadienyl r|2-( 1,3-diene) complexes 115 

and 116, we again pursued the synthesis of the more sterically hindered permethylcyclo- 

pentadienyl analogues. In addition to being more thermally robust, we reasoned that this 

series may be more amenable to a second photo-assisted decarbonylation, to form the 

(ironically) elusive s-cis diene complexes. Thus, photolysis of Cp*CrNO(CO) 2  94 in the 

presence of 1,3-cyclohexadiene yielded a number of products. Correlations among the 

*11 NMR resonances between 3.0 and 3.5 ppm and the signals between 5.6 and 6.6 ppm, 

suggest that approximately half of the product mixture consists of the monomeric 

r| -cyclohexadiene complex, present as a 5 : 1 mixture of arbitrarily assigned 

diastereomers 117 and 117’, and isolated in 33% yield by fractional crystallization from 

pentane (eq. 4.11, Table 4.6). Detailed NMR analysis of the minor isomer 117* was not 

possible because of its very low abundance in the crude reaction mixture.

O N ^  \  "CO hv (pyrex) (4.11)

5 °C, C6H6 
(-CO)

33% 117 (5 : 1) 117'

(2 of 4 products)
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Analysis of the *H NMR data for the remaining two products reveals the 

formation of a 2 : 1 mixture, each bearing an r|4-cyclohexadiene ligand. Fortunately, the 

major product is only slightly soluble in pentane and was selectively crystallized in low 

yield (-17%). Analysis of the !H NMR spectrum of this compound reveals a highly 

symmetrical chromium-bound cyclohexadiene ligand; only two inequivalent olefmic 

environments are apparent (see the Experimental section for details). Thus, this 

symmetric product could indeed be assigned as the expected s-cis q4-cyclohexadiene 

complex 118. The infrared spectrum of this product, however, shows both intense 

carbonyl and nitrosyl absorptions at 1943 cm'1 and 1654 cm*1. Additionally, careful 

integration of the 'H NMR spectrum reveals that the relative ratio of Cp* to r|4-cyclo- 

hexadiene ligand is 2 : 1. These data are clearly inconsistent with assignment as a 

mononuclear s-cis r|4-diene complex. To accommodate the NMR integration, an 

alternative structure is therefore assigned: a C2-symmetric dinuclear species consisting of 

two Cp*CrNO(CO) fragments bridged by a 1,3-cyclohexadiene molecule. The relative 

position of the Cp*CrNO(CO) fragments to each other may either be syn or anti (recall 

the related bonding modes E and G of acyclic conjugated dienes in Chart 4.2, p. 94). The 

anti diastereoisomer with (S, S) stereochemical designations at the chromium centres is 

assigned {vide infra) and illustrated in equation 4.12.

The minor product 119’, isolated in approximately 13% yield by fractional 

crystallization, exhibits infrared absorptions identical to that of the major product; but 

due to reduced molecular symmetry, all four olefmic environments are inequivalent and 

appear as distinct resonance in the *H NMR spectrum (see the Experimental section for 

details). Furthermore, the resonances of the two Cp* ligands of this minor product are
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chemically inequivalent, appear at 1.55 and 1.51 ppm, while those of major complex 119 

are isochronous at 1.56 ppm. The identity of 119' may therefore be assigned as the (R, S) 

anti or syn diastereoisomer of complex 119 (eq. 4.12). Unfortunately, these assignments 

cannot be determined without X-ray crystallography.

ON

94

't'"co
CO

1,3-C6H8 
 ►

hv (pyrex)
5 °C, C6H6 

(-CO)

(2 of 4 products)

ON c oOC NO
(17%)

119: anti (S, S) 

+

(13%)
119': anti (R, S)

(4.12)

9 9 9The diene ligands of both r| - and p-q :r| -(1,3-cyclohexadiene) complexes 117 

and 119 are unfortunately labile in solution at ambient temperature. Nonetheless, X-ray 

quality crystals of the major isomer of complex 119 (as confirmed by *11 NMR 

spectroscopy) were grown from pentane at low temperature and the solid-state molecular 

structure solved by X-ray crystallography (Fig. 4.11). Clearly, this structurally 

unprecedented molecule is the anti diastereomer (S, S at both chromium centres), having
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a two-fold rotation axis that bisects the C(2)-C(2)' and C(4)-C(4)' bonds. Regrettably, 

single crystals of the minor isomer 119' could not be obtained.

C4

C2

C4'

Or'

02 '

Figure 4.11: Solid-state molecular structure of the (S, S) diastereoisomers of [(rj5-
C5Me5)carbonylnitrosylchromium]2(|i-r| :r| -1,3-cyclohexadiene) complex 119. Non­
hydrogen atoms are represented by Gaussian ellipsoids at the 20% probability level. 
Hydrogen atoms are shown with arbitrarily small thermal parameters; hydrogen atoms of 
the Cp* ligand are omitted. Primed atoms are related to unprimed ones via the 
crystallographic twofold rotational axis (0, y, 1/4) passing through the midpoints of the 
C2-C2’ and C4-C4’ bonds. Selected bond lengths (A) and angles (deg): Cr-N = 
1.6743(16), Cr-C(l) = 1.851(2), Cr-C(2) = 2.2100(17), Cr-C(3) = 2.2415(18), 0(1)-N = 
1.196(2), 0(2)-C(l) = 1.147(3), C(2)-C(2’) = 1.477(4), C(2)-C(3) = 1.396(3), C(3)-C(4) 
= 1.510(3), C(4)-C(4’) = 1.526(4); Cr-N-O(l) = 175.76(16), Cr-C(l)-0(2) = 178.41(18), 
Cr-C(2)-C(2’) = 114.56(16), Cr-C(2)-C(3) = 72.95(10), Cr-C(3)-C(2) -  70.49(10), Cr- 
C(3)-C(4) = 122.34(12), C(2’)-C(2)-C(3) = 120.50(11), C(2)-C(3)-C(4) = 119.41(16), 
C(3)-C(4)-C(4’) = 113.02(12). C(3)-C(2)-C(2’)-C(3’) = 5.4(4).
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Photolysis of Cp*CrNO(CO) 2  94 in the presence of monomeric cyclopentadiene 

also provides a multitude of products; no clear evidence for the formation of an s-cis 

q4-cyclopentadiene complex was found (eq. 4.13). Similar to the 1,3-cyclohexadiene 

chemistry, two r|2-cyclopentadiene complexes 120 and 120' were identified in solution, 

and detailed *H NMR data could only be obtained for the more abundant isomer. 

Interestingly, as many as four bridging cyclopentadiene complexes were tentatively 

identified, present as an approximate 4.5 : 2 : 4 :1  mixture of stereoisomers, with the 

respective methylene proton resonances at 2.71, 2.62, 2.55, and 2.37 ppm.

Unfortunately, due to the extensive overlap of the proton signals of these products, a clear 

interpretation of the NMR data is not possible. Nonetheless, the products with methylene 

signals at 2.71 and 2.37 ppm were isolated in small amounts, the consequent *H NMR 

spectra revealing in both cases highly symmetrical cyclopentadiene ligands, similar to the 

well-characterized symmetric bridging 1,3-cyclohexadiene ligand of complex 119. The 

structures of these bridging complexes are therefore arbitrarily designated as the anti 

(S, S) and (R, R) diastereomers of complex 121 (as drawn in eq. 4.13). The remaining 

unsymmetrical products may be comprised of syn diastereoisomers. Crystallographic 

determination of the structure of these unique complexes was impeded by low 

crystallinity and the thermal instability of the diene ligand in solution.

Attempts to promote selective formation of either the r|2-(l,3-cyclohexdiene) 

product 117 or the bridging 1,3-cyclohexdiene product 119 met with little success. 

Addition of excess 1,3-cyclohexadiene, for example, does not provide greater quantities 

of monomeric product 117 while photolysis with just 0.5 equivalents of free diene fails to 

afford a greater proportion of dinuclear species 119. In both cases the product ratio
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remains approximately the same, possibly as a result of attaining a photostationary 

equilibrium.

CpH
Cp

O N ^  V ,,,,C0 h v  ( p y r e x )
CO 5 °C, C6H6

(-CO)

+
ON

CO

40% conv.
120'

(4.13)

121 (S, S) 1 21 '(R, R)

Overall respective product ratio of 120,120', 121,121', 
and two additional unknown products: 4.5 : 2 : 4.5 : 1 : 2 : 4

Despite the low yield and the thermolability of the bridging 1,3-diene complexes

9 9119 and 121, these products remain attractive for a number of reasons. The p-r| :r\ 

coordination mode of conjugated cyclic dienes, for example, has been identified 

crystallographically in only four other transition metal systems: an [(acac)Cu]2(p-r|2:r|2-

1,3-cyclooctadiene) complex53, an [(q6-benzene)osmiumcarbonyl]2 [p-r|2:r|2-1,3- 

cyclohexadiene] cluster,54 a [(K2-N0 3 )Ag]2[bis(p-r|2:q2-l,3-cyclodecadiene)] complex,55 

and a (CpNi)2(p-r|2:ri2-cyclopentadiene) species.56 Others have proposed the presence of
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bridging cyclic 1,3-diene ligands in various nickel57 and palladium58 systems, as 

suggested by spectroscopic characterization. More interesting, however, is the fact that 

this coordination motif is unprecedented in organochromium chemistry, and this 

Cp*CrNO system strongly resists the formation of s-cis r|4-( 1,3-diene) complexes.

4.4 Electronic justification of preferential s-trans diene binding observed in the
Cp’CrNO(l,3-diene) complexes

It is now clear that both the Cp and Cp* series of our acyclic p4-( 1,3-diene) 

complexes exclusively adopt the s-trans diene coordination mode,59 with the previously 

assigned s-cis ri4-(2,3-dimethylbutadiene) complex 113' (p. 118) actually existing as a 

dimeric bridged r|2-diene species. Intriguingly, of the numerous s-trans 1,3-diene 

complexes reported over the last twenty-five years,21'23’25,26,29,30,33,38'43,60 none have 

been discovered among chromium nor any of the other first-row transition metals. 

Previously reported r|4-(conjugated diene) complexes of chromium adopt only the s-cis 

bonding mode; several of these complexes are also thermally unstable (Chart 4.3).61'70

Contrary to that observed for many of the second- and third-row s-trans diene 

complexes, the Cp'CrNO(s-fraw.s'-diene) complexes 106-110 and 111-114 are not in 

equilibrium with their elusive s-cis counterparts. Moreover, the fact that photolysis of 

Cp*CrNO(CO) 2  94 in the presence of cyclic conjugated dienes fails to afford s-cis 

r|4-diene complexes, instead yielding the monomeric r|2-diene species (117,120) and 

binuclear complexes (119,121), implies that there may be a strong electronic preference 

for s-trans coordination to the Cp'CrNO fragment.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



131

N

Me3P/  Me3P ^ y ^  O C ^ '

(a) (b) (c) (d)

(MeO)3P OC CO

Jr. -V  °Ĉ C r-V j °C"^Cr-\J
(MeO)3P ^ 7  OC I OC I Me2P |

1 oc oc C ^ PMe2
(f) (g) (h)

Chart 4.3: Selected examples of chromium s-czs-( 1,3-diene) complexes. Unless noted 
otherwise, all complexes are stable at room temperature: (a) stable < -30 °C, ref. 61; (b) 
ref. 62; (c) stable < 0 °C, ref. 62; (d) stable < -30 °C, ref. 62; (e) stable < 25 °C, ref. 62; 
(f) ref. 63, 64 ; (g) ref. 65-68; (h) ref. 69, 70.

Indeed, both Legzdins71 and Nakamura19,60 have proposed that electron deficient 

organometallic fragments favour s-trans 1,3-diene bonding over s-cis. This supposition 

has been supported by DFT calculations for the CpMo(NO) fragment (see Fig. 4.12 for 

the qualitative reproduction), the nitrosyl ligand of which is a strongly electron 

withdrawing 71-acid. As seen in this molecular orbital analysis, the HOMO of the s-trans 

butadiene conformation (e) forms a lower energy MO (d) upon integration with the 

HOMO of the CpMo(NO) fragment (c); an MO of higher energy is formed (b) upon 

overlap with the HOMO of the s-cis butadiene conformation (a). Since chromium has 

less electron density than its second-row counterpart, it is reasonable to assume that the 

Cp'CrNO(r|4-diene) complexes are more electron deficient than the molybdenum
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analogues and therefore display an increased preference for s-trans diene coordination.

In the case of cyclic conjugated dienes, the observed bridging 1,3-diene dinuclear 

chromium species must also be of lower energy than the alternative s-cis coordinated 

complex. These assumptions are currently being evaluated via density functional theory.

CpMo(NO)(s-c/s-C4H6) CpMo(NO)(s-frans-C4H6)

s-c/s-C 4H6   CpMo(NO) \  s-frans-C4H6

Figure 4.12: Qualitative molecular orbital energy diagram (reproduced from the DFT 
orbital analysis in ref. 16) showing the interaction of the %2 and 713* orbitals of s-cis and s- 
fram-butadiene with the frontier orbitals of the CpMo(NO) fragment. The paired 
electrons indicate the HOMO of each species.

The fact that a second propene, allyltrimethylsilane, or 2-butyne molecule does 

not displace the remaining carbonyl ligand on the Cp'CrNO(CO) fragment implies that an 

electronic barrier to standard bis(alkene) bonding may also exist. Perhaps substitution
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with a second olefin raises the subsequent HOMO of the corresponding product to an 

unfavourable energy level. Additionally, the lack of formation of an r|2:r|2-(l,5- 

hexadiene) complex suggests that the highly selective formation of the reported 

chromium s-trans 1,3-diene complexes is dependent on the conjugated nature of the 

organic diene. In other words, the frontier molecular orbitals of a non-conjugated diene 

may also form an energetically unfavourable HOMO upon coordination to the 

Cp*Cr(NO) fragment.
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Chapter 5.

Reactivity of Cp’CrNO(l,3-diene) complexes: thermally stable T]3-allyl 
compounds, novel zwitterionic complexes, and an i]2-(hydrido-tin) 
species

5.0 Introduction

Although iron carbonyl ri4- ( l ,3 -d ie n e )  complexes have found widespread 

applications in the regio-, diastereo-, and enantioselective synthesis of organic 

compounds, ' the unique reactivity demonstrated by the more recently discovered early 

metal r|4-(l,3-diene) complexes were of more closely reflected our research goals4-12 

The addition of carbonyl-containing organic molecules to s-cis and s-trans mixtures of 

zirconocene(butadiene) complex 89, for example, affords the unique oxazirconacycles 

122 and 122c (Scheme 5.1).7’8’10-12 These reactions are thought to proceed via the
'y

unsaturated r| -butadiene intermediate 89’, which exists in equilibrium with the s-trans 

r)4-diene complex 89. In the case of oxometallacycles 122, synthesis of these products is 

initiated by coordination of the carbonyl compound to form the intermediate 122 a, then 

insertion to give vinyloxametallacyclopentane intermediate 122b, followed by a 

rearrangement (path a) to yield the observed cA-cycloolefin product 122. In some 

instances, usually in the case of diarylketones, a second equivalent of ketone adds to 

intermediate 122b (path b) to provide dioxazirconacycloheptane complex 122c.7’11-13
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Scheme 5.1
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Treatment of zirconocene r|4-butadiene complex 89 with alkynes or acetonitrile

10provides the respective seven-membered zirconacycles 123 and 124 (Scheme 5.2). 

Complex 89 also undergoes insertion reactions with metal carbonyls [e.g., W(CO)e] to 

form the metallacyclic r|3-allyl zirconoxycarbene complex 125.9’11-13
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Scheme 5.2
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Zirconocene(ri4-l,3-diene) complexes also add a variety of inorganic or main 

group electrophiles at a terminal conjugated diene carbon atom. For instance, the strong 

Lewis acid tris(pentafluorophenyl)boron adds to s-cis and s-trans isomeric mixtures of 

zirconocene(ri4-butadiene) 89 to generate the isolable dipolar zwitterionic complex 126.n ’ 

12 As depicted in Scheme 5.3, addition of B(C6Fs)3  at -60 °C to the rf-butadiene 

complex 89' initially affords the kinetically preferred cisoid p3-allyl agostic complex 

126b. At ambient temperature this intermediate species rapidly rearranges to the more 

thermodynamically favoured transoid isomer 126, presumably via the unsaturated 

intermediate 126a.
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Scheme 5.3
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The solid-state molecular structure of complex 126 reveals bridging of an ortho- 

fluorine atom of one of the C6F5 rings to the electropositive zirconium centre (Zr-F ca.

2.4 A).11'15 This interaction is also present in solution; indicated by a 19F NMR 

resonance of the respective fluorine nucleus between - 2 1 0  and - 2 2 0  ppm, in contrast to 

the C6F5 19F resonances of unreacted B(C6F5 )3  between -130 and -170 ppm.

Due to this very weak ( ~ 8  Kcal/mol) Zr-ortho-F interaction, complexes such as 

126 are susceptible to dissociation to an unsaturated intermediate followed by
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coordination and insertion of a-olefins. Consequently, these complexes are very active 

single-component homogeneous Ziegler-Natta polymerization and co-polymerization 

catalysts. 11 ' 1 3 , 1 6 , 17 The ansa-zirconocene-derived complex 127, for example, is an active 

catalyst for the polymerization of polar monomers such as methylmethacrylate (MMA) 

(eq. 5.1). Interestingly, the initial Lewis base adduct 127' was identified 

spectroscopically, thus providing a reliable model for intermediates in the group IV 

catalyzed polymerization of polar monomers.

127

MeO

MMA
Me2Si + Zr-

(5.1)

127’
MMA

PMMA

5.1 Attempted insertion reactions

Following the examples shown in Schemes 5.1 and 5.2, insertion reactions of the 

novel Cp'CrN0 (s-tran5 -butadiene) complexes 106 and 111 were investigated. 

Regrettably, all attempted insertion reactions failed to afford any of the expected 

chromacyclic products; intractable mixtures were obtained in most cases. Treatment of 

pure Cp*CrNO(s-fra«.s-butadiene) complex 111 with unsaturated organic compounds
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such as 2 -butyne, 2 ,6 -dimethylphenylisonitrile, dimethylacetylenedicarboxylate 

(DMAD), acetone, or methacrolein (at room temperature in benzene-d6 for 24 h) reveals 

only very broad signals in the resulting *11 NMR spectra, indicating the formation of 

uncharacterized paramagnetic products. Moreover, a major component of these spectra is 

free butadiene, as determined by spectroscopic comparison to authentic material. No 

clear spectroscopic evidence for products similar to zirconacyclic complexes 122-124 

was obtained. Equally disappointing reactivity is observed for similar reactions of the 

cyclopentadienyl analogue 106.

Since the insertion of unsaturated organic compounds into metal-carbon bonds of 

zirconocene(ri4 -butadiene) 89 requires equilibration with a reactive q2-butadiene species 

89' (see Scheme 5.2, above), it is reasonable to assume that these decomposition 

reactions of chromium s-tra/iv-butadiene complexes 106 and 1 1 1  are also initiated by a 

similar equilibrium. Thus, as shown for complex 111 in equation 5.3, isomerization to 

the 16-electron q2-butadiene species 1 1 1 b allows for coordination of an unsaturated 

organic molecule (denoted as A=B) to generate the 18-electron q2-butadiene complex 

111c, similar to zirconocene species 122a. Unlike this latter species, however, complex 

1 1 1 c is presumed to be thermally unstable, resulting in loss of butadiene and the 

formation of intractable chromium-containing product(s).
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~ < ^ r -  - < d > - v

? (5.2)

111 111b 111c

Given the thermal instability noted for CpCrNO(CO)(r|2-butadiene) 101 and the 

related permethylcyclopentadienyl complex 111a (recall Ch. 4, p. 113), it is reasonable to 

assume that loss of butadiene from the structurally related complex 1 1 1 c is a 

thermodynamically preferred reaction pathway. Moreover, the fact that neither complex 

1 0 1  nor complex 1 1 1 a form chromacyclobutanones, rf-allyl oxachromacycles, or 

chromacyclohexenones also implies that migratory insertion of unsaturated organic 

molecules is unlikely to occur using complexes of this type.

The irreversible loss of the diene ligand is even more pronounced upon addition 

of acetonitrile to complexes 106 or 111. 'H NMR analysis of reactions conducted in 

CD3CN confirms that the starting complexes are completely consumed within several 

hours at room temperature; the diene ligands are ejected into solution along with the 

observation of considerably broad NMR signals. The identity of the chromium- 

containing product(s) remains unknown.

Addition of benzaldehyde to a solution of complex 111 in benzene-d6 also leads 

to paramagnetic products, as evidenced by the increased broadness in the 'H NMR 

spectrum and the formation of trace amounts of free butadiene. Unlike the above 

decomposition reactions, however, one product was isolated from this crude reaction 

mixture; slow evaporation (over twelve days under inert atmosphere) of the solvent
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provides near-black crystals that were subsequently identified via X-ray crystallography 

as the bridging benzyloxy chromium(I) nitrosyl complex 128 (Fig. 5.1 and Scheme 5.4).

C28C26 C23C21

t 2 4 \ J C 2 9

C12' r i o '

02 '

C11
C13 C r',C12

C 29'

A ^ ° C25'C20̂ V

|C 2 2 '

J>Z7T

C 23 '
C 26 'C 28'

Figure 5.1: Solid-state molecular structure of [r|5-(C5Me5)Cr(NO)(p-
OCH2Ph)]2 128. Non-hydrogen atoms are represented by Gaussian ellipsoids at 
the 20% probability level. Hydrogen atoms are shown with arbitrarily small 
thermal parameters for the benzyloxy groups, and are not shown for the 
pentamethylcyclopentadienyl groups. Primed atoms are related to the unprimed 
ones by the crystallographic inversion centre located at (0, 1/2, 1/2). Selected 
bond lengths (A) and angles (deg): Cr-O(l) = 1.9987(15), Cr-O(l’) =
1.9844(15), Cr-N = 1.684(2), 0(1)-C(1) = 1.416(3), 0(2)-N = 1.214(2), C(l)- 
C (ll)  = 1.509(3), Cr-Cr’ = 2.986; 0(1)-Cr-0(1’) = 82.88(7), 0(1)-Cr-N = 
98.56(8), Cr-0(1)-Cr’ = 97.12(7), Cr-(01)-C(l) = 128.67(13), Cr-N-0(2) = 
166.50(17), 0(1)-C(1)-C(11) = 113.04(19).
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It is interesting that the C r-N -0 bond angle of this highly unexpectecd product is 

somewhat bent (166.5°), in contrast to the more linear arrangement of ~ 173° of our 

chromium(O) nitrosyl complexes, previously discussed in Chapter 4. It has been 

suggested by Legzdins18 that a similar decrease in the M -N -0  angle of CpMo(NO)(s-cL-

2,3-dimethylbutadiene) occurs as a result of increased d—»n* backbonding from the metal 

centre, effectively reducing the bond order of the nominally triple bonded NO 

functionality. In spite of the increased oxidation state of chromium(I) complex 128, 

displacement of the somewhat 7t-acidic butadiene ligand of complex 111 by electron- 

donating alkoxy groups is consistent with this supposition.

A possible mechanism (Scheme 5.4) for the formation of this complex may 

involve initial rf- to r\-  isomerization of the s-trans butadiene ligand of complex 111. 

Coordination of benzaldehyde to the unsaturated r|2-butadiene species 111b then affords 

complex 128a. As illustrated in eq. 5.2, this unstable intermediate may then lose 

butadiene to form the 16-electron chromium(O) species 128b. Metal to ligand charge 

transfer (MLCT) from the chromium centre to the benzaldehyde ligand then forms the 

radical species 128c. Each ketyl radical then abstracts a hydrogen atom from liberated 

butadiene or unreacted benzaldehyde to generate the observed 17-electron complex 128. 

Due to the time required for this reaction (e.g., up to four days at room temperature) and 

the apparent low yield (< 50%) of complex 128, further investigation of the mechanism 

of formation and the possible utility of this complex were not pursued. Nonetheless, the 

mechanism proposed for the formation of complex 128 is not unreasonable given that 

other organometallic ketyls have been structurally characterized and employed in organic 

synthesis.19'25
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Scheme 5.4
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5.2 Addition of strong Lewis acids

Given that BfGeFs^ converts zirconocene(butadiene) complexes into zwitterionic 

r|3-allyl species, we proposed that similar treatment o f Cp*CrNO(s-trans,-butadiene) 

complex 111 would provide analogous zwitterionic chromium nitrosyl products. Indeed, 

treatment of an orange solution of complex 111 in hexane with tris(perfluorophenyl)- 

boron leads to an immediate colour change to brick-red. Removal of the solvent and *H
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NMR analysis of the subsequent residue reveals that the starting diene complex is 

completely consumed; the initial Cp* resonance at 1.49 ppm is replaced by that of the 

product at 1.09 ppm (Table 5.2). This product, initially assumed to be the zwitterionic 

allyl complex 129, was obtained in 55% yield after recrystallization from hexane (eq.

Unfortunately, complex 129 is thermally sensitive, irreversibly ejecting free 

butadiene into solution. This observation suggested that Lewis acid addition may not

ligand. Indeed, a Lewis acid-base adduct may have formed instead by reaction of 

B(C6F5)3  and the nitrosyl ligand. Although the 19F NMR spectrum of complex 129 

revealed no evidence for a metal-coordinated ortho-fluorine atom, definitive 

determination of the chemoselectivity of the Lewis acid addition and the NO bonding 

mode via spectroscopic methods was complicated by several factors. Gradual thermal 

decomposition of complex 129 in solution (even at subzero temperatures) renders the 'H 

NMR spectrum very low in resolution. In addition, an unidentified impurity (observed at

1.2 ppm in the *H NMR spectrum) could not be fully removed, even by recrystallization 

of complex 129. Only five proton resonances for the diene (or possibly rj3-allyl) ligand

5.3).

B(C6F5)3

hexane, RT B(C6F5)2
(5.3)

have occurred at the q4-diene ligand of complex 111 to form the expected ri3-allyl-type
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are therefore clearly visible in the lH NMR spectrum (Table 5.1). The sixth proton, 

obscured by the impurity, was detected via indirect NMR methods. Thus, differentiating 

between an r|4-butadiene ligand and a boron-substituted rj3-allyl moiety is not possible via 

NMR spectroscopy. Equally frustrating is the infrared spectrum of complex 129; the 

aromatic absorptions of the CeFs groups obscure the region where terminal or Lewis acid-

Of OQbound nitrosyl ligand absorptions are expected.

Fortunately, this ambiguity over the chemoselectivity of the reaction with 

B(C6Fs)3  was resolved by an X-ray crystal structure of complex 129 (Fig. 5.3). Clearly, 

this novel zwitterionic complex is comprised simply of a B(C6F5) 3  group bound to the 

nitrosyl ligand. Moreover, given the s-trans coordination of the unreacted butadiene 

ligand (torsional angle =123.5°), this intriguing species is a third structurally 

characterized member of this unprecedented family of first-row transition metal s-trans- 

diene complexes.

Since tris(perfluorophenyl)boron is a highly electron withdrawing oxophilic 

Lewis acid, it is no surprise that this compound forms a relatively strong polar covalent 

bond (B -0  = 1.57 A) with the nitrosyl ligand. As a result of this significant interaction, 

the nitrosyl moiety is expected to be an even stronger rc-acidic ligand. The resulting 

increased demand for metal electron density, however, reduces the extent of 7t-back- 

donation to the diene ligand, rationalizing the observed increase in diene lability in 

solution.
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Figure 5.2: The solid-state molecular structure of (r|5-C5 Me5 )chromium-(r|4-s- 
tra«s-butadiene)nitrosyl[tris(perfluorophenyl)boron] 129. Non-hydrogen atoms 
are represented by Gaussian ellipsoids at the 20% probability level. Hydrogen 
atoms of the butadiene ligand are shown with arbitrarily small thermal 
parameters, while those of the pentamethylcyclopentadienyl group are not 
shown. Selected bond lengths (A) and angles (deg): Cr-N = 1.6527(14), Cr- 
C(l) = 2.2806(19), Cr-C(2) = 2.1294(19), Cr-C(3) = 2.1375(19), Cr-C(4) = 
2.2531(18), N -0 = 1.2749(18), O-B = 1.572(2), C(l)-C(2) = 1.382(3), C(2)- 
C(3) = 1.418(3), C(3)-C(4) = 1.390(3), C(21)-B = 1.639(2); N-O-B = 
122.90(12), Cr-N-0 = 159.96(12), C(l)-C(2)-C(3) = 120.3(2), C(2)-C(3)C-(4) = 
118.5(2), 0-B-C(21) = 106.59(13), C(l)-C(2)-C(3)-C(4) = 123.5(2).
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Table 5.1: lH NMR data (ppm) for the boron-functionalized zwitterionic s-trans 
butadiene complexes 129 and the aluminum analogue 130. Coupling constants (J) are in 
Hertz (Hz).

129: LA = B(C6F5)3 
b 130: LA = Et2AICI

o — la

Complex Cp* Ha Hb Hc Hd He Hf

129 1.09 3.11 (d, J=  
15.5)

3.26 (dd, J  
= 7.5, 1.5)

3.61 (ddd, 
J =  15.9, 
12.0, 7.5)

1.21 (ddd, 
J =  15.0, 
12.0, 7.5)a

1.07 (brd, 
J =  15.0)

2.50 (dd, J  
= 7.5, 0.7)

1306 1.28 3.43 (br d, 
J=  14.1)

3.57 (brd, 
.7=5.7) 4.14 (brm) 1.51 (brm) 1.38 (br d, 

J =  14.4)
2.59 

(d, .7=6.9)

“Detected indirectly via homonuclear COSY NMR spectroscopy; the coupling constants 
are based on those observed for the mutually coupled protons. ^Signals for the ethyl 
protons appear at 1.46 ppm (br t, J=  8.1 Hz) and 0.34 ppm (br q, J=  8.1 Hz).

Surprisingly, the difference between the C r-N -0 angle in the solid-state 

molecular structures of the s-fraus-isoprene complex 112 (Fig. 4.7) and 2,3-dimethyl- 

butadiene complex 113 (Fig. 4.8) on the one hand and that of zwitterionic complex 129 

on the other does not agree with this proposed increased in 7t-backdonation to the nitrosyl 

ligand. The former two complexes have angles of approximately 173° while that of the 

latter is considerably more acute (~160°), although it should be closer to 180°. This 

discrepancy, however, is in agreement with the M -N -0  angles of other structurally
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characterized organometallic nitrosyl-boron adducts, and is attributed to the presence of 

sterically demanding substituents on the boron centre.28,29

The addition of diethylaluminum chloride to s-trans butadiene complex 111 in 

toluene-d8 also affords a brick-red solution, the 1H NMR spectrum of which reveals 

considerably broad signals similar in multiplicity and chemical shift to that of 

zwitterionic complex 129 (Table 5.1). The identity of this product is therefore tentatively 

assigned to be complex 130, the EtiAlCl adduct analogue of complex 129.

Unfortunately, the stability of complex 130 in solution is much less than that of its boron- 

containing counterpart and isolation of this product in the solid-state was not possible.

Treatment of either the zwitterionic complexes 129 or 130 with a second 

equivalent of the respective Lewis acid fails to effect any detectable further reaction. 

Attempts to polymerize monomers such as ethylene, propene, or isoprene with these 

mixtures leads only to decomposition. The addition of nucleophiles such as Super- 

Hydride™ or potassium dimethylmalonate to the potentially electrophilic diene ligand of 

these zwitterionic complexes unfortunately also leads to decomposition.

5.3 Conversion of chromium(l,3-diene) and chromium(alkene) complexes to 
cationic q3-allyl derivatives

5.3.1 Protonation reactions of Cp*Cr(NO)(s-fra«s-butadiene)

The preparation of the proposed Type I and Ic r|3-allyl complexes via protonation 

of diene complex 111 was also investigated (recall Methods C and D in Scheme 2.1, p. 

47). Treatment with HC1 in diethyl ether at -78 °C, for example, affords a yellow 

solution that, upon warming to room temperature, turns green and deposits a
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paramagnetic green precipitate. Recrystallization of the precipitate from acetone affords 

deep green crystals, the solid-state molecular structure of which was determined by X-ray 

diffraction to be [Cp*Cr(NO)Cl] 2  132 (Fig. 5.4). Prior characterization of this known 

complex was limited only to combustion and infrared analyses.

C10'
C 9'

,C r'

C 3 'C10
C 8'C 6‘

rC2'

C7'(

Figure 5.4: The solid-state molecular structure of ['n5-(CsMe5)Cr(NO)Cl]2 132. 
Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20% 
probability level. Hydrogen atoms are not shown. Primed atoms are related to 
the unprimed ones by the crystallographic inversion centre at (0, 1/2, 0). 
Selected bond lengths (A) and angles (deg): Cr-Cl = 2.3327(6), Cr-N =
1.6821(18), O-N = 1.200(2), Cr-Cr’ = 3.104; Cl-Cr-Cl’ = 96.618(19), Cl-Cr-N = 
97.92(6), Cr-Cl-Cr’ = 83.382(19), Cr-N-0 = 171.94(17).

The formation of this dimer is presumably initiated by protonation of s-trans 

butadiene complex 111 to form the desired intermediate species Cp*CrCl(NO)(ri3-C4H7) 

131. This complex is apparently thermally sensitive, decomposing upon warming into
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dimeric complex 132 via a proposed Cr-allyl homolytic bond scission of the q'-crotyl 

intermediate 131' (eq. 5.4). Indeed, monitoring this reaction by 'H NMR spectroscopy in 

CD2CI2 reveals that upon addition of HC1 (4.0 M in dioxane) the starting complex 111 is 

quickly replaced by a species with unresolvable broad resonances. After warming to 

room temperature, however, several terminal vinyl signals emerge between 4.8 and 5.9 

ppm that are correlated to a tentatively assigned methyl doublet at 1.64 ppm (J=  4.69 

Hz). Hence, this unidentified volatile organic compound likely results from the coupling 

of crotyl radicals originating from the homolytic decomposition of intermediate species 

131.

Qr""1̂
on  y  

111

HCI
 )
Et20 , -78 °C

Me

ON

131
(5.4)

NOOl

0.5 Cl
ON

132

W r _
RT

ON

131'

Me

Addition of the more weakly acidic phenol (pKa ~10) to the s-trans butadiene 

complex 111 unfortunately also provides discouraging results. The reaction occurs 

slowly over two days at room temperature in benzene-d6, providing a dark brown reaction 

mixture. *H NMR analysis of the product mixture reveals broad signals indicative of the
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formation of paramagnetic products, as well as olefinic and methyl resonances similar to 

those of the organic product formed in equation 5.5. The identity of the paramagnetic 

organometallic product could not be determined, but is likely that of the phenoxy-bridged 

dimer 134, similarly formed via the putative intermediate species 133 (eq. 5.6). Indeed, 

alkoxy bridged chromium(I) nitrosyl complexes are known. 31

£ ? <  < ^ ^ O H

ON

111

C r" 'jr   ► A. ^  Me
y  C6D6, RT PhO "'y r̂ V

ON
133

(5.5)

CKL JC r 
0-5 T)

£ h / N0 O H .
MePhO""’;

ON Ph ON

1 34  /  1 3 3 ‘

If the halo- and oxyacids indeed protonate diene complex 111 to generate a

•3 t
neutral 18-electron q -crotyl intermediate (e.g., 131 or 133), replacement of these acids 

with HBF4 could provide the unsaturated cationic 16-electron q3-crotyl complex 135 (i.e., 

one of the Type I targets). Thus, the addition of ethereal tetrafluoroboric acid to a 

solution of complex 111 in deuterated dichloromethane at -78 °C immediately elicits a 

colour change from orange to red. Variable temperature NMR analysis suggests that at 

-80 °C the red species is indeed the desired cationic chromium(II) q -crotyl nitrosyl 

complex 135 (eq. 5.6).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



156

111

h b f 4

CD2CI2, -78 °C

BF,

Me
ON

135

(5.6)

The low temperature *11 NMR spectrum of this red product reveals distinct, albeit 

broad, signals for the central allyl proton at 6.05 ppm, the terminal protons at 4.88, 3.32, 

and 1.66 ppm, the methyl group at 1.64 ppm, and the Cp* ligand at 1.72 ppm. The 

homonuclear COSY NMR spectrum corroborates these assignments by revealing strong

correlations between the central and terminal protons as well as a weak interaction

11between the central and methyl protons. Moreover, the C APT NMR spectrum clearly 

shows peaks for only one methylene group, two methine carbons, and one methyl group. 

The heteronuclear HMQC NMR spectrum confirms these assignments by revealing the
i i i

expected H- C correlations.

Unfortunately, this intriguing complex suffers from severe thermal instability, 

quickly decomposing into a green solution above -30 °C. Presumably, this 

decomposition entails equilibration to the a-crotyl intermediate 135' and homolytic 

cleavage of the unstable chromium-carbon bond (eq. 5.7). Accordingly, a volatile 

organic compound with 1H NMR spectroscopic signatures identical to the organic 

compound formed in equation 5.4 was also detected in this green solution. The identity 

of the complementary organometallic product could not be determined, but is likely to be 

that of the previously observed chromium(I) nitrosyl species 132, the chloride ligands 

arising from abstraction of the solvent.
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CD2CI2

Altering the solvent conditions unfortunately does not improve the outcome of 

this reaction. Protonation of diene complex 111 with H B F 4 in diethyl ether or DME, for 

example, does not effect any colour change and only unreacted starting material is 

recovered. Reactions in THF lead only to decomposition and polymerization of the 

solvent after warming to room temperature.

Addition of HBF4 to the s-iram,-(2,3-dimethylbutadiene) complex 113 also 

affords a red solution at -78 °C. VT NMR studies of this reaction, however, reveal that 

the presumed cationic p3-( l,l,2 -trimethylallyl) species is much less stable than the parent 

r|3-crotyl complex 135; detailed spectroscopic characterization of this complex could not 

be performed due to rapid product decomposition, even at -80 °C.

Despite the thermal instability of cationic r|3-crotyl complex 135, we were curious 

to evaluate the reactivity of this species in the presence of neutral or anionic ligands. 

Addition of potential dative ligands such as triphenylphosphine or IMes to complex 135, 

unfortunately, leads only to the regeneration of s-trans diene complex 111 and the 

corresponding protonated salts of the potential ligand, clearly indicative of undesirable 

acid-base chemistry. Unsurprisingly, addition of Nal or B114NCI to dichloromethane 

solutions of complex 135 leads only to intractable products.

Nucleophilic addition to the unsaturated p3-crotyl complex 135 was also 

investigated. Treatment of a freshly prepared solution of complex 135 in
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dichloromethane at -78 °C with potassium dimethylmalonate, for example, affords a 

brown reaction mixture upon warming to room temperature. NMR analysis of this crude 

sample suggests that the nucleophile adds to the more hindered carbon of the crotyl 

moiety to form the organic product 136, as determined by spectroscopic comparison to 

authentic material.32 Regrettably, the fate of the organometallic product remains 

unknown and there is no evidence for even transient formation of the desired 

chromacyclobutane species (eq. 5.8).

BF,

Me

ON

135

0 K

h 3c o OChb

CH2CI2, -78 °C— RT

OCH

Me'

136

(5.8)

Addition of the benzyllic potassium salt of ethylbenzene to diene complex 111 

required more belaboured reaction conditions than the addition of malonate anion. Since 

this nucleophile is highly reactive toward halogenated solvents, the addition was 

conducted in DME. Prior to this, however, complex 135 must be generated in 

dichloromethane, the solvent then slowly removed at -78 °C under high vacuum (~10"5 

torr), and the red residue finally re-dissolved in DME chilled to -78 °C. Subsequent 

addition of the nucleophile to complex 135 and warming to room temperature provides a 

brown residue.

The *H NMR spectrum of this residue reveals new aromatic resonances between 

6.89 and 7.12 ppm, and a broad singlet at 1.55 ppm, tentatively assigned to a new Cp*
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ligand. More interesting, however, is a 1 : 1 ratio of two independent doublet of quartets 

at 2.75 (J ~ 9.3, 4.7 Hz) and 2.67 (J~  8.2,4.1 Hz) ppm, which are respectively coupled 

to methyl doublets at 1.15 (J~  7.0 Hz) and 1.00 (J~  6.5 Hz). The discrepancy in the 

mutual coupling constants within these spin systems may be an artifact of low purity of 

the reaction residue and the resulting low resolution of the NMR spectrum. Nonetheless, 

these data suggest two possible structural types for this reaction product (Scheme 5.5).

Scheme 5.5

could give rise to new aromatic resonances as well as two mutually exclusive doublets of 

quartets. Unfortunately, however, no evidence for the other three protons of these 

potential products could be found; there is considerable overlap of numerous multiplets in

Both the chromacyclobutane complex 137 and the cis r| -alkene species 137'
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the vicinity of the Cp* signal, but none of the associated protons reveal correlations with 

either of the doublet of quartets. Regrettably, numerous attempts to improve the yield 

and purity of these tantalizing complexes have, so far, been unsuccessful.
■j

Although the cationic r\ -crotyl species 135 may yet prove to be amenable to 

chromacyclobutane formation, we also investigated potential insertion reactions with this 

unsaturated complex. The introduction of excess carbon monoxide or a stoichiometric 

amount of 2,6-dimethylphenyl isonitrile to complex 135 in CD2CI2 at -80 °C, for 

example, provides spectroscopic evidence that reaction does indeed occur. Regrettably, 

'id NMR spectra of the final reaction mixture at room temperature reveal considerably 

broad signals and no evidence for permethylcyclopentadienyl-bearing products. Addition 

of 2-butyne to complex 135 also fails to afford NMR-observable products.

5.3.2 Protonation reactions of Cp'CrNO(CO)(q2-l,3-diene) complexes

While exploring the reaction of various acids with s-trans butadiene complex 111,
>y

we also investigated the corresponding reactivity of CpCrNO(CO)(r| -1,3-diene) 

complexes. As illustrated by Method F in eq. 4.3 (p. 98), protonation of complex 101 

with haloacids should provide the neutral CpCr(NO)(r|3-allyl)X lb  complexes. However, 

given the results discussed above, the products of such protonation reactions were not 

expected to be stable. Indeed the addition of a solution of HC1 in dioxane to a freshly 

prepared mixture of CpCrNO(CO)(r|2-butadiene) complex 101 and CpCrNO(s-tra«s'- 

butadiene) 106 in diethyl ether at -78 °C provides a yellow solution, which presumably is 

comprised of CpCrCl(NO)(r|3-crotyl) 132’, that produces a green paramagnetic product 

upon warming to room temperatures. To avoid the deleterious effects of the inner sphere
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halide ligand, we investigated the addition of tetrafluoroboric acid to complex 1 0 1 , which 

was expected to provide cationic carbonyl nitrosyl r|3-allyl complexes {i.e., Type la).

Treatment of a mixture of the x\- and r|4-butadiene complexes 101 and 106 with 

HBF4 in diethyl ether at -78 °C provides a dark green precipitate that remains unchanged 

at room temperature. 'H NMR analysis of this crude reaction product in acetone-d6 

reveals signals that clearly indicate the formation of the expected cationic r|3-crotyl 

complex 138 (Fig. 5.5), the assignment of which is further supported by the appearance 

of CO and NO infrared stretching frequencies at 2066 and 1744 cm'1, respectively. This 

product is obtained as a 1 : 1.5 : 5 : 22 mixture of four distinct diastereoisomers (a-d, Fig.

5.5), as determined by relative integration of the respective methyl doublets at £2.49 (J =

6.4 Hz), 2.40 (J = 6.4 Hz), 2.32 (J= 6.4 Hz), and 2.58 (J=  6 . 8  Hz). Complete 

spectroscopic characterization could only be obtained for the two major isomers of 

complex 138 (Table 5.2). An intriguing aspect of these spectra is the near-perfect 

agreement between the corresponding JH NMR data of the tentatively assigned isomers 

of r|3-crotyl complex 80, obtained by the addition of NOPF6 to CpCr(CO)2 (r|3-crotyl) 69 

in a sealed system (eq. 3.2, p. 75).

Unfortunately, calculation of the yield of this reaction is impeded by the presence 

of an unidentified paramagnetic blue product, formed along with complex 138, which 

cannot be fully separated from the desired product. This paramagnetic impurity also 

prevented the assignment of ligand orientation (i.e., endo vs. exo) by NOE spectroscopy.
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< ^ >  b f ;  < ^ >  b f ;

1  + A Me  ̂ Me

a) (R) exo b) (S) exo

< Q >  BF4" b f ;

Me

c) (R) endo d) (S) endo

Figure 5.5: Tentatively assigned configurations of the four observed diastereo-

107 in diethyl ether at -78 °C affords a thermally stable orange, rather than deep green, 

powder. Spectroscopic and elemental analyses indicate that the product is indeed the 

r|3-(l,l-dimethylallyl) complex 139 (eq. 5.9, Table 5.2), obtained in pure form but in 12% 

yield. Efforts to improve this yield met with little success. Although complex 139 also 

incorporates a stereogenic chromium centre, only one, as yet undetermined, diastereomer 

is present in solution.

A second product was also isolated from this protonation reaction. NMR analysis 

of this impure green material (Table 5.2) reveals *11 resonances and coupling constants 

very similar to that of ri3-(l,l-dimethylallyl) complex 139, which is also present in this 

sample as a minor component. This may thus be a diastereomer of complex 139. IR

isomers of cationic r|3-crotyl complex 138.

In contrast to the impure deep green solid obtained from the above reaction, 

addition of HBF4 to a freshly prepared mixture of r\-  and r|4-isoprene complexes 102 and
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spectroscopy, however, reveals two equal intensity nitrosyl absorptions at 1685 and 1657 

cm'1, with no evidence of a carbonyl ligand outside of that of the minor compound.

Given that the orange q3-( 1,1 -dimethylallyl) complex 139 arises from protonation of the 

r| -isoprene complex 107, it is reasonable to propose that this green product arises from 

protonation of the r|4-isoprene complex 1 1 2  present in the starting mixture, giving the 

novel dimeric allyl bridged complex 139' or the nitrosyl bridged analogue 139" (eq. 5.9). 

These tentatively assigned structures unfortunately cannot be isolated in pure form.

CO

107

ON

112

HBF4, Et20  

-78 °C—*-RT

(5.9)

BF4“

OC..... ...
/

ON
139

2BF,
ON

+ — Cr ,Cr—

NO

139'

2BF,

\  +
or

139"

An attempt to extend this reactivity to the cyclic r|2-(l,3-diene) complexes 114- 

116 was not successful. The most frustrating aspect of this chemistry was avoiding acid-

promoted oligomerization of residual unreacted diene. Removal of this high boiling

• 2 * fraction requires prolonged exposure to high vacuum. Unfortunately, the r| -diene
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products are not stable under these conditions. Thus, the addition of HBF4 to cyclic r|2- 

diene complexes 114-116 in diethyl ether at -78 °C, leads only to intractable product 

mixtures; no evidence for the desired endocyclic r|3-allyl cations could be obtained.

Table 5.2: 'H NMR (ppm) and IR (cm'1) data of cationic rj3-allyl complexes 138 and 
139. Coupling constants (J) are in Hertz (Hz).

Complex Cp Hcentral H anti Hsyn c h 3 Hx> Hjo

4.80 (d q ,/=
1st r|3-crotyl, 
138 “ 5.96 5.35 (ddd, J =  

13.6, 12.8, 7.2)
13.6, 6.8);

2.81 (brd, J =  
12.8)

4.12 (dq, J =

4.37 (br d, 
J =  7.2)

2.58 
(d, J =  6.8) 2066 1744

2nd r]3-crotyl, 
138 'fl 6.04 5.11 (ddd, 7 =  

13.6, 13.2, 7.2)
13.2, 6.4);

3.46 (d , /=  
13.6)

5.41 ( d , /  
= 7.2)

2.32 
(d, .7=6.4) 2066 1744

2.55
n3-(U -
dimethylallyl), 
139 b

5.69 4.85 (ddt, J  =  
13.2, 7.8, 0.6)

2.67 (dd, J  =  
13.2, 3.0)

3.90 (dd, J  
= 7.8, 3.0)

( d , J =  0.6); 

1.58
2066 1738

(d, J= 0 .6 )

P-ti3-(1,1-
dimethylallyl),
139'*

6.01
4.68 

(dd, J =  13.5, 
7.2)

3.91 
(brd, J =  13.5)

5.46 (br d, 
7= 7 .2 )

2.54;
1.72 N/A 1685,

1657

“Recorded in acetone-d6 . ^Recorded in acetonitrile-d3 .

Protonation of an isomeric mixture of Cp*CrNO(CO)(p2- 1,3-cyclohexadiene) 

complex 117 with ethereal HBF4, fortunately, leads exclusively to the cationic r\ -cyclo- 

hexenyl product 140, isolated in 39% yield and present as a single isomer in solution (eq. 

5.10). Infrared analysis of this complex reveals strong carbonyl and nitrosyl absorptions
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at 2020 and 1727 cm'1, while the *H NMR spectrum depicts resonances for all nine 

t) -cyclohexenyl protons, in contrast to the five signals observed for the more symmetric 

neutral CpCr(CO)2(r|3-cyclohexenyl) complex 72 (Chapter 2).

Unfortunately, given the low yield of the starting r|2-diene complex 117, the 

overall yield of r| -cyclohexenyl complex 140 cannot be increased to more than 13%. 

Two-dimensional NMR analysis was not possible given the amount of complex 140 

available. Nonetheless, the structure of this product was confirmed in the solid-state via 

X-ray crystallography (Fig. 5.6).

' Cr'"',CO +
ON

CO
ON Y ~  O N -  Yc o < ^

39%
117 (5 : 1) 117’ 140

Given the relative success of this reaction, we were curious to determine the 

outcome from protonation of the r|2-(2 -butyne), -acetylene, and -allyltrimethylsilane

complexes 96-98. Disappointingly, however, the addition of anhydrous HBF4 to these

• • • 0 complexes provides only intractable mixtures. As an aside, the addition of B114NF to rj -

allylTMS complex 96 fails to provide not only the anticipated anionic r|3-allyl complex,
-j

but any tractable products, and neither decarbonylation of r| -allyl complexes 138-140 

nor the controlled addition of nucleophiles has, as yet, been realized.
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C17
C10

C11
C16C15

Figure 5.6: The solid-state molecular structure of (r|5-C5Me5)carbonylnitrosyl-
•5

chromium(r| -cyclohexenyl) tetrafluoroborate complex 140. Non-hydrogen 
atoms are represented by Gaussian ellipsoids at the 20% probability level. 
Hydrogen atoms are shown with arbitrarily small thermal parameters for the 
cyclohex-l-en-3-yl group, and are not shown for the pentamethyl- 
cyclopentadienyl group. Selected bond lengths (A) and angles (deg): Cr-N = 
1.713(3), Cr-C(l) = 1.839(4), Cr-C(2) = 2.325(4), Cr-C(3) = 2.143(3), Cr-C(4) 
= 2.374(4), 0(1)-N = 1.179(4), 0(2)-C(l) = 1.151(5), C(2)-C(3) = 1.389(5), 
C(2)-C(7) = 1.516(6), C(3)-C(4) = 1.391(5), C(4)-C(5) -  1.492(5), C(5)-C(6) = 
1.517(6), C(6)-C(7) = 1.531(6); N-Cr-C(l) = 90.56(16), Cr-N-O(l) = 173.7(3), 
Cr-C(l)-0(2) = 176.9(4), C(2)-C(3)-C(4) = 118.9(3), C(3)-C(4)-C(5) = 
121.0(3), C(5)-C(6)-C(7) = 113.7(3), C(2)-C(7)-C(6) = 114.3(3).
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5.3.3 One-electron oxidation of Cp'CrNO(CO)(i]2-alkene) complexes:

Given that the protonation of several Cp'CrNO(CO)(ri2 -l,3-diene) complexes 

yields cationic r|3-allyl complexes of Type la, we were hopeful that the related 

Cp'CrNO(CO)(r|2-mono-olefin) complexes could be elaborated into analogous q3-allyl 

complexes by hydride abstraction from the coordinated alkene (recall eq. 4.3, Method E, 

p. 98). Surprisingly, however, all attempts to convert the CpCrNO(CO)(q2-propene) and 

(q -cyclooctene) complexes 91 and 92 to q -allyl cationic species via hydride abstraction 

leads to one-electron rather than two-electron chemistry. Upon treatment with potential 

hydride abstraction agents such as the trityl or tropylium cation, both the q2-cyclooctene 

and q -propene complexes 91 and 92 are converted to intractable paramagnetic green 

materials. In accordance with the formation of odd-electron organometallic products, 

trityl dimer 141 or ditropyl 142, are also isolated from these reaction mixtures, as 

determined by electron impact mass spectrometry and spectroscopic comparison to 

authentic materials. 33 Moreover, as shown for the q2-cyclooctene complex 92 (Scheme

5.6), liberated alkene is observed in the 3H NMR spectra of the final product mixture. 

Similar one-electron chemistry is suspected to occur for reactions conducted in acetone, 

dichloromethane and THF solvents. The strong Lewis acidic character of the 

unidentified paramagnetic products eventually polymerizes THF over a twelve hour 

period.
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Scheme 5.6

COON

92

Ph3CBF4 Ph 

Ph'-COE
CPh3
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C7H7BF4
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142

Treatment of the Cp*CrNO(CO)(r|2-propene) complex 95 with either PI13CBF4 or 

C7H7BF4 in DME or acetone also affords the respective organic dimers 141 and 142 and 

a green paramagnetic product. Reactions in THF lead to solvent polymerization, in 

addition to paramagnetic products. Importantly, treatment of s-trans butadiene complex 

111 with trityl, tropylium, or ferricinium salts in DME or acetone also affords the same 

paramagnetic chromium products, as well as free butadiene. Crystals of each of these 

green paramagnetic products were obtained from the reactions in DME and acetone, 

respectively, and the structures identified via X-ray crystallography (Scheme 5.7, and 

Figs. 5.7 and 5.8, respectively).
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Scheme 5.7
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The 17-electron three-legged piano stool organometallic complex 143, isolated 

from reaction conducted in DME, is comprised of a cationic chromium(I) centre chelated 

by a single DME ligand. Similar to that of the benzyloxy chromium(I) nitrosyl complex 

128, the nitrosyl ligand in complex 143 is also slightly bent (Cr-N-O(l) = 166.2°), 

perhaps as a result of increased d->n* backdonation. The structurally related 

bis(acetone) adduct 144, isolated from reactions conducted in acetone, incorporates two 

acetone ligands in place of the DME ligand; the nitrosyl ligand is similarly slightly bent 

(Cr-N-O(l) = 166.8°). Upon standing in THF for several hours at room temperature, 

solutions of either complex leads to the formation of a solid translucent polymer, 

presumed to be poly(tetrahydrofuran).
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Figure 5.7: The solid-state molecular structure of the (r|5-C5Me5)Cr(NO)(K2- 
1,2-dimethoxyethane) tetrafluoroborate complex 143. Non-hydrogen atoms are 
represented by Gaussian ellipsoids at the 20% probability level. Hydrogen 
atoms are shown with arbitrarily small thermal parameters for the 1 ,2 - 
dimethoxyethane ligand; hydrogens of the pentamethylcyclopentadienyl group 
are not shown. Selected bond lengths (A) and angles (deg): C-0 (2 ) = 2.067(2), 
Cr-0(3) = 2.059(2), Cr-N = 1.683(3), 0(1)-N -  1.200(4), 0(2)-C(2) = 1.467(4), 
C(2)-C(3) = 1.433(6); 0(2)-Cr-0(3) = 79.20(9), 0(2)-Cr-N = 100.98(11), Cr-N- 
0(1) = 166.2(3), 0(2)-C(2)-C(3) = 107.2(3), 0(3)-C(3)-C(2) = 109.8(3), 0(2)- 
C(2)-C(3)-0(3) = 51.6(5).
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Figure 5.8: The solid-state molecular structure of the (r|5-C5Me5)Cr(NO)- 
bis(acetone) tetrafluoroborate complex 144. Non-hydrogen atoms are 
represented by Gaussian ellipsoids at the 20% probability level. Hydrogen 
atoms not are shown. Selected bond lengths (A) and angles (deg): Cr-0 (2 ) = 
2.0147(14), Cr-0(3) = 2.0159(14), Cr-N = 1.6837(19), 0(1)-N = 1.201(3), 
0(2)-C(2) = 1.228(3), 0(3)-C(5) = 1.232(2); 0(2)-Cr-0(3) = 88.22(6), Cr-N- 
0(1) = 166.8(2), 0(2)-C(2)-0(l) = 119.0(2), 0(3)-C(5)-C(6) = 118.6(2).

Complexes 143 and 144 are the first members of a new class of paramagnetic 

dative oxygen-donor chromium nitrosyl complexes. The related paramagnetic nitrogen- 

donor complexes have been previously reported. 34 ' 36 Investigation of the reactivity of 

donor complexes is discussed in Chapter 6 .

The PF6~ analogues of O-donor complexes 143 and 144 are prepared in high yield 

by adapting the synthetic method used for the preparation of the related N-donor 

complexes (Scheme 5.8). Thus, stirring a mixture of ferricinium hexafluorophosphate
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and Cp*CrN0(C0)2 94 in DME for one week affords complex 143 in 80% yield after 

filtration and removal of solvent. Similar treatment of complex 94 in acetone forms 

complex 144 in comparable yield, but in far less time (10 min). The markedly shorter 

reaction time is attributed to the far greater solubility of Cp2FePF6 in acetone than in 

DME.

Scheme 5.8

PFe

Cp2 FePF6, RT '  l + x .Me
-► .Cr""‘.o

DME, 1 wk ON \

80%  143 J

/Cr'"-,co 
0N  CO 

94
$ 2

Cp2 FePF6, RT H T

PFr

Cr,"",n _ y / 
acetone, 1 0  min ON^ \

78% 144 ^__

5.4 Addition of tin reagents to Cp*CrNO(s-tm«s-butadiene)

Formatio 
addition

5.4.1 Formation of unique q3-crotyl chromium-tin complexes via tin-hydride

Wink and co-workers37,38 have shown that hydride addition from K-Selectride™ 

[KB^ec-butyl);,!!] to Cr(CO)3(P(OR)3)(s-c/5-butadiene) 145 affords the thermally stable 

anionic r|3-crotyl species 52 (eq. 5.11). Since the stability of this chromate complex 

presumably arises from the electron withdrawing ability of the 7t-acidic carbonyl ligands,
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we surmised that the strongly rc-acidic nitrosyl ligand of Cp*CrNO(s-fra«s-butadiene)

1 1 1  might also support similar “ate” complex formation.

(MeO)3P NEt4
(MeO)3P

i. KB(s-Bu)3H

ii. NEt4 Br
OC

145 (ref. 39)
OC

52

Unfortunately, the addition of K-Selectride or other hydride reagents such as 

sodium borohydride or Super-Hydride™ (LiEt3BH) to a solution of complex 111 in 

benzene-d6 leads only to rapid degradation of the starting materials. Interestingly, 

however, this decomposition is not observed upon the addition of triphenyltin hydride 

(eq. 5.12). After five days at room temperature in benzene-d6 , 'H NMR analysis (Table 

5.3, entries 1 and 2) reveals approximately 70% conversion to the diamagnetic r|3-crotyl- 

containing species 146, formed as a 1 : 1 mixture of stereoisomers. The relative position 

of each proton resonance is markedly different for each isomer, with the central proton of 

one isomer being apparent at 2.19 ppm while that of the second is found at 3.35 ppm. 

Such differences in chemical shift undoubtedly result from the magnetic anisotropy of the 

aromatic Cp* ring and/or the chromium centre, the effects of which are quite pronounced 

in endo and exo isomers of r|3-allyl complexes. 39 ' 44

The rate of this reaction can be somewhat increased by heating the reaction to 

45 °C (safely below the 60 °C decomposition point of butadiene complex 111). In this 

way, a 100 mg scale reaction of diene complex 111 with PhjSnH in benzene is converted
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to complex 146 in four days. Purification of the crude product on silica-gel and 

crystallization from diethyl ether then affords the r|3-crotyl complex in 63% yield.

Given the high solubility of this product in benzene and diethyl ether, we 

anticipated that the adduct must be neutral and incorporate a covalently bound 

triphenyltin ligand, leading to the assignment of the product as endo and exo isomers of 

Cp*CrNO(SnPh3)(ri3-crotyl) 146 (eq. 5.12). Combustion and mass spectrometric 

analyses are consistent with the assigned molecular composition.

.Cr .
on  y  

111

R3SnH 
 »
benzene, 
4d, 45 °C

ON 
R3Sn

+ u n " /  
'  • '  R3Sn

Me „>"Cr> (5.12)

Me

R = Ph (63%) 146 exo ( 1 : 1 )  146 endo

R = nBu (35% conv.) 147 exo (1 : 4) 147 endo

The presence of the triphenyltin ligand is apparent in the 1H NMR spectrum of 

both isomers of complex 146: tin satellites arising from three- and four-bond tin- 

hydrogen coupling are observed at the base of several of the rj3-crotyl NMR 

resonances. This level of multinuclear coupling is expected given that both U9Sn and 

117Sn isotopes possess a nuclear magnetic spin of % and are 8.56% and 7.61% abundant.45 

Since 119Sn-H coupling constants are typically of greater magnitude than the 

corresponding m Sn-H coupling constants, 45 we had expected to observe discreet 

doublets arising from proton coupling with each isotope. The observed tin satellites are, 

however, insufficiently resolved to measure both coupling constants. We therefore report
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the tin-proton coupling constant of complex 146 and related complexes (vide infra) as an 

average of both I19Sn and 117Sn proton coupling constants.

Table 5.3: *H NMR data (ppm) of the neutral r|3-crotyl chromium-tin complexes 146 
and 147. Coupling constants (J) are in Hertz (Hz).fl

exo

O N ' ^ C r ^ i  Me
A .He Hi, 

O N - ^ C r W  |
R3Sn^Hd- ^ \ y

endo

146: R = Ph; 
147: R = nBu

Entry Complex Cp* Ha Hb Hc Hd Me

1 146 exo 1.36 2.19 (dt, 7  = 
14.5, 8.5)

4.08 (br dq, 
7=7 .0 ,1 .0 )

1.56 (br dd, 
J= 14.5, 

3.0)

3.33 (dd, 7 =  
7.0, 3.0)

0.96 
(d, 7 =  7.0), 
(br d, Js„-h -  

15.5)

2 146 endo 1.42
3.35 (ddd, J  
= 14.5, 11.0, 

7.0)

1.89 (dq, J= 
11.0, 6.0)

0.14 (br d,7  
= 14.5), (br 

d, Jsn-U ~ 
24.0)

4.29 (dd, 7=  
7.0, 2.0), (br 

d, Jsn-H 
26.0)

1.85 
(d, 7 =  6.0)

3 147 exo b 2.03 (dt, J= 
13.9,8.1)

4.01 (app 
quint, 7 =  

7.2)
1.41c 2.60 (dd, 7=  

8.1, 1.8) 1.09c

4 147 endo 1.50 3.35 (m) 1.91 (m) —0.27 (dd, 7  
= 14.2,2.7)

3.85 (dd, 7 =  
6.9, 2.7), 

(br d, JSn-H = 
20)

1.95 (br s)

“The aromatic and n-butyl proton resonances have been omitted, see the Experimental 
Procedures section for full spectroscopic details. 6Due to sample impurities, the Cp* and 

-butyl proton resonances could not be identified. cDetected via homonuclear COSY 
NMR spectroscopy; obscured by impurities in the ID *H NMR spectrum.
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The ambiguity over the orientation of the crotyl ligand was resolved by selective 

crystallization of what turned out to be the endo isomer. X-ray crystallography clearly 

shows the methyl group and central carbon of the crotyl ligand pointing away from the 

Cp* ring (Fig. 5.9). Moreover, the bond between the two metal centres (Cr-Sn = 2.67 A) 

is clearly evident and consistent with other chromium-tin bond lengths.46 The nitrosyl 

ligand, with an infrared absorption at 1636 cm'1, has a slightly bent geometry (C r-N -0 = 

170.8°).

Figure 5.9: The solid-state molecular structure of the endo isomer of (r|5- 
C5Me5)(NO)(Ph3 Sn)Cr(r|3-crotyl) complex 146. Non-hydrogen atoms are 
represented by Gaussian ellipsoids at the 20% probability level. Hydrogen 
atoms of the crotyl group are shown with arbitrarily small thermal parameters, 
while phenyl and pentamethylcyclopentadienyl hydrogens are not shown. 
Selected bond lengths (A) and angles (deg): Sn-Cr = 2.6755(4), Sn-C(21) = 
2.171(3), Cr-N = 1.673(2), Cr-C(l) = 2.282(3), Cr-C(2) = 2.204(3), Cr-C(3) = 
2.241(3), O-N = 1.205(3), C(l)-C(2) = 1.383(4), C(2)-C(3) = 1.389(4), C(3)- 
C(4) = 1.504(5); Cr-Sn-C(21) = 124.27(7), Sn-Cr-N = 81.55(8), Cr-N-0 = 
170.8(2), C(l)-C(2)-C(3) = 120.5(3), C(2)-C(3)-C(4) = 120.7(3).
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As noted for the endo and exo isomers of CpCr(CO)2(r|3-2 -methylallyl) complex 

70 (p. 57), there appears to be no interconversion between the related isomers of complex 

146. ' hi NMR analysis of a sample containing the pure endo isomer does not provide 

visible evidence for conversion to the exo isomer, even upon heating to reflux in toluene. 

This complex also exhibits remarkable stability toward air for several days in the solid- 

state and up to twelve hours in solution.

Addition of tributyltin hydride to butadiene complex 111 also affords a 

chromium-tm r| -crotyl adduct, formed as a 4 : 1 mixture of geometrical isomers. The 

stereochemical assignment of endo and exo isomers of Cp*CrNO(SnBu3)(r|3-crotyl) 147 

is derived from spectroscopic comparison to the analogous isomers of complex 146 

(Table 5.3, entries 3 and 4). Unfortunately, only the endo isomer can be clearly identified 

in the ‘H NMR spectrum of the mixture; isolation of this product in high yield and purity 

has not been accomplished.

5.4.2 Proposed mechanisms for the formation of the iy3-crotvl chromium-tin
complexes

Although the r\ -crotyl complex 146 arises from a formal oxidative addition of a 

Sn-H bond across the chromium-butadiene fragment, the exact mechanism of this 

transformation remains poorly understood. We have determined, however, that this 

addition reaction probably does not involve a radical initiation process. The diene to 

crotyl transformation, for example, occurs at the same rate in the absence of light and is 

not accelerated upon exposure of the reaction mixture to UV light. Moreover, the 

addition of radical initiators such as AIBN fails to accelerate the formation of complex 

146, instead leading to the formation of intractable organochromium products. Running
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the reaction in THF appears to slightly reduce the reaction time to three days, suggesting 

a more polar reaction process.

We therefore surmise that, in the case of the structurally characterized endo 

isomer of r\ -crotyl complex 146, the hydride addition is triggered by heterolytic hydride 

transfer from Ph3SnH to form the transient ionic species 148, which upon ion association 

affords the neutral ri3-crotyl complex 146 (Scheme 5.9, path a). Alternatively, the 

formation of rj -crotyl complex 146 may proceed in a concerted fashion via the five- 

centred transition state 148' (Scheme 5.9, path b). Inspection of the crystal structure of 

the endo isomer of complex 146 (Fig. 5.9), however, reveals that the methyl group of the 

r|3-crotyl ligand is tram  to the Ph3Sn ligand. Since pathway (b) can only provide a 

kinetic product in which these two ligands are mutually cis, this mechanism is unlikely to 

be involved in the formation of the endo isomer of complex 146 unless a subsequent 

rearrangement ensues. Pathway (a), however, involves a non-coordinated triphenyltin 

cation which can coordinate trans to the more sterically congested substituted position of 

the ri3-crotyl ligand.
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Scheme 5.9

Ph3SnH 
 ►
Path  (a ) O N

Me

148

146 endo

Ph
Sn

148'

111

The tricoordinate organotin(IV) cation, Bii3Sn+, is known to be moderately stable 

at room temperature in the presence of non-coordinating counterions and donor 

solvents,47 while treatment of Pl^SnFI with B(C6F5)3 is reported to provide the thermally 

stable hydride reagent [Ph3 Sn][HB(C6F5)3] 48 Although neither of these R.3Sn+ moieties 

exist as ‘pure’ tetravalent stannylium ions, these relatively stable species nonetheless 

provide support for the transient existence of a similar positively charged ion in 

intermediate complex 148. Lambert49 has recently reported the preparation of [tris(2,4,6- 

triisopropylphenyl)stannylium][B(C6F5)4], the stannylium component of which is entirely 

free of solvent and anion interactions, as determined by X-ray crystallography.

We have also obtained empirical evidence, albeit serendipitously, that also 

supports the existence of the triphenyltin cation in intermediate species 148. For 

instance, in one of the recrystallized samples of the endo isomer of r|3-crotyl complex
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146, a trace amount of green crystals was found. X-ray crystallography of this minor 

impurity revealed the structure of a peculiar dimeric chromium(I) complex 

[Cp*Cr(N0)(p-0)(p-0H)(SnPh2) ] 2 149 (Fig. 5.10).

C16' C17

C25'

Figure 5.10: The solid-state molecular structure of [(r|5-C5Me5)Cr(N0)(p-0)(p-0H)- 
(SnPh2) ] 2 149. Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20% 
probability level. Hydroxyl hydrogen atoms are shown with arbitrarily small thermal 
parameters; all other hydrogens are not shown. Selected bond lengths (A) and angles 
(deg): Sn-O(l) = 2.0178(15), Sn-O(l’) = 2.1044(15), Sn-0(2) = 2.1767(17), Sn-C(21) = 
2.128(2), Sn-C(31) = 2.127(2), Cr-O(l) = 2.0137(15), Cr-0(2) = 2.0028(16), Cr-N = 
1.690(2), 0(3)-N = 1.207(3), 0(2)-H20 = 0.78(3), Sn-Sn’ = 3.198, 0(1)-0(1’) = 2.602, 
Cr-Sn = 3.161; 0(1)-Sn-0(1’) = 78.26(6), 0(l)-Sn-0(2) = 76.11(6), 0(l)-Cr-0(2) = 
80.26(6), Sn-Q(2)-Cr = 98.18(7), Cr-N-0(3) = 165.2(2).
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Since we have already established that purified samples of q -crotyl chromium-tin 

complex 146 are remarkably stable toward air and moisture, this dimeric species must 

arise from air and water exposure during the formation of q3-crotyl complex 146. As 

shown in Scheme 5.10, we propose that the formation of dimeric complex 149 is initiated 

by the coordination of a contaminant water molecule to the Ph3 Sn+ cation of intermediate 

t| -crotyl species 148, which affords complex 149a; loss of benzene then leads to a 

hydroxyldiphenyltin cation. Subsequent dative coordination of this cation to the metal 

centre then promotes q3- to q1- isomerization of the q3-crotyl ligand, to provide the o- 

crotyl species 149b. Homolytic scission of the thermally unstable Cr-crotyl bond then 

reduces the metal centre by one-electron. At the same time, reaction of a contaminant 

oxygen molecule with the chromium centre and coordination to the tin centre provides 

the 18-electron intermediate 149c. Internal reorganization of electrons then generates 

covalent C r-0  and Sn-0  bonds, providing the chromacyclic species 149d. Dative 

coordination of the bridging peroxo ligand to the chromium and tin centres of another 

molecule of complex 149b, with prior or concomitant loss of crotyl radical, then forms 

the mixed-valent species 149e. Reorganization of electrons then completely cleaves the 

0 - 0  linkage to provide the observed neutral chromium(I) dimeric product 149. We have 

yet to determine if the addition of one equivalent of oxygenated water to a mixture of 

butadiene complex 111 and triphenyltin hydride will provide complex 149 in higher 

yield; however, it is clear that this product can be avoided in reactions run under more 

rigorously inert and anhydrous conditions.

Although the tetranuclear species [CpCr(p-0 ) ] 4  is known, 50 complex 149 is the 

first example of a mixed-metal chromium system with bridging 2 -electron oxo ligands.
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All other oxygen-containing chromium complexes are mononuclear and possess either 

4-electron oxo or r)2-peroxo ligands, 51 ' 55 providing support for at least the transient 

existence of peroxo intermediates 149c-149d.

Scheme 5.10

H

PhoSn

ON
0N V XMe

149a: Cr(0), 18 e"

-PhHMe

148

\  + 
SnPhON

149b: Cr(0), 18 e'
Me

\  + 
SnPh2ONX  \

149d: Cr(+1), 17 e‘ 149c: Cr(0), 18 e'

+150b
(-C4 H7-)

O— SnPh2

m  7

ON7  ° \  r M
Ph2Sn— 0

~~-SnPh2 

r r  \  N 0
/ " O

ON \  /
Ph2Sn—- q /

\
H

149e: Cr(+1), 17 e'; Cr(0), 18 e‘ 149: Cr(+1), 17 e'
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In addition to the ionic and concerted pathways proposed for the formation of 

r)3-crotyl complex 146, a third mechanism may also be possible (Scheme 5.11). 

Equilibration of butadiene complex 111 to the unsaturated intermediate 111b followed by 

coordination of triphenyltin hydride, for example, would provide the r\ -(hydrido- 

stannane) species 150a. Oxidative addition of the tin-hydride bond and insertion of the 

diene ligand into the consequent Cr-H bond would then afford the endo q -crotyl 

intermediate 150c. The more energetically favourable isomer of 146 endo is then formed

Scheme 5.11

Cr.
ON

1 1 1 b

Ph3SnH

O N "yCr-
R3Sn V  Me 

146 endo

150a

150d Me

ONnmC|.n 
Ph3Sn y

H 

150b I
ON'M^Cr^

R3Sn Me

150c

via an q3—►q1—*q3 isomerization of the crotyl ligand, placing the crotyl methyl group 

trans to the triphenyltin ligand. 56 The q 1-crotyl intermediate 150d might also give rise to 

the exo isomer of complex 146 via a 180° rotation of the crotyl ligand followed by 

q3-crotyl coordination. 56 Interestingly, complexes 150a-150c are structurally similar to
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the proposed intermediates for the previously discussed catalytic hydrosilylation of 

conjugated dienes (recall Scheme 1.8, p. 23).

The preparation of an unprecedented class of r|3-allyl chromium(H) complexes 

has thus been developed. Perhaps more importantly, the methodology itself is also 

unique: the oxidative addition of tin-hydride bonds across a metal-diene fragment is 

completely unprecedented. Reactions involving transition metals and tin-hydride 

reagents typically involve oxidative addition to a metal employed in the catalytic 

hydrostannylation of unsaturated organic compounds. 57"60

5.4.3 Oxidative addition of allyltriphenyltin

In light of this apparent tendency of Ph3SnH to react at the butadiene ligand of 

Cp*CrNO(s-trun5 -butadiene) 111, we proposed to investigate the potential for a similar 

oxidative addition of Sn-C bonds to afford alkyl-substituted r|3-allyl chromium-tin 

nitrosyl complexes. As determined by 'H NMR analysis (Table 5.4, entries 1 and 2), the 

reaction of butadiene complex 1 1 1  with allyltriphenyltin proceeds over three days at 

room temperature in benzene-d6 to provide a product bearing both Ph3Sn and q3-allyl 

ligands. The proton resonances of this reaction mixture, however, reveal an unsubstituted 

r|3-allyl ligand as well as liberated butadiene. Given the similarity of chemical shifts and 

the and 'H-Sn coupling constants of this complex with those of the r|3-crotyl 

complex 146, the structure of this product has been identified as complex 151, formed as 

a 2 : 1 mixture of stereoisomers (eq. 5.13). Increasing the temperature of reaction to 

60 °C for twelve hours affords complex 151 in 33% yield after silica-gel column 

chromatography and recrystallization from diethyl ether.
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benzene, 
6 0 °C, 1 2 h

-c 4 h 6

C3 H5 SnR3

111

R= P h  (33%) 151 exo (1 : 2) 151 endo
R = C3 H5  (42% conv.) 152 exo ( 5 : 1 )  152 endo

Assignment of the r| -allyl ligand configuration of the minor isomer of complex

151 as exo was accomplished by TROESY which revealed a strong NOE between the 

proton resonance of the Cp* ligand at 1.35 ppm and that of the minor isomer central 

r|3-allyl proton at 2.37 ppm. This correlation is absent from the TROESY data of the 

major isomer, which is tentatively assigned to be in the endo configuration.

Spectroscopic analysis of the thermolysis of diene complex 111 in the presence of 

tetraallyltin reveals the formation of Cp*CrNO(ri -allyl)[Sn(allyl)3] 152 as a 5 : 1 mixture 

of isomers (eq. 5.13). Unfortunately, this product could not be isolated as a pure solid but 

the yield (42%) was determined by 'H NMR spectroscopy. Nonetheless, full 

spectroscopic characterization of the major isomer of this complex clearly identifies the 

unsubstituted rf-allyl ligand (Table 5.4, entry 3). By a similar analysis, the minor isomer 

of complex 152 is assigned as the endo isomer. Unfortunately, the considerable overlap 

of proton signals from both the major isomer and unreacted starting material renders 

spectroscopic characterization of the minor isomer very tentative (Table 5.4, entry 4).
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t 1
Table 5.4: H NMR data (ppm) of the neutral p -allyl chromium-tin complexes 148.
Coupling constants (J) are in Hertz (Hz)/'

R-,Sn"'-^Cr.

e X 0  Hr endo

151: R = Ph 
152: R = C3H5

Entry Complex Cp* Ha Hb Hc Hd He

1 151 exo 1.35
2.37 (app tt, 

J=  13.6, 
7.6)

4.41 (br d, J  
= 6.8), (br d, 
Jsn-H= 27.2)

1.82 (br d, J  
= 13.6)

1.41 (br d, J  
= 13.6)

3.12 (brdd, 
J=  7.6,2.4), 
(brd , J s„-h = 

25.6)

2 151 endo 1.41

3.54 (dddd, 
J=  13.6, 
12.0, 7.2, 

6.8)

3.32 (dt, J  = 
7.6, 2.4), (br 

d, Jsn-H = 
22.4)

1.26 (br d, J  
= 12.0)

0.28 (brd, J  
= 13.6)

3.26 (brdd, 
J=  7.2,2.8), 
(br d, Js„-h= 

20.8)

3 152 exo 1.36 2.306

3.07 (br d d /  
= 7.2,1.8), 

(br d, JSn.H = 
20.0)

1.73 (br d, J  
= 8.1)

1.18 (brd, J  
= 13.2

2.67 (br dt, J  
= 8.1,2.1), 

(br d, Jsn-H = 
33.0)

4 152 endo 1.41 3.56c 4.14 (br dt, J  
= 6.6, 5.0) 1.41c 0.21 (br d, J  

= 12.5)
3.24 (b r d ,/  

= 6.6 Hz

“The proton resonances of the tin substituents have been omitted, see the Experimental
L

Section for full spectroscopic details. Detected via homonuclear COSY NMR 
spectroscopy; obscured by other product signals in the ID ’H NMR spectrum.

It is reasonable to assume that the thermal loss of butadiene or simply p4- to p2- 

equilibration provides an unsaturated chromium(O) centre that is capable of oxidative 

cleavage of the allyl-Sn bond. We therefore explored the reactivity of other compounds
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containing polarized bonds toward butadiene complex 111. Disappointingly, however, 

addition of 9-BBN, Et3SiH, (TMS)3SiH, CHC13, (CH3)3CI, or Ph6Sn2 to complex 111 in 

benzene-d6 fails to effect any reaction, even after ten days at room temperature. A 

gradual increase in reaction temperature to 80 °C or exposure of the reaction mixture to 

ultraviolet light leads only to decomposition to intractable products. Hydrogen also fails 

to react with butadiene complex 111.

The addition of allyl bromide, however, cleanly provides free butadiene and a 

second organic compound, identified as 1,5-hexadiene by spectroscopic comparison to 

authentic material. The identity of the paramagnetic chromium-containing byproduct(s) 

is unknown. As shown in Scheme 5.12, we propose that the formation of the two organic 

products is initiated by p4- to p2- isomerization of the butadiene ligand followed by 

^-coordination of allyl bromide to form the intermediate species 153a. Oxidative 

addition of the p2-(allyl bromide) ligand and concomitant loss of butadiene then affords 

the neutral chromium(II) p3-allyl complex 153b. Isomerization of the allyl ligand to the 

p 1-coordination mode then affords the a-allyl complex 153c, which undergoes a-bond 

homolysis to provide the allyl radical. Although the final organochromium product could 

not be isolated, it is likely to be the paramagnetic chromium(I) dimer [Cp*Cr(NO)Br]2 

153d.
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Scheme 5.12
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As a control experiment for this reaction, we also investigated the addition of allyl 

bromide to Cp*CrNO(CO) 2  94. Unlike the interaction between diene complex 111 and 

allyl bromide, heating a mixture of complex 94 and allyl bromide in benzene-d6 fails to 

effect any reaction. This is presumably a result of the robust nature of the chromium-CO 

bonds, which prevents thermal decarbonylation. Consistent with the photolytic diene 

synthesis (Chapter 4), photolysis of dicarbonyl complex 94 in the presence of allyl 

bromide leads to nearly complete consumption o f the starting materials and the formation 

of 1,5-hexadiene and an unidentified green paramagnetic product that we assume to be 

complex 153d.
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5.5 Photolytic decarbonylation of Cp*CrNO(CO)2 in the presence of tin reagents

5.5.1 Preparation of Cp*CrNO(ti3-allyl)(SnPh3)

By combining the photo-initiated activation of Cp*CrNO(CO) 2  94 with the use of

•>
allyltin reagents, we discovered a tantalizing direct method for the preparation of p -allyl 

chromium-tin complexes 151 and 152. Photolysis (450 Watt, Hg Hanovia) of dicarbonyl 

complex 94 in the presence of allyltriphenyltin in benzene-d6 provides Cp*CrNO- 

(p -allyl)(SnPh3) 151 as a 1 : 3 mixture of endo and exo isomers in 48% conversion, as 

ascertained by 'H NMR spectroscopy. A trace amount of 1,5-hexadiene was also 

detected, along with two unassigned Cp* signals at 1.42 and 1.40 ppm. Further 

photolysis only increases the relative amount of these impurities. Since many alkyltin 

reagents are prone to photo-induced radical decomposition,61 we attribute the formation 

of 1,5-hexadiene and the unidentified Cp*-containing impurities to the radical-mediated 

decomposition of allyltriphenyltin.

To avoid this competitive reaction pathway, we reintroduced the 370 nm cutoff 

filter to the photolysis apparatus. In this way, photolysis of complex 94 in the presence 

of allyltriphenyltin at 8 °C in benzene-d6 for 24 h affords p -allyl complex 151 in much 

higher conversion (72%) and with considerably lower formation of organic and organo- 

chromium impurities. The selectivity of this reaction is further improved upon the 

introduction of a nitrogen purge. Passing the resulting reaction mixture through a silica- 

gel column and recrystallization from diethyl ether ultimately provides allyl complex 151 

in 63% yield and high purity (eq. 5.14). Changing the reaction solvent to toluene and 

lowering the reaction temperature to -20 °C does not improve the yield of this product.
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UN V
CO

hv (>370 nrrf 
benzene,
8  °C, 24h 

(-2CO)

C3H5SnR3

63% 151 exo (2 : 1 ) 151 endo

Unfortunately, extending this methodology to the preparation of ri3-allyl complex 

152 is less successful, producing the desired product in lower yield and purity than with 

the analogous triphenyltin complex 151. Even using the 370 nm cutoff filter and a 

vigorous nitrogen purge, the photolysis of a mixture of tetraallyltin and Cp*CrNO(CO)2  

94 for 24 h at 8 °C leads to a 1 : 1.5 mixture of endo and exo isomers of complex 152 in 

only 33% yield. This product could not be separated from the unassigned 

organochromium byproducts.

Despite the apparent simplicity of the chemistry shown in equation 5.14, there is 

no literature precedent for the formation of isolable q3-allyl complexes via the oxidative 

addition of allyl tin compounds to any transition metal. However, the palladium- 

catalyzed carboxylation of allyl stannanes is known and is believed to proceed via 

intermediate (R.3Sn)Pd(II)L(rj3-allyl) (L = neutral two-electron donor) complexes.62,63 

There are, in fact, very few examples of the oxidative addition of any type of Sn-C bonds 

to a transition metal centre.64'66 The only literature that reflects some of the principles
•5

involved in this chemistry is one report o f the formation o f CpMo(NO)(GePh3)(r| -allyl) 

156 via thermal decarbonylation of CpMo(NO)(CO)(GePh3)(ri1-allyl) 155 (eq. 5.15); the 

precursor is prepared via the nucleophilic attack of [CpMo(NO)(CO)(GePh3)][Et4N] 154 

on allyl bromide.67 Thus, provided it can be generalized, our photolytic strategy for the
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formation of Cp*Cr(NO)(r|3-allyl)(SnR3) complexes represents a novel and compelling 

route to a new class of stable allylchromium nitrosyl complexes.

J. THF, A . .
P h g G e '^ M o - . .^ ^  — —— Ph3Ge )Mo

ON CO (’C 0) 0N<
/ Mo^ \
i

(5.15)

155 156

5.5.2 Spectroscopic identification of Cp*CrNO(CO)t|2-(H-SnPh3)

After it became clear that allylstannanes add oxidatively to Cp*CrNO(CO) 2  94 

via photo-labilization of the carbonyl ligands, the reactivity of Ph3SnH was investigated 

under similar reaction conditions. If successful, this reaction would provide an entry 

route into an otherwise unknown series of unsaturated chromium hydride complexes, 

which may be amenable to synthetically useful insertion reactions, including those of 

dienes.

Thus, broad spectrum UV irradiation of a mixture of dicarbonyl complex 94 in the 

presence of one equivalent of triphenyltin hydride under a nitrogen purge provides *H 

NMR spectroscopic evidence for the formation of a 10 : 1 mixture of isomeric chromium 

hydride complexes 157 (8 Cr-H: -3.62 and-3.82, respectively). Closer analysis of this 

reaction mixture, however, reveals that the hydride signal at -3.62 ppm is flanked by two 

doublets arising from U9Sn-H (J -  360 Hz) and 117Sn-H (J = 344 Hz) coupling (Fig.

5.11); the lower concentration of the minor isomer prevents detection of the tin satellites 

for the signal at -3.82.
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major

minor

-3.00 -3.20 -3.40 -3.60 -3.80 ^ 0 0  -4720

Figure 5.11: Expansion of the hydrido region of the 'H NMR spectrum of complex 157.

It is known that the magnitude of the Sn-H coupling constant is proportional to 

the amount of direct Sn-H bonding present in transition metal tin-hydride complexes.68'71 

In complexes where there is an agostic interaction between the transition metal and the 

Sn-H bond, the value of Js„-h ranges from 1500 to 1800 Hz. Transition metal tin-hydride 

complexes possessing a three-centred two-electron Sn-M-H bond, however, exhibit 

U9Sn-H coupling constants ranging from 328 to 338 Hz, while complexes with discrete 

M-Sn and M-H bonds can have 119Sn-H coupling constants anywhere between 0 and 150 

Hz.69'72 The structurally characterized complex CpCr(NO)(PPh3)(H)(SnPh3) 159, for 

example, elicits a 119Sn-H coupling constant of only 23.7 Hz and is therefore considered 

to be a nominally chromium(II) hydride species (eq. 5.16). On the other hand, 

(r|6-arene)Cr(CO)2(HSnPh3) complexes are reported to have 119Sn-H coupling constants 

ranging from 328 to 338 Hz;69,72 this three-centred two-electron, or r|2-(hydrido-
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stannane), interaction has been confirmed in the solid-state for the ri6-(mesityl) complex 

161 (eq. 5.17).69’72

(ref. 6 8 )

| 2 Ph3SnH |
Cr",-.pp |1 ► p>"'iCr'<ii(e npu (5.16)

ON ^  THF, -SiMe4 Ph£ /  \>S nPh 3
UN CH2SiMe3 „ ’ * ON H

1 6 -0.5 Sn2 Ph6

158 159
13%

OC""y°r'^C O
OC

160

(ref. 72) 

hv, Ph3SnH 

-CO 

65%

,SnPh3 (5.17)

161

Given the similarity between the 119Sn-H coupling constant of the r|2-(hydrido- 

stannane) complex 161 with that of the above photolysis product, we tentatively assigned 

the structure of complex 157 as possessing an r\ -(Sn-H) ligand (eq. 5.18).

Ph3SnH
/O r- CO — —------------oC""'/Cr^ / SnPh3 + ON"'"/Cr^ - / SnPh3 (5 -18)ON V r .  hv, benzene-d6 0(-  /  /  ON /

5 °C, N2 purge ON H OC

9 4  50% conv. 1 5 7  d  = 10) 157’
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Unfortunately, we have yet to isolate complex 157 or optimize the yield of the 

reaction. At room temperature, for example, the reaction produces only a trace amount of 

the desired product. Once isolated, the infrared spectrum should provide additional 

evidence for the three-centred two-electron bond; the structurally similar (q6-arene)- 

Cr(CO)2(HSnPh3) complexes, for example, reveal diagnostic Cr-H stretching frequencies 

in the range of 1918 to 1950 cm'1.69

Despite our current inability to isolate r|2-stannane complex 157 from solution, 

this nonetheless introduces another class of potentially useful complexes into the 

relatively under-studied area of chromium-tin(IV) chemistry. To the best of our 

knowledge, all other examples of chromium-tin complexes consist of a tricoordinate tin 

moiety and a chromiumcarbonyl fragment.73,74 Moreover, the r|3-allyl chromium-tin 

complexes 146,147,151, and 152 are the first examples of tin(IV)-chromium(II) 

compounds possessing both alkyl and nitrosyl ligands.
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Chapter 6.

Non-carbonyl sources of chromium: alternative strategies for the 
preparation of /?s£w*/0-tetrahedral t|3-allyl chromium complexes

6.0 Overview

The previous chapters have focused on the development of chromium r| -allyl 

complexes bearing rc-acidic ligands. Although several new classes of thermally stable 

ri3-allyl complexes have been introduced, we have yet to convert these half-sandwich 

complexes into the desired pseudo-tetmhedml analogues. The biggest obstacle to these 

transformations is the presence of carbonyl ligands that cannot be removed or exchanged 

from the metal centre without unwanted loss or functionalization of the allyl ligand; we 

have yet to determine the reactivity of the R.3 Sn ligands in the more recently discovered

-5
r| -allyl chromium-tin complexes.

Thus, we have also explored the preparation of the proposed Type II-V chromium 

rf-allyl target molecules (outlined in Chapter 1, pp. 34-36) from non-carbonyl sources of 

chromium. Each of the following sections of this chapter therefore consists of an 

introduction to the proposed strategies for the synthesis of these pseudo-tetrahedral 

complexes, followed by a discussion of the corresponding experimental results.
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6.1 Attempted synthesis of chromium(I) nitrosyl t]3-allyl complexes

6.1.1 Introduction

We originally envisioned the synthesis of the Type II 17-electron r|3-allyl 

chromium nitrosyl complexes via allylation of dimeric monohalochromium nitrosyl

1 9complexes Ila, the iodo- analogues of which are well known (eq. 6.1). ’ The dimeric 

complex [CpCr(NO)I] 2 162, for example, is obtained from the addition of half an 

equivalent of iodine to CpCrNO(CO) 2  90 in dichloromethane; a full equivalent of iodine 

leads to the formation of the dinitrosyl complex CpCr(NO)2l 163 (eq. 6.2) rather than the 

expected CpCr(NO)l2 product.1 Similar treatment of the more hindered 

permethylcyclopentadienyl complex Cp*CrNO(CO) 2  94 leads only to the dinitrosyl 

species Cp*Cr(NO)2l 165. Conducting this oxidation reaction in acetonitrile, however, 

avoids this disproportionation product and provides the desired dimeric iodo- complex 

[Cp*Cr(NO)I] 2  164 (eq. 6.2).2 The formation of the bromo- analogues of the Type Ila 

complexes has not been reported, while the only known chloro- analogue 

[Cp*Cr(NO)Cl] 2 132 is prepared from dicarbonyl complex 94 and P C I 5 in acetonitrile.2

Rn

ON

Y r '  Cr
/ ClS  ' Cr-

NO

&
Ha Rn 

X = halide

Method A

.M

M = MgX, 
Li, SnR3

Cr(l), d5,17e

(6 .1)

Type I I
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R

R' 

ON'

1 R 0.5 equiv. I2
Cr-,,, ------------------- ►
v "CO solvent
CO (ref. 2 )

R = H solvent = CH2CI:
R = Me solvent = MeCN

NO

ON

162: R = H 
164: R = Me

(6 .2)

Interestingly, the alkylation of monoiodo- complex 162 is successful only upon 

the addition of trimethylsilyl Grignard reagents in the presence of a stabilizing phosphine

-5 c
or amine ligand. ' The unique stability of the resulting CpCr(NO)(L)(CH2 SiMe3) 

complexes presumably results from the steric bulk of the alkyl ligand and the lack of P- 

hydrogen atoms. Surprisingly, the addition of allyl-containing reagents to complex 162 

has yet to be reported and there are no reports of any reactivity of the more hindered 

[Cp*Cr(NO)I] 2  complex 164.

An alternative approach to the preparation of the Type II r\ -allyl complexes relies 

on the allylation of cationic bis(donor) chromium(I) nitrosyl complexes lib  (eq. 6.3). 

Several bis(N-donor) members of this class of complexes are known,6'8 while we have 

prepared the structurally related DME and bis(acetone) complexes 143 and 144 (recall 

Chapter 5, pp. 168-172).
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Rn

Cp'lll/H 

ON N l

lib

L = neutral 2e' donor

Method B

.M

M = MgX, 
Li, SnR3

Cr I), d ,17e

(6.3)

Type II

We were also interested in the reduction of the cationic N- and O-donor 

complexes in the presence of conjugated dienes, the desired outcome of which would 

provide an alternative method for preparing the Cp'CrNO(s-tra«5-l,3-diene) complexes, 

discussed previously in Chapter 4 and 5. Indeed, Legzdins has demonstrated related 

reactions in which the cationic bis(ammonia) complex 166 is slowly reduced by zinc 

powder under a CO atmosphere or in the presence of an isocyanide to provide neutral 

CpCrNO(L) 2  (L = CO, CNR) complexes (eq. 6.4).8

PFr
1 + xs Zn, 2(L) |

X ['"'NH3 t h f  o n ^ Cv " '" l (6’4) 
n h 3 l

L = CO, CN(CMe3)
166

6.1.2 Halo-bridged dimers as chromium nitrosyl sources

We therefore began the investigation of non-carbonyl sources of chromium by 

exploring allyl anion addition to [CpCr(NO)I] 2  162. Unfortunately, however, treatment 

of this complex with reagents such as allylmagnesium bromide or chloride, allyllithium 

or tetraallyltin at low temperature provides only brown intractable products; infrared
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analysis of these reaction mixtures revealed a multitude of tentatively assigned nitrosyl 

ligand absorptions between 1700 and 1600 cm-1. Addition of the more hindered 

cinnamyl lithium reagent also provides an intractable reaction mixture, as does allyl 

anion addition in the presence of PPI13. We attribute this undesirable reactivity to the 

thermal instability of the putative Cp'Cr(NO)(r|1-allyl) intermediates.

Unfortunately, the addition of allylating reagents to the permethylcyclo- 

pentadienyl analogue of complex 162, [Cp*Cr(NO)I] 2  164, could not be studied. In our 

hands, the preparation of this starting material did not result in the expected green 

crystalline prodict,2 but only a brown intractable powder. The addition of the allyl anion
•j

to [Cp*Cr(NO)Cl]2 132 affords only intractable reaction mixtures.

6.1.3 Reactivity of cationic bis(donor) chromium(I) nitrosyl complexes

The addition of various allyl anion sources to the [CpCr(NO)bis(acetonitrile)]PF6 

complex 167 also leads to the formation of intractable brown mixtures. Interestingly, 

however, the reaction between allylmagnesium chloride and the related bis(ammonia) 

complex 166 provides a red product, which upon recrystallization from diethyl ether 

provides red crystals of the known bridging amido [CpCr(NO)(p-NH2 ) ] 2  complex 168, as 

determined by X-ray crystallographic comparison of the previously reported compound9 

(eq. 6.5). The formation of this unexpected product is presumably initiated via the 

deprotonation of an ammonia ligand of complex 166 by the Grignard reagent, with 

concomitant loss of the remaining ammonia ligand.
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^ M g C ,  ( Q t  ...H, /N O
X r,„   ► ^  C < * j z \  (6.5)

ON V 'NH3 DME 0.5 /  N ^
NH3 -78 °C—  RT 0N  H 2

36%166 168

In all but one case, the addition of allyl magnesium chloride or bromide to the 

O-donor complexes 143 and 144 leads to the formation of intractable products; the 

exception being the reaction between allylmagnesium chloride and a suspension of DME 

complex 143 (in diethyl ether at -78 °C). Initially, a colour change from green to brown 

was observed, followed by the formation of a green precipitate upon warming to room 

temperature, subsequently determined to be the dimeric [Cp*Cr(NO)Cl] 2  complex 132, 

formed in 45% yield (eq. 6.6).

PF,

Me

143 Me

. ^ x ^ M g C I

Et20  
-78 °C—-R T  

45%

NO

ON

132

(6 .6)

Equally disappointing results were obtained from zinc reduction of the N-donor 

complexes 166 and 167 and the O-donor complexes 143 and 144 in the presence of a 

large excess of butadiene or isoprene. In all cases only intractable yellow-brown 

products were obtained. Other reductants, such as magnesium powder or sodium- 

mercury amalgam, also leads to the formation of similar product mixtures. No
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spectroscopic evidence for the presence of any r| -diene or r\ -diene complexes was 

obtained.

6.2 Synthesis and reactivity of dihalochromium complexes bearing neutral 
ligands

6.2.1 Introduction

Since a number of groups have employed Cp'Cr(L)Cl2 (L = donor ligand) 

complexes in the synthesis of bis(alkyl) chromium(IH) complexes,10'14 we proposed that 

these complexes should also be amenable to allyl anion addition. For example, initial 

splitting of dimeric dichlorochromium complexes Ilia by a neutral donor molecule, 

followed by treatment with allylating reagents to give the consequent Type Illb  

17-electron complex would provide the allyl-containing species IIIc (Scheme 6.1) or its 

p'-analogue. Subsequent electrophilic dehalogenation of this complex may then afford 

the desired cationic Type I I I Jo-tetrahedral rf-allyl products.

Scheme 6.1

°-5 c f
xc < cl> (

X I  N

Cl

Method A

L

'Rn

Cr—
V Cl

Cl

Ilia Rn L _ neutral 2 e“ donor
Illb

Cr(lll), d3,15e

Ag

Type III

M = MgX, 
Li, SnR3

Rn

L

IIIc

^Cr^"'cla
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Reversing the order of addition of the donor ligand and the allyl anion may also 

provide the requisite Type I I Ic  allylchromium complexes. Indeed, a similar approach has 

been employed in the preparation of the monomethyl and dimethyl pyridine complexes 

171 and 172 (Scheme 6.2).15,16 In this case, however, the starting alkyl complex 170 is 

prepared via the addition of Cp*Li to the preformed methyl-containing chromium(HI) 

dichloro complex 169.17’18

Scheme 6.2

THF 
THF'/,, I ,^CI

THF | ^ C l  
CH3

169

Cp*Li

0.5

170

xs py

(ref. 15-18)

py/ Cr̂ "CI
c h 3

CH3Li
£ 3

py
/ Cr̂ "CH3

c h 3

171 172

The preparation of the Type I I I  ri3-allyl target complexes may also be possible 

simply via the protonation of known 17-electron chromium(I) r|4-diene complexes H id , 

the syntheses of which entail the reduction of Cp’Cr(L)Cl2 (L = donor ligand) complexes 

in the presence of conjugated dienes (eq. 6.7).19 The thermally stable CpCr(PMe3)(r|4- 

butadiene) complex 176, for example, is prepared via initial trimethylphosphine-induced
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reductive coupling of the allyl ligands in CpCr(q3-allyl) 2  complex 43, followed by 

exchange of the consequent r|2:ri2-( 1,5-hexadiene) ligand with butadiene (Scheme 6.3, 

path a).19 This complex is also obtained via the addition of PMe3 to [CpCrChk 174,19 

followed by treatment with magnesium butadienide20 (Scheme 6.3, path b). The 

thermally sensitive permethylcyclopentadienyl analogue (complex 177) of diene complex 

176 is prepared via an extension of this latter approach.19

Method B

red.

Illb II Id
L = neutral 2e' donor

Cr(lll), d3,15e‘

Type I I I

(6.7)

Scheme 6.3

43

174

PMe3, pentane

-7 8 - ^ 0  °C, 12 h 

path (a)

82%

(ref. 19)

PMe3

M6 3 P

61%
176

THF, RT 
30 min

path (b)

.Cr>u„r .
Me3P V C'

Cl

C4H6Mg(THF)2 

THF, -78 °C, 16 h

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



208

6.2.2 Addition of sterically hindered donor ligands to [Cp*CrCl2h

Our initial attempts to prepare the Type III r|3-allyl complexes began with the 

coordination of sterically hindered ancillary ligands to the dimeric dichloro species 

[Cp*CrCl2]2 178.15’21 The addition of 2,4,6-trimethylpyridine (PyMes) or IMes to blue 

solutions of complex 178 in THF, however, failed to effect a colour change, indicative of 

a lack of coordination. Indeed, combustion analysis of the recrystallized residue from the 

reaction of complex 178 with PyMe3 revealed the presence of only unreacted 

organochromium starting material.

Similar analysis of the product from the reaction of complex 178 with IMes 

reveals only trace amounts of nitrogen in the sample, indicative of very little conversion 

to the tentatively assigned Cp*Cr(IMes)Cl2 179, which could not be isolated in sufficient 

yield or purity. Treatment of [Cp*CrCl2]2 178 with allylmagnesium bromide or chloride 

followed by the addition of PyMe3 or IMes, on the other hand, provides in each case a 

brown reaction mixture. Unfortunately, these products could not be isolated or identified.

6.2.3 Protonation of chromium(I) ri4-butadiene complexes

Given the discouraging results from these preliminary investigations, we focused 

on the alternative method for the synthesis of the Type III r\ -allyl complexes.

Regrettably, however, the addition of tetrafluoroboric acid to CpCr(PMe3)(ri4-butadiene) 

176 and the permethylcyclopentadienyl analogue 177 failed to provide the desired 

cationic ri3-allyl derivatives. In each case, protonation of the red diene complex at low 

temperature leads to the isolation of blue powders, the identity of which could not be 

ascertained via elemental analysis.
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6.3 Monohalo chromium(II) complexes as r|3-allyl and q4-(l,3-diene) precursors

6.3.1 Introduction

Although, prior to our work, the addition of neutral donor molecules to the

99dimeric [Cp*CrCl] 2  complex 180 had yet to be reported, we proposed that this strategy 

might nonetheless afford 14-electron Type IVa complexes. Subsequent allylation may 

then provide the paramagnetic 16-electron Type IV q3-allyl complexes (eq. 6.8). Since 

the cyclopentadienyl analogue of complex 180 readily disproportionates to form 

chromocene and chromous chloride,22’23 this approach to prepare the Type IV complexes 

is presumably limited to the permethylcyclopentadienyl analogues.

[Cp*CrCI]2 —=-► 

180

L = neutral 2e' donor

^ C rir ci
IVa

Method A

M = MgX, 
Li, SnR3

n = 1 (large L) 
n = 2 (small L)

Cr/A
Cr(ll), d4,16e- 

high-spin

Type IV

(6 .8)

The formation of the sterically less encumbered Type IV CpCr(L)(ri3-allyl) 

complexes may be accomplished by exploiting the work of Tilset, in which the reaction 

of the mildly acidic24 IMesHCl salt with chromocene 178 affords the 14-electron 

complex CpCrCl(IMes) 179 in good yield 25 Treatment of this complex with PhMgCl 

provides the thermally stable phenyl derivative 180 (eq. 6.9). Thus, the addition of allyl 

Grignard in place of PhMgCl may provide CpCr(IMes)(q3-allyl). This methodology
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cannot be extended to decamethylchromocene 181, which upon exposure to IMesHCl, 

instead forms [Cp*CrCl3-][IMes+] 182 in undisclosed yield.25

Cr

178

IMesHCl  ►
THF, RT 

67% 179
(ref. 25) (Type IVa)

PhMgBr

IMes Ph 

180

(6.9)

A second approach to prepare the Type IV r) -allyl complexes entails the 

coordination of conjugated dienes to cationic derivatives of Type IVa 14-electron 

complexes. Subsequent hydride attack on the consequent q4-diene ligand may then 

afford the desired chromium® r\ -crotyl complexes (eq. 6.10). Indeed, similar 

chemistry has been demonstrated for the conversion of cationic [Co(CO)3(r|4-l,3-diene)]’t 

and [CpMo(CO)2(n4-l,3-diene)]+ complexes to the neutral rf-allyl products.26'28

Rn

.Cr.

Rn

IT  'C l Ag+ 

IVa

Cr.

Method B

H

IVb
L = neutral 2e' donor

L/ Cry v

Cr(ll), d4,16e' 
high-spin

Type IV

Me
(6 .10)
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6.3.2 Synthesis and reactivity of a 14-electron 2,4,6-trimethylpyridine complex

In contrast to the addition of 2,4,6-trimethylpyridine to the chromium(III) 

complex [Cp*CrCl2 ] 2 178, similar treatment of the chromium(II) complex [Cp*CrCl]2  

180 leads immediately to the formation of a dark pink precipitate, isolated in 72% yield 

and subsequently identified as Cp*Cr(PyMe3)Cl 181 by X-ray crystallography of crystals 

grown from toluene (eq. 6.10 and Fig. 6.1).

181

/  PyMe3
C 'v'"ri"'?Cr ^   I--- (6-11)

0.5 > c r  pentane, RT ^

180 72%

Further characterization of this novel complex via electron impact mass 

spectrometry was unfortunately ambiguous; only the PyMe3 and Cp*CrCl fragment ions 

could be identified in the mass spectrum. Combustion analysis of complex 181 also 

failed to provide accurate elemental composition data even when performed on X-ray 

quality crystals. It is therefore apparent that the hindered pyridine ligand of this complex 

is only weakly bound to the metal centre. Indeed, heating a solution of complex 181 in 

THF to 60 °C results in decomposition and the formation of intractable materials. In 

spite of this thermal lability, the closest known structural analogue o f  this complex is the 

trivalent Cp*Cr(pyridine)Cl2 species.29 Indeed, to the best of our knowledge, complex 

181 is the first example of a divalent Cp'Cr(donor)Cl species derived from [Cp*CrCl]2 .
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C17
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C19

Figure 6.1: The solid-state molecular structure of [(r|5-C5Me5)CrCl(2,4,6-
trimethylpyridine)] 181. Non-hydrogen atoms are represented by Gaussian 
fellipsoids at the 20% probability level. Hydrogen atoms are shown with 
arbitrarily small thermal parameters. Selected bond lengths (A) and angles 
(deg): Cr-Cl = 2.2938(13), Cr-N = 2.103(3), N-C(l) = 1.350(5), N-C(5) = 
1.365(5); Cl-Cr-N = 98.69(9), Cr-N-C(l) = 121.3(3), Cr-N-C(5) = 117.8(3).

Despite the novelty of this complex, attempts to convert it into an ri3-allyl bearing 

species met with no success. Addition of allyl Grignard reagents or tetraallyltin, for 

example, leads only to the formation of intractable brown products, resulting perhaps 

from Cr-allyl bond homolysis of the putative Cp*Cr(PyMe3)(allyl) intermediate 182. To 

improve the stability of this unidentified species, it may thus be necessary to incorporate 

isopropyl or tert-butyl substituents at the 2- and 6- position of the pyridine ligand, but we 

have yet to explore this possibility.
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We also studied the reaction between allyl chloride and complex 181, which, in 

theory, could provide a 1 : 1 mixture of [Cp*CrCl2 ] 2  178 and the unknown desired 

chromium(III) allyl complex Cp*CrCl(r|3-allyl). Thus, heating an equimolar mixture of 

allyl chloride and complex 181 in THF to 40 °C results in a colour change from purple to 

blue. Unfortunately, however, the product of this reaction was determined to be 

[Cp*CrCl2]2 178 alone, formed in near-quantitative yield, via combustion analysis. 

Although 1,5-hexadiene may have formed as a by-product, we did not analyze the 

reaction mixture for the presence of this molecule.

6.3.3 Attempted coordination of conjugated dienes to Cp*CrCl(PyMe3)

The addition of conjugated dienes to Cp*CrCl(PyMe3) complex 181 in the 

presence of silver salts provided isolable, albeit highly unexpected, products. Treatment 

of a mixture of complex 181 and excess isoprene in THF with AgBF4 , for example, leads 

to an immediate colour change from purple to blue along with the formation of a grey 

precipitate. Single crystals were obtained from a solution of the blue product in a 1 : 1 

mixture of THF and diethyl ether and the molecular structure identified to be that of the 

trivalent tetranuclear complex [Cp*4Cr4(p-F)5Cl2]BF4 183 via X-ray crystallography (eq. 

6.9). The previously reported PF6- analogue of this complex is formed by means of a 

gradual decomposition of the ethylene polymerization catalyst [Cp*Cr(CH3)(THF)2]PF6 

184 in dichloromethane.30'32 Since the respective bond lengths and angles of the cations 

of both salts of complex 183 are identical, we did not perform a complete structural 

analysis of the BF4“ congener.
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181

THF
(-PyMe3)

AgBF4

26%

BF4

(6 .12)

The mechanism of formation of this unexpected product remains unclear. It is 

apparent, however, that one-electron oxidation of the PyMe3 complex 181 is a more 

energetically favourable reaction pathway than the desired dehalogenation reaction. 

Moreover, this oxidation to chromium(III) clearly promotes rapid degradation of the BF4' 

and PF<f counterions. We therefore questioned if this decomposition pathway could be 

avoided via treatment of complex 181 with AgBPh4, which is devoid of abstractable

Thus, the addition of one equivalent of silver tetraphenylborate to a solution of 

complex 181 in THF immediately generates a deep blue solution and a grey precipitate. 

Subsequent crystallization of the blue product afforded needle-like crystals of the novel 

cationic bis(THF) complex 185 in 77% yield, as determined by X-ray crystallography 

(eq. 6.13 and Fig. 6.2).

halogen.
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181

AgBPh4

THF
(-PyMe3)

77% 185

(6.13)

As noted for the tetranuclear complex 183, the three-legged piano stool complex 

185 clearly arises as a result of oxidation of the metal centre along with concomitant loss 

of the bulky pyridine ligand. However, since fluoride ions are absent in this reaction, the 

chromium(III) centre in this case coordinates two solvent molecules to form a stable, 

nominally 15-electron complex. Interestingly, all other examples of known cationic 

trivalent cyclopentadienyl bis(THF) chromium complexes possess alkyl or alkoxide

11 i 4
ligands rather than halides. ’ ’

The use of silver tetraphenylborate thus avoids the formation of multinuclear 

chromium halide complexes, however, it fails to remove the chloride ligand from 

complex 181, preferring instead to oxidize the metal centre. Moreover, addition of 

isoprene to this reaction fails to provide any evidence of even transient diene 

coordination. Further research in this area therefore requires the use of non-oxidative 

halide abstraction reagents.
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Figure 6.2: The solid-state molecular structure of [Cp*Cr(THF)2 Cl][BPh4 ] 
•C4 H8 O 185. The BPhzf anion and the interstitial THF molecule are omitted. 
Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20% 
probability level. Hydrogen atoms are shown with arbitrarily small thermal 
parameters. Selected bond lengths (A) and angles (deg): Cr-Cl = 2.2934(17), 
Cr-O(l) = 2.053(3), Cr-0(2) = 2.057(3), 0(1)-C(1) = 1.407(7), 0(1)-C(4A) -  
1.447(10), 0(2)-C(5A) = 1.421(13), 0(2)-C(8A) = 1.443(12), C(l)-C(2) = 
1.495(9), C(2)-C(3A) = 1.550(12), C(3A)-C(4A) = 1.517(13), C(5A)-C(6) = 
1.595(13), C(6)-C(7) = 1.464(9), C(7)-C(8A) = 1.507(13); Cl-Cr-O(l) = 
93.97(11), Cl-Cr-0(2) = 94.55(11), 0(l)-Cr-0(2) = 87.04(15).

6.3.4 Synthesis and reactivity of Cp’Cr(IMes)Cl complexes

Although Cp*Cr(PyMe3)Cl 181 qualifies as a Type IVa complex, it is not 

amenable to allyl anion addition and possesses a thermally labile donor ligand. We were 

therefore hopeful that allylation of the structurally similar CpCr(IMes)Cl complex 179,25

i c  i i r

which possesses a more thermally robust dative bond, ’ would alleviate the lability
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problem. Unfortunately, however, the addition of allyl Grignard, -lithium, or -tin 

reagents to this unsaturated complex leads only to the formation of intractable products.

Given the probability that this is likely a result of reduction of the metal centre via 

Cr-allyl a-bond homolysis or bimolecular decomposition via ligand exchange, we 

targeted allylation of the permethylcyclopentadienyl analogue of complex 179. The 

presence of the more sterically hindered ancillary CsMes ligand in this complex might 

inhibit the bimolecular decomposition process via kinetic control or reduce the rate of 

homolysis via greater electronic stabilization of the chromium(II) a-allyl intermediate. 

Unfortunately, the procedure for the synthesis of Cp*Cr(IMes)Cl 187, as reported in a 

patent, 37 via the addition of IMes to [Cp*CrCl] 2  180 does not provide data to support the 

formation or the identity of this complex; in our hands, reproducing this procedure 

provides no isolable products.

Because the reaction between IMesHCl and decamethylchromocene 181 affords 

only [Cp * CrCl3_] [IMes+] 182,25 we speculated that similar treatment of 

pentamethylchromocene 186 might provide Cp*Cr(IMes)Cl 187 by way of selective 

protonation of the less hindered cyclopentadienyl ligand. Surprisingly, however, no 

procedure for the synthesis of the necessary mixed chromocene has been reported. The 

previously reported CpCr(p5-ethyltetramethylcyclopentadienyl) complex, however, is 

prepared in under 40% yield via the addition of NaCp to [r|5-(C5Me4Et)CrCl]2 , prepared 

in situ.3S A modification of this procedure therefore provided us with Cp*CrCp 186 in 

very good yield (eq. 6.14). X-ray crystallography of crystals grown from pentane reveals 

the structure of a typical mixed sandwich complex, displaying only a 4.27° deviation 

between the planes formed by the Cp and Cp* rings (Fig. 6.3) . 39
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CrCI,
i) Cp*Li

ii) NaCp 

THF, RT

79%

Cr

186

(6.14)

C18] C19
C14C12C1T C13

C10C11
C15C16

C 2 3 k
C 2 2 C 24

Figure 6.3: The solid-state molecular structure of (r|5-C5Me5)Cr(r|5-C5H5) 186. 
Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20% 
probability level. Hydrogen atoms are shown with arbitrarily small thermal 
parameters. Selected bond lengths (A): Cr-C(10) = 2.146(2), Cr-C(ll) = 
2.134(2), Cr-C(12) = 2.151(2), Cr-C(13) = 2.169(2), Cr-C(14) = 2.165(2), Cr- 
C(20) = 2.144(2), Cr-C(21) = 2.139(2), Cr-C(22) = 2.160(2), Cr-C(23) = 
2.184(2), Cr-C(24) = 2.174(2).

The addition of IMesHCl to a solution of the mixed chromocene 186 indeed 

provides the desired complex Cp*Cr(IMes)Cl 187 in 39% yield, after recrystallization
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from diethyl ether (eq. 6.15). Characterization of this novel adduct by high resolution 

electron impact mass spectrometry reveals the expected molecular ion of 

m/z = 526.22026; however, combustion analysis failed to afford data consistent with the 

elemental composition of this extremely air and moisture sensitive compound. 

Nonetheless, single crystals of complex 187 were obtained and the structure confirmed 

by X-ray crystallography (Fig. 6.4).

186 187

IMesHCl

THF, RT "  '  ' (6‘15)
(-CpH)

39%

The crystal structure of this monomeric 14-electron complex clearly reveals the 

skewed orientation of the carbene mesityl groups which, in conjunction with the methyl 

groups of the permethylcyclopentadienyl ligand, forms a sterically imposing enclosure 

around the chloride ligand. Unfortunately, despite this sterically shielded environment, 

addition of allylating reagents to complex 187 leads only to the formation of intractable 

product mixtures.
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C 3 5
£ 3 2

JC34
C 3 9 C 3 8

C19<

C 2 3 ^ 7
0^%)C22
c28

C 2 5 1

C16, C15

|C14 C18

C13C12C 29

Figure 6.4: The solid-state molecular structure of (r|5-Me5 C5 )(l,3 -dimesityl- 

imidazoline-2-ylidene)chlorochromium(II) 187. Non-hydrogen atoms are 
represented by Gaussian ellipsoids at the 20% probability level. Hydrogen 
atoms are not shown. Selected bond lengths (A) and angles (deg): Cr-Cl = 
2.3001(10), Cr-C(l) = 2.127(3), N(l)-C(l) = 1.369(4), N(l)-C(2) = 1.388(4), 
N (l)-C (ll) = 1.447(4), C(2)-C(3) = 1.333(5); Cl-Cr-C(l) = 95.53(9), N(l)- 
C(l)-N(2) = 103.4(3), C(l)-N (l)-C(ll) = 127.4(3), C(l)-N(2)-C(21) = 127.5(3).

6.3.5 Formation of a tris(2,6-diisopropylphenyl isocyanide)chromium(I) complex

As a final effort directed toward the synthesis of Cp*Cr(L)Cl complexes 

amenable to allyl anion addition, we explored the synthesis of complexes in which the 

donor ligand (L) is a sterically encumbered isocyanide molecule. Isocyanides are 

isoelectronic with CO, and capable o f both ligand-to-metal o-donation and metal-to- 

ligand 7t-backbonding, 40 and thus may lead to the formation of isolable Cp*Cr(CNR)(r|3- 

allyl) complexes.
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Relatively few chromium isocyanide complexes have been reported; none possess 

the Cp'Cr(CNR)X (X = halide) structure suitable for our goals.2 9 , 4 1 -46 Our first attempt to 

prepare these 14-electron complexes began with the addition of one equivalent of 

2,6-diisopropylphenylisocyanide, 4 7 ’ 48 to a solution of [Cp*CrCl] 2  180 in THF. Removal 

of the solvent and trituration of the red residue with pentane left behind a blue powder, 

the identity and yield of which have yet to be determined. Subsequent cooling of the 

pentane extracts deposited an orange-red powder. Surprisingly, analysis of this product 

via high resolution electron impact mass spectrometry provided no evidence for the 

presence of a chloride ligand; a molecular ion with m/z = 748.46561 and two daughter 

fragment ions with m/z = 561.3303 and 374.19405 suggested the presence of Cp*Cr 

species bearing three, two, and one isocyanide ligand(s), respectively. The source of 

these ions was tentatively attributed to the unexpected neutral complex Cp*Cr[CN(2,6- 

PhiPr2)]3 189 (eq. 6.15).

Verification of the composition of this unusual molecule was impeded by 

persistent impurities; combustion analysis provided only tenuous data. Fortunately, 

however, crystals of this complex were grown from pentane and the proposed structure

28% crude

(6.15)
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confirmed by X-ray crystallography (Fig. 6.5). Although the low resolution of this 

crystal structure prevents detailed analysis, the molecular composition and connectivity 

of this unprecedented 17-electron complex was nonetheless obtained.

C r1B

,N2B

N1B

N3B

Figure 6.5: The solid-state molecular structure of the tris(2,6-diisopropyl-
phenyl isocyanide)(r|5-C5Me5)chromium(I) complex 189. Due to the poorly 
diffracting crystal, accurate structural data could not be obtained.

The formation of this unexpected paramagnetic chromium(I) product may be 

rationalized by a redox disproportionation mechanism (Scheme 6.4), initiated by the 

formation of the unsymmetrical dinuclear species 190a, with coordination of an 

isocyanide to one of the chromium centres of dimer 180 and coordination of solvent to 

the remaining chromium centre. As a result of the isocyanide 7i-acidity, the relatively
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electron poor isocyanide-bearing chromium centre is reduced internally by the THF- 

coordinated metal centre, to form the mixed-valent intermediate 190b. Successive 

coordination of two additional isocyanide molecules to the chromium(I) centre along 

with heterolytic cleavage of the remaining Cr(I)-Cl bond then affords complex 187 and, 

possibly, Cp*Cr(THF)Cl2 178b. The latter complex is known to exist in solution, while 

in the solid-state forming the blue chromium(III) dimer [Cp*CrCl2]2 ,19 identical in colour 

to that of the blue residue isolated from this reaction. Further support for this tenuous 

mechanism is the apparent low yield (-28%) of complex 187, which approaches the 

maximum theoretical yield of 33% for reaction of one equivalent of isocyanide (per 

chromium) with [Cp*CrCl]2 . Unfortunately, the addition of excess isocyanide fails to 

provide a significantly increased yield of this unusual product.

Scheme 6.4

X "  +c(>
/ (oXg /mh>/(nXci^oX

190a 190b

R = 2,6-Ph('Pr)2 RNC

187 178b 1 9 0 c
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6.3.6 The reaction of imidazolium salts with Cp*Cr(n3-allyl)2

Although our attempts to prepare Type IV q3-allyl complexes were unsuccessful, 

the pursuit of Cp'Cr(IMes)Cl complexes 179 and 187 prompted us to consider other 

allylchromium precursors potentially amenable to protonation by IMesHCl. Thus, the 

addition of this imidazolium salt to the thermally unstable chromium(III) complex 

Cp*Cr(ri3-allyl) 2  191 was investigated, targeting the corresponding trivalent complex 

Cp*Cr(IMes)(r|3-allyl)Cl 192. Unfortunately, however, this reaction provides only the 

previously characterized divalent complex Cp*Cr(IMes)Cl 187, as determined by mass 

spectrometry and X-ray crystallography. The formation of 187 presumably proceeds via 

homolysis of the o-allyl intermediate 192' (eq. 6.16).

•4r ^
191

IMesHCl 

THF, -78 °C
( - c 3h 6) IMes V

192
(6.16)

IMes Cl 

187

RT

-C3H5 .

31%

IMes V

192’
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The nominally seven-coordinate geometry of the proposed r|3-allyl intermediate 

192 is unfavourable for many cyclopentadienyl organochromium complexes.41 To avoid 

this steric congestion imidazolium salts bearing non-coordinating counterions were 

introduced, hopefully leading to Type III r|3-allyl complexes (eq. 6.17).

-Rn

IMesHX

-c 3h 6

X~= PF6, BPh4

' < l l

X

L

L = IMes 
(Type III)

(6.13)

IMesH+P iy  was therefore prepared according to the literature procedure49  and 

IMesfTBPhy via a modification thereof. Surprisingly, however, the addition of either of 

these salts to bis(allyl) complex 192 failed to effect any reaction; thermal decomposition 

of the starting complex proceeds as if IMesH^X-  was absent. Equally unexpectedly, 

these salts also fail to react either with chromocene 178 or pentamethylchromocene 186, 

even upon heating to 60 °C.

These observations imply that the Bronsted acidity of the unreactive imidazolium 

salts is significantly lower than that of the chloride analogue. A comparison of the 

NMR data for all three IMesHX salts reveals that the chemical shift of the acidic 

imidazolium proton is markedly dependent on the counterion, with relatively little 

difference between the shifts of the other proton resonances (Table 6.1). Since hydrogen 

bonding increases the acidity of carbon acids50 and chloride ion is a classical hydrogen 

bond acceptor, it is reasonable to assume that the reactive nature of IMesHCl, as well as
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the relatively downfield chemical shift of the acidic proton, is a direct result of a 

corresponding hydrogen-chloride bonding interaction. Although the crystal structure of 

this compound is known, 51 the position of the acidic proton has not been refined, thus 

preventing corroboration of this proposed interaction.

Table 6.1: NMR data (ppm) of the IMesHX (X = CF, PF<f, BPhF) salts in
C D C I 3 . The labeling scheme is shown below.

X = Ha Hb Hc ortho-C H3 para-Q H3

cr 11.02
(t, J  = 1.5 Hz)

7.58 
(d,J =  1.5 Hz) 7.04 (s) 2.20 (s) 2.32 (s)

pff 8.68
(t, 7 =  1.5 Hz)

7.53 
(d,J =  1.5 Hz) 7.02 (s) 2.01 (s) 2.34 (s)

“BPh4~ 6.97
(t, 7 =  1.8 Hz)

6.19 
(d, J=  1.8 Hz) 7.04 (s) 1.90 (s) 2.40 (s)

“The proton resonances of the B P I14 anion have been omitted, refer to the 
Experimental Section for full characterization data of this imidazolium salt.

The relative unreactivity of the noncoordinating IMes salts is thus attributed to the 

lack of hydrogen bonding between the counterions and the acidic proton. The minor 

discrepancies between the chemical shifts of several of the protons of the BPI14- salt and 

those of the PFs” congener can be attributed to either magnetic anisotropic shielding from
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the phenyl rings of the BPI14-  anion and/or the presence of a relatively weak hydrogen 

bonding interaction between the acidic proton and a fluorine atom of the PF6~ anion. To 

the best of our knowledge, there have been no other discussions of this phenomenon 

among acidic N-heterocyclic carbene precursors and its effect on the reactivity of 

imidazolium salts toward organometallic compounds.

6.4 Phosphinimide chromium complexes as t|3-allyl precursors

6.4.1 Introduction

Our final approach to the synthesis of pseudo-tetrahedral chromium r|3-allyl 

complexes via non-carbonyl sources entailed the preparation of nominally 17-electron 

chromium(III) Type V target complexes via allylation of Type Va complexes (eq. 6.18). 

Preparation of such coordinatively unsaturated 15-electron precursor complexes may be 

possible via a metathesis of alkali metal salts of ̂ -donating X-type molecules and dimeric 

[Cp'CrCl2 ] 2  complexes (eq. 6.18).

Ilia

X-M

Rn
-M

^ Cr\ n  M = MgX\ 
X Li, SnR3

Va

X= an ion ic 4e' 71-donor 

M = Li, Na, K

/A
Cr(lll), d ,17e

(6.18)

Type V
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Given the recent demonstration of phosphinimide ligands in organotitanium

chemistry, particularly in the area of catalytic olefin polymerizations,52'59 we were

curious to evaluate the effect of incorporating such strongly electron donating ligands in

the proposed Type Va organochromium complexes. In addition to stabilizing

electronically unsaturated transition metal complexes by donating up to six electrons to

the metal centre via (lo27t)-type donation (eq. 6.19),60 these nitrogen-bound ligands are

considered to be steric analogues of cyclopentadienyl ligands. If this is indeed the case,

then a Type V  rp-allyl chromium complex bearing a phosphinimide ligand would be a
4 1

very close structural analogue of the metallacyclobutane precursors Cp'2Ti(r| -allyl), 

discussed previously in Chapter 1 (p. 14). Moreover, the successful formation of such 

chromium phosphinimide complexes would represent the first examples of the 

Cp'Cr(N=PR.3)X (X = halide) structural class.

R3P = N — M -► R3P = N — M -► R3P — N ^ M  (6.19)

2e' donor 4e" donor 6 e' donor
(1a) ( l a i n )  (1a27i)

One established synthesis of phosphinimide ligand precursors entails the initial 

oxidation of tertiary phosphines by tosyl azide to provide the trimethylsilyl 

phosphinimine product I (eq. 6.20).61 Subsequent desilylation in acidic methanol results 

in the amine derivative II,62 which upon treatment with an alkyl lithium reagent affords 

the lithiated phosphinimide III.63,64
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A
R3P + Me3SiN3 ------- ► R3P = N S iM e 3

I

MeOH, A, \  (6.20)
H2S 0 4 (c a t.)\ ( 3)

R'Li / '
R3 P = N H   ► R3P = N

I I  Et20  I I I
R' = Me, nBu

One general synthesis of transition metal phosphinimide complexes involves the 

addition of the lithio-phosphinimide compound I I I  to the requisite metal halide (Method 

A, eq. 6.21). Phosphinimide complexes can also be prepared via the addition of 

trimethylsilyl phosphinimine I  to organometallic halides via elimination of Me3SiX (X= 

halide) from the Lewis base adduct (Method B, eq. 6.22) . 52

Method A
Li

R3P = N
Cp'MX2 ----------------► C p 'M (N = P R 3)X (6.21)

X = halide

Method B

R3P = N S iM e 3 Cp'MX2 A
Cp'MX2 —  V   ► C p 'M (N = P R 3)X (6.22)

R3P— NSiMe3 (-SiMe3X)
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There are no examples of the preparation of chromium phosphinimide complexes 

via either of these approaches; however, the formation of CrCl2(Me3 Si-N=PMe3 )2  193 

has been reported. This complex fails to lose Me3SiCl upon heating to reflux in 

dichloromethane.65 The trivalent pincer-phosphinimine complex [HC(Ph2P=N- 

SiMe3)2Cr(u-Cl)]2 194 is prepared from [HC(Ph2P=N-SiMe3)]Li and CrCl2(THF)2.66

6.4.2 Disproportionation of a phosphinimide ligand
■y

To provide steric protection for the targeted Cp'Cr(N=PR3)(r| -allyl) complexes 

and resistance to reduction at chromium by p 1-allyl bond homolysis, we chose to use 

phosphinimide ligands possessing tert-butyl substituents. Unfortunately, however, we 

could not reproduce the published procedure for the requisite lithium phosphinimide.63,64 

All attempts to prepare rBu3P=N-Li resulted in the formation of a multitude of 

phosphorus containing salts, as ascertained by 'H and 31P NMR spectroscopy.

We therefore investigated the coordination of one equivalent of 'Bu3P=N(TMS) to 

each chromium centre of [Cp*CrCl2]2 178, hoping to induce the loss of MesSiCl in a 

subsequent step. This reaction provided two products after trituration into ether and THF 

and evaporation to dryness. Fortunately, crystallization of the purple-blue product from 

toluene provided crystals suitable for X-ray diffraction and the structure was identified to 

be the organochromium salt [Cp*CrCl3~][<Bu3PNH2+] 195 (Fig. 6.6); the yield of the 

purple-blue powder was subsequently determined to be 48% based on the amount of 

chromium present. The identity and yield of the second product from this reaction could 

not be determined.
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Figure 6.6: The solid-state molecular structure of [Cp*CrCl3][(Bu3PNH2] 195. 
Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20% 
probability level. Hydrogen atoms are shown with arbitrarily small thermal 
parameters for the amino group; the remaining hydrogen atoms are not shown. 
Selected bond lengths (A) and angles (deg): Cr-Cl(l) = 2.3557(9), Cr-Cl(2) = 
2.2934(9), Cr-Cl(3) = 2.3315(9), P-N = 1.638(3), P-C(21) = 1.863(3), P-C(25) = 
1.866(3), P-C(29) = 1.871(3), N-H(INA) = 0.79(3), N-H(INB) = 0.89(3); N-P- 
C(21) = 103.86(15), N-P-C(25) = 109.42(14), N-P-C(29) = 113.58(15), 
H(1NA)-N-H(1NB) -  112(3), H(1NA)-N-P = 114(3), H(1NB)-N-P = 111(2).

Although the constituent [Cp*CrCl3] and [*Bu3PNH2]+ ions of complex 195 are 

not unprecedented, ’ ’ ' we cannot provide a mechanistic rationale for the formation 

of this unexpected compound. Intriguingly, however, the same distribution of products is 

obtained upon conducting the addition reaction in a silanized glass reaction vessel, 

excluding the potential involvement of boro-silicate surface silanol residues in this
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chemistry. Conducting this reaction using [CpCrCl2]2 174 results in the isolation of two 

unidentified products identical in colour to the products obtained from reaction with the 

complex [Cp*CrCl2 ] 2  178, but still unidentified. The addition of *Bu3PN(TMS) to 

CrCl2(THF), followed by treatment with Cp*Li also provides a mixture of unidentified 

blue and purple-blue products.

Thus, our attempts to prepare Type V r| -allyl complexes from phosphinimide 

chromium sources have so far been unsuccessful. The synthesis of these targeted 

complexes may therefore require the use of the elusive /Bu3P=N-Li salt, or the use of 

phosphinimine ligands less prone to disproportionation reactions..

6.5 Conclusions

Our efforts to prepare Types II-V/wei/Jo-tetrahedral r|3-allyl complexes have, 

unfortunately, been unsuccessful. The addition of allyl-containing reagents to the 

chromium(I) nitrosyl complexes, for example, leads only to the formation of intractable 

products. Given the thermal stability of the bis[ri3-(l,3-trimethylsilyl)allyl] complexes 

prepared by Hanusa,71’72 future investigations in this area may benefit from the use of 

hindered 1,3-disubstituted allyl reagents.

The addition of the sterically hindered neutral donor molecules 2,4,6-trimethyl­

pyridine and IMes to [Cp*CrCl2] provides little evidence for coordination to the metal 

centre. Thus, continued work in this area may be successful in preparing the targeted 

Cp*Cr(L)Cl2 complexes by tethering the donor and permethylcyclopentadienyl ligands, a 

strategy employed by other research groups.10'13,73 In contrast, 2,4,6-trimethylpyridine 

readily coordinates to the chromium(II) dimer [Cp*CrCl] 2  to provide Cp*Cr(PyMe3)Cl in
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good yield. Unfortunately, however, subsequent allylation provides only intractable 

products. Future work in this area may also benefit from the incorporation of sterically 

encumbered 1,3-disubstituted allyl ligands.

Given that the chromium(III) product resulting from the addition of silver 

tetrafluoroborate to Cp*Cr(PyMe3)Cl in the presence of conjugated dienes results in 

degradation of the BF/f ion, the unidentified product obtained from the addition of 

tetrafluoroboric acid to the CpCr(PMe3)(r|4-butadiene) complex 176 may also result from 

a similar anion degradation. Successful conversion of this r|4-diene complex to a trivalent
•j

r| -allyl chromium species may therefore require the use of protic acids containing more 

chemically inert counterions.74
•5

In spite of these setbacks, our efforts to synthesize 16-electron [Cp'Cr(NO)(n - 

allyl)]+ complexes of Type I  have resulted in the discovery of several interesting classes 

of organochromium complexes. For example, a reasonably general procedure for the 

synthesis of unprecedented CpCr(CO)2 (r|3-allyl) complexes has been developed,75 while 

oxidation of these neutral complexes with the nitrosonium ion provided the 

chromium(III) r|3-allyl redox isomers in high yield. These complexes are the first 

reported examples of thermally stable chromium(III) r| -allyl complexes.

The introduction of a 370 nm cutoff filter to the photolysis of CpCrNO(CO) 2  in 

the presence of olefins resulted in significantly improved yields of the previously 

reported CpCr(NO)(CO)(ri2-alkene) complexes. Preparation of the previously unknown 

permethylcyclopentadienyl series, however, does not require the use of this filter.77 A 

series of CpCr(NO)(CO)(q2-l,3-diene) and CpCrNO(p4-s-tran.s-l,3-diene) complexes 

have also been prepared from >370 nm UV irradiation of CpCrNO(CO) 2  in the presence
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of conjugated dienes. Interestingly, synthesis of the permethylcyclopentadienyl 

analogues results in the formation of only the s-irons complexes. Unlike the less 

hindered cyclopentadienyl analogues, these Cp*Cr(NO)(rj4-l,3-diene) complexes do not 

require the use of the 370 nm filter and can be isolated and characterized in the solid- 

state.77 The s-trans coordination mode of these complexes is completely unprecedented 

among the first-row transition metals. Moreover, all known examples of other chromium 

r|4-(l,3-diene) complexes exclusively adopt the s-cis diene orientation.

Interestingly, photolysis of both CpCrNO(CO) 2  and Cp*CrNO(CO) 2  in the 

presence of rigidly s-cis cyclic organic 1,3-dienes does not provide s-cis r|4-diene 

complexes. Monomeric Cp'Cr(NO)(CO)(ri2-cyclic-l,3-diene) products were identified in 

both cases, as well as unexpected [Cp*Cr(NO)(CO)]2(p-r|2:r|2-cyclic-l,3-diene) 

complexes. We tentatively attribute this aversion to s-cis r|4-(l,3-diene) coordination and 

the thermodynamic preference for s-trans- or r| -(1,3-diene) coordination to an 

energetically unfavourable interaction between the frontier molecular orbitals of the s-cis 

conjugated dienes and the Cp*CrNO fragment. Corroboration of this assumption via 

computational methods is currently in progress in collaboration with Professor M. 

Klobukowski of the University of Alberta.

Reactivity studies have shown that protonation of both the CpCr(NO)(CO)- 

(r)2-1,3-diene) and Cp*Cr(NO)(CO)(r|2-cyclic-1,3-diene) series of complexes provides 

thermally stable r|3-allyl products. More interesting, however, is the addition of 

tetravalent tin-hydride reagents to the Cp*CrNO(s-frans-butadiene) complex, which 

provided an unprecedented class of bimetallic Cp*(R3Sn)Cr(NO)(ri3-crotyl) complexes. 

The r|3-allyl congener was prepared either by the thermal assisted oxidative addition of
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allyltriphenyltin to the s-trans butadiene complex or from the photo-assisted double 

decarbonylation of Cp*CrNO(CO)2  in the presence of allyltriphenyltin. Both of these 

methods are unprecedented procedures for the preparation of transition metal-tin r| -allyl 

complexes.

Clearly, the scope of this methodology must be investigated. Future work in this 

area should explore the use of substituted allyltin reagents as well as vinyl-, alkynyl-, and 

allenyltin compounds. Moreover, the addition of triphenyltin hydride to the ri4-isoprene 

and ri4 -(2,3-dimethylbutadiene) congeners of the s-trans butadiene complex should also 

be investigated. These rf-allyl chromium-tin complexes may also be useful in 

nucleophilic reactions with carbonyl-containing organic compounds. Preliminary results 

suggest, however, that solutions of the r|3-crotyl complex in benzene are unreactive 

toward benzaldehyde.

Preliminary investigations have also shown that the photolysis of Cp*CrNO(CO)2  

in the presence of triphenyltin hydride provides an unprecedented Cp*Cr(NO)(CO)- 

(ri2-hydrido-stannane) species. Since we have only tentatively identified this product in 

situ, further research in this area will require isolation and full characterization of this 

complex. The insertion of unsaturated organic molecules into the ‘Cr-H’ bond of this 

tantalizing complex should also be studied.

Finally, the s-trans butadiene complex was found to undergo protonation by HBF4 

to provide the 16-electron species [Cp*Cr(NO)(ri3-allyl)]BF4 , the first pseudo-tetrahedral 

allylchromium complex to be reported. Unfortunately, the severe thermal instability of 

this complex prevented a thorough study of potential central carbon alkylation reactions. 

Although this complex possesses a strongly 7r-acidic nitrosyl ligand to help maintain the
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allyl moiety in the if-coordination mode, the steric unsaturation about the metal centre 

may still allow for bimolecular decomposition. Improving the stability of this complex 

may therefore require the use of more sterically demanding ancillary ligands. Indeed, 

the so-called “tetrahedral enforcer” ligand, hydrotris(3-terf-butyl-5-methyl-pyrazolyl)- 

borate (Tp'Bu’Me),78 has been used in the synthesis of highly unsaturated thermally stable 

monomeric (Tp®u’ Me)CrR (R = Et, Ph, CH2SiMe3) complexes.79 Thus, if (Tp'Bu’Me)-

Cr(NO)(ri4-l,3-diene), or perhaps slightly less hindered analogues, could be prepared and
•2

then protonated with tetrafluoroboric acid, a series ofpseu Jo-tetrahedral q -allyl 

complexes with considerably more convenient thermal sensitivity might be obtained.
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Experimental procedures, spectroscopic and analytical data

General: All manipulations on air sensitive compounds were performed under a 

nitrogen atmosphere using standard Schlenk techniques, or in a nitrogen filled drybox 

equipped with a freezer maintained at -35 °C. Unless stated otherwise, all reactions were 

carried out under a nitrogen atmosphere. The high vacuum line (10' 5 mm Hg) was used 

to add solvent and volatile reagents to reaction mixtures at -198 °C via vacuum transfer 

and to remove volatile compounds from reaction mixtures. Photolysis reactions were 

conducted in Pyrex vessels, cooled with a 5 °C circulating ethanol bath and irradiated 

with a Hanovia 450 Watt high pressure mercury lamp placed six inches from the reaction 

vessel, all in an enclosed photolysis chamber. Photolysis reaction mixtures containing 

CpCrNO(CO) 2  90 or tin reagents were jacketed by a GWV 370 nm cutoff filter. IR 

spectra were recorded on a Nicolet Magna IR 750 or a Nicolet 20SX spectrophotometer 

and are reported in reciprocal wave numbers (cm"1) calibrated to the 1601 cm"1 absorption 

of polystyrene. All infrared measurements were obtained either in solution (KBr solution 

cells) or in the solid-state (as Nujol mulls on KBr disks). Celite filtration in the drybox 

was performed using a plug of Hyflo Super Cel™ (Fisher) over glass wool in a 

disposable pipette or through a sintered glass funnel under reduced pressure. 

Chromatographic separation of all organometallic products was performed in the drybox. 

Cylindrical medium-walled Pyrex vessels equipped with Kontes K-826510 Teflon 

vacuum stopcocks are referred to as solvent or reaction bombs.
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Nuclear magnetic resonance spectra ('H NMR and 13C NMR) were recorded on Varian 

Inova 300 ( %  300 MHz), Yarian Inova 400 ('H, 400 MHz; 13C, 100 MHz), Varian 

Mercury 400 (lH, 400 MHz; 13C, 100 MHz), and Varian Inova 500 (*H, 500 MHz; 13C, 

125 MHz) spectrometers. 31P, n B, and 19F NMR spectra were recorded on the Varian 

Inova 400 (3 1P, 162 MHz, n B 159.8 MHz, 19F 376 MHz) spectrometer. Chemical shifts 

are reported in the 8 scale, referenced to residual protiated solvent. In [H NMR spectral 

data, values of the coupling constants are either obtained directly from the spectrum, or 

inferred from the coupling constants of mutually coupled nuclei. Although generally 

measured to ±0.1 Hz, J  values are self-consistent only to ±0.5 Hz. Multipicities are 

reported as observed. Data for the 'H-’h  COSY is presented such that correlations are 

listed only once. In 13C APT NMR spectral data “+” denotes a quaternary or methylene 

carbon (i.e., C or CH2), denotes a methine or methyl carbon (i.e., CH or CH3).

HMQC experiments are recorded at the 'H frequency. In the assignment of several *H 

NMR and 13C NMR spectra, the numbering or lettering scheme used is included with the 

illustration of the corresponding molecule. In complexes where aromatic resonances 

overlap and cannot be assigned a ubiquitous designation of “Ph” is used.

High resolution mass spectra (HRMS) were obtained on a Kratos MS-50 spectrometer in 

electron impact mode operating at 40 eV. The m/z ratio for the most abundant ion is 

given for each organometallic complex analyzed by HRMS. Elemental analyses were 

performed by the University of Alberta Microanalysis Laboratories. All air sensitive 

compounds (2-3 mg) were first wrapped in a thin-walled pre-weighed aluminum boat and 

then further wrapped in second pre-weighed aluminum boat and kept in nitrogen-filled
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one-dram vials prior to analysis. Due to the high volatility of some samples or 

problematic combustion, several compounds failed to afford consistent elemental analysis 

even when using highly purified crystalline samples suitable for X-ray crystallography.

For a comment on this problem, common to certain classes of early transition metal 

complexes, see the supporting information in reference 1.

X-ray crystallography intensity data were collected on a either a Bruker P4/RA/SMART 

1000 CCD or a Bruker PLATFORM/SMART 1000 CCD at -80 0 C with MoKa 

radiation. In each case a semi-empirical absorption correction was applied to the data.

All crystal structures were solved using direct methods (SHELXS-86 or DIRDIF-96)2’3 

and refined against F1 using SHELXL-93.4 All non-hydrogen atoms were refined 

anisotropically.

Materials: Unless indicated otherwise, solvents and reagents were purchased from 

commercial vendors, distilled or passed down a plug of neutral or basic alumina and 

degassed prior to use by repeated freeze-pump-thaw cycles on a vacuum line. Toluene, 

benzene, tetrahydrofuran, diethyl ether, 1,2-dimethoxyethane, hexane and pentane were 

distilled from sodium/benzophenone ketyl or potassium/benzophenone ketyl. Methylene 

chloride and acetonitrile were distilled from calcium hydride and degassed prior to use. 

Acetone was dried over boric anhydride and degassed prior to use.
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Experimental details for Chapter 2:

Improved preparation of tris(acetonitrile)tricarbonylchromium 67:5

A suspension of chromiumhexacarbonyl (24.0 g, 0.109 mol) in acetonitrile (350 

mL) was heated to reflux with vigorous stirring for eight days, or for three days following 

the complete consumption of the starting material. To facilitate removal of liberated CO, 

the reflux condenser was connected to a nitrogen bubbler filled with one inch of mineral

oil. To reintroduce sublimed Cr(CO) 6  to the solution, the reaction flask was shaken 

manually at approximately 12 h intervals. The cloudy orange solution was then cooled to 

room temperature, transferred via cannula to a frit layered with Celite, and filtered into a 

Schlenk flask. The filtration flask was then placed in a hot water bath and both the 

solvent and residual Cr(CO) 6  were removed in vacuo to provide (CH3CN)3 Cr(CO)3  67 as 

a bright yellow powder (24.89 g, 8 8 %). IR (cm'1, NUJOL): vcn -  2280 (w); Vco = 1914 

(s), 1794 (s), 1774 (s). Note: this compound is pyrophoric.

I

66

(r|5-Cyclopentadienyl)(ri3-allyl)dicarbonylchromium 66, method A:

To a solution of sodium tricarbonyl(ri5-cyclopentadienyl)chromate 676 [100 mg, 

0.446 mmol; prepared in situ via a 12 h reflux of NaCp and Cr(CO)e] in THF (20 mL) 

cooled to -30 °C was added allyl tosylate (104 mg, 0.49 mmol) slowly via syringe. After
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stirring for 2 h, a solution of trimethylamine N-oxide (165 mg, 2.23 mmol) in methanol (5 

mL) was added via cannula and the dark orange solution warmed to room temperature. 

After 30 min of additional stirring, the solvent was removed in vacuo and the orange- 

green residue triturated with pentane until the extracts remained colourless. The orange 

extracts were then combined and filtered through a sintered glass funnel layered with a 

short plug of Celite and the filtrate evaporated in vacuo to provide r| -allyl complex 6 6  as 

a light orange powder (19.1 mg, 20%). Characterization data is provided below.

(ti5-Cyclopentadienyl)(i]3-allyl)dicarbonylchromium 6 6 , method B:

To a solution of tris(acetonitrile)tricarbonylchromium 67 (100 mg, 0.386 mmol) 

in acetonitrile (20 mL) cooled to -30 °C was added allyl bromide (33.4 pL, 0.386 mmol), 

resulting in an immediate colour change from yellow to red. After stirring for 1 h, a 

solution of sodium cyclopentadienide7 (34.0 mg, 0.386 mmol) in acetonitrile (10 mL) 

was added slowly via cannula and the dark orange mixture warmed to room temperature 

over a period of 15 min. The solvent was then removed in vacuo and the residue 

triturated with pentane until the extracts remained colourless. The orange extracts were 

then combined and filtered through a sintered glass funnel layered with a short plug of 

Celite. The filtrate was then passed through a 1 x 10 cm neutral alumina(I) column and 

eluted with hexane. The first five 20 mL fractions were combined and the solvent 

removed under reduced pressure to provide rp-allyl complex 6 6  as a light orange powder 

(62 mg, 75%). IR (vco, cm'1, THF): 1939, 1869. *H NMR (500 MHz, C6D6): 53.91 (s, 

5H, C5H5), 3.73 (tt, J=  11.1, 7.0 Hz, 1H, Hcentrai), 2.67 (dt, J=  7.0,1.1 Hz, 2H, Hs>,„),

0.48 (dt, J=  10.9,1.1 Hz, 2H, Hanti). 13C NMR (125 MHz, C6D6): <5247.1, 87.9, 71.0,
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47.0. HRMS calcd for CioHioCr0 2 : m/z 214.0083; found: 214.00887. Anal, calcd for 

CioHioCrOa: C, 56.08; H, 4.71; found: C, 55.83; H, 4.82. Crystals suitable for X-ray 

crystallography were grown from a concentrated solution of complex 6 6  in 

methylcyclohexane at -35°C. Details are provided in Appendix A, part 1.

I
OC"'y

oc
69

(tl5-Cyclopentadienyl)(t|3-3-methyl-allyl)dicarbonylchromium 69:

As per the procedure for r\ -allyl complex 6 6 , method B, except crotyl bromide 

(35.2 pL, 0.386 mmol) was used as the substrate. Yield: 64.3 mg (73%) of a bright 

yellow powder. IR (vco, cm4, THF): 1932,1863. 'H NMR (500 MHz, C6D6): <74.04 

(s, 5H, C5H5), 3.65 (dtq, J=  10.5, 7.0, 0.5 Hz, 1H), 2.51 (ddd, J=  7.0,2.0, 0.5 Hz, 1H),

1.52 (d, J=  6.5 Hz, 3H), 1.03 (br dq, J=  10.0, 6.5 Hz, 1H), 0.36 (ddd, J=  10.0,2.0, 0.5 

Hz, 1H). 13C NMR (125 MHz, C6D6): <7249.9, 246.6, 88.1, 72.8, 68.9, 41.6, 19.5.

HRMS calcd for CiiHi2Cr0 2 : m/z 228.02425; found: 228.02453. Anal, calcd for 

CiiH 12Cr02: C, 57.89; H, 5.30; found: C, 57.73; H, 5.02.

Me
/ v
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I *^e Ioc"/c>4 + «rfv
OC OC Y

Me
70 exo 70 endo

c i
(t] -Cyclopentadienyl)(ri -2-methyl-allyl)dicarbonylchromium 70:

As per the procedure for r|3-allyl complex 6 6 , method B, except 2-methyl-3- 

bromopropene (38.9 pL, 0.386 mmol) was used as the substrate and the time allowed for 

oxidative addition was 6  h. Yield: 62.5 mg (71%) of a dark orange powder comprised of 

a 2 : 1 mixture of endo and exo isomers of ri3-(2-methyl-allyl) complex 70. IR (vco, cm'1, 

THF): 1943, 1938, 1880, 1870. Anal, calcd for CnH 12Cr02: C, 57.89; H, 5.30; found:

C, 56.99; H, 5.21. HRMS calcd for CnH 12Cr02: m/z 228.02425; found: 228.02423. 

Crystals suitable for X-ray crystallography studies were grown of the exo isomer from a 

solution of complex 70 in methylcyclohexane at -35 °C. Details are provided in 

Appendix A, part 2.

NMR data for the endo isomer of complex 70: NMR (500 MHz, C^Dd): <54.08 (s,

5H), 2.88 (s, 2H), 1.72 (s, 2H), 1.46 (s, 3H). 13C NMR (125 MHz, C6D6): 8  252.8, 

104.6, 87.8, 47.8, 23.5.

NMR data for the exo isomer of complex 70: JH NMR (500 MHz, C6D6), assignments 

based on similarities of chemical shift and J  values to that of complex 6 6 : 8 4.06 (s, 5H), 

2.59 (s, 2H), 1.46 (s, 3H), 0.54 (s, 2H). ,3CNMR(125 MHz, C6D6): <5247.8, 115.0,

88.4, 48.4, 25.8.
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71

(p5-Cyclopentadienyl)(p3-3-phenylallyl)dicarbonylchromium 71:

As per the procedure for ri3-allyl complex 6 6 , method B, except cinnamyl 

bromide (571 pL, 3.86 mmol), tris(acetonitrile)tricarbonylchromium (1.00 g, 3.86 mmol), 

and sodium cyclopentadienide (0.408 g, 4.63 mmol) were used and the time allowed for 

oxidative addition was 2 h. Yield: 683 mg (61%) of a dark orange powder. IR (vco, 

cm'1, THF): 1936,1869. !H NMR (500 MHz, C6D6): £7.18 (m 2H, H), 7.09 (m, 2H,

H), 7.0 (tt, J=  7.0, 2.5 Hz, 1H, H), 4.55 (dt, 7  = 10.5, 7.0 Hz, 1H), 3.94 (s, 5H), 2.72 (dd, 

J=  7.0, 2.0 Hz, 1H, H), 1.90 (d ,J=  11.0 Hz, 1H,H), 0.60 (ddd, J=  10.5,2.0, 0.5 Hz,

1H). 13C NMR (125 MHz, C6D6): £250.6, 246.9, 128.7, 128.5, 126.7, 125.9, 89.2, 69.9, 

69.2, 42.4. HRMS calcd for Ci6Hi4Cr02: m/z 290.03989; found: 290.04022. Anal, 

calcd for Ci6Hi4Cr02: C, 66.20; H, 4.86; found: C, 65.54; H, 4.72.

0 0 .... c ‘
OC 

72

(p5-tert-Butylcyclopentadienyl)(p3-allyl)dicarbonylchromium 72:

As per the procedure for p3-allyl complex 6 6  except lithium te/7-butylcyclopenta- 

dienide (49.5 mg, 0.386 mmol) was used as the ancillary ligand source. Yield: 72.0 mg
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(69%) of a light orange powder. IR (vco, cm’1, THF): 1931,1863. *H NMR (500 MHz, 

C6D6): ^  4.15 (t, J=  2.0 Hz , 2H), 3.83 (tt, J=  11.0, 7.0 Hz, 1H), 3.65 (t, J=  2.5 Hz,

2H), 2.77 (br d, J=  7.0 Hz, 2H), 1.14 (s, 9H), 0.52 (br d, J=  11.0 Hz, 2H). 13C NMR 

(125 MHz, C6D6): 8  247.6, 120.0, 88.9, 84.8, 71.4, 47.7, 31.5, 31.4. HRMS calcd for 

Ci4 H 18Cr02: m/z 270.07120; found: 270.07171. Anal, calcd for C 14H 18Cr02: C, 62.21; 

H, 6.71; found: C, 61.75; H, 6.63.

73 exo 73 endo

(i]5-Indenyl)(ti3-allyl)dicarbonylchromium 73:

As per the procedure for r|3-allyl complex 6 6 , method B, except indenyllithium 

(47.0 mg, 0.386 mmol) was used as the ancillary ligand source. Yield: 25.5 mg (25%) of 

a bright red powder comprised of the exo isomer of complex 73 and a trace amount of the 

tentatively assigned endo isomer. An analytical sample was prepared by recrystallization 

from pentane. IR (vco, cm'1, THF): 1938,1871. HRMS calcd for Ci4Hj2Cr02: m/z 

264.02423, found 264.02439 . Anal, calcd for Ci4Hi2Cr02: C, 63.64; H, 4.58; found: C, 

62.83; H, 3.99.

NMR data for the exo isomer of complex 73: JH NMR (500 MHz, CeDe): 8 6.44 (m, 

second order, 4H), 5.12 (d, J=  2.5 Hz, 2H), 4.64 (t, J=  2.5 Hz, 1H), 2.50 (dt, J=  7.0,1.0
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Hz, 2H), 0.58 (dt,/ =  11.5, 1.0 Hz, 2H), -0.11 ( t t , /=  11.7 Hz, 7.5 Hz, 1H). 13CNMR 

(100 MHz, C6D6): <5248.6, 125.7, 124.7, 106.8, 86.2, 84.1, 79.1, 55.8.

NMR data for the exo isomer of complex 73, partial data only: <53.59 (d, J=  7.0 Hz,

2H), -0.63 (d, J=  12.0 Hz, 2H).

OC'
OC

(t|5-Cyclopentadienyl)(t|3-cyclohexenyl)dicarbonylchromium 74:

As per the procedure for r| -allyl complex 6 6 , method B, except 3-bromocyclo- 

hexene (44.4 pL, 0.386 mmol) was used as the substrate and the time allowed for 

oxidative addition was 12 h. Yield: 12.0 mg (12%) of a light orange powder. IR (vCo, 

cm'1, THF): 1923, 1860. JH NMR (500 MHz, C6D6): <54.09 (s, 5H), 4.02 (t, J=  7.5 Hz, 

1H), 3.47 (complex m, FWHM = 14.2 Hz, 2H), 1.79 (complex m, FWHM = 19.4 Hz, 

4H), 0.77 (complex m, FWHM = 26.0 Hz, lHeq), 0.38 (ddddd, by appearances nearly a 

dtt, J  = 14.1, 10.8, 10.6, 7.4, 7.3 Hz, lHax). 13C NMR (125 MHz, C6D6): <5 246.0, 8 8 .8 ,

63.4, 61.4, 22.3, 18.7. HRMS calcd for Ci3Hi4 Cr02: m/z 254.03989; found: 254.03987. 

Anal, calcd for C13H 14C1O 2 : C, 61.41; H, 5.55; found: C, 61.07; H, 5.55. Crystals 

suitable for X-ray crystallography were grown from a concentrated solution of complex 

74 in pentane at -35°C. Details are provided in Appendix A, part 3.
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Bu4N+
( CN Bu4N+

° ° " 7 CS ^  or NC "7 C r:A
OC OC '

75 75'

Addition of tetrabutylammonium cyanide to r|3-allyl complex 66:

To a solution of (r|5-C5H5)Cr(CO)2(C3H5) 66 (20.0 mg, 0.093 mmol) in 5 mL of 

THF was added a solution of tetrabutylammonium cyanide (24.0 mg, 0.09 mmol) also in 

5 mL of THF. After stirring for 15 h at room temperature, the mixture was filtered 

through Celite, and the filtrate evaporated in vacuo. Unreacted ri3-allyl complex 66 was 

removed via trituration with 2 x 1 0  mL of pentane and the residue dried to give 9.5 mg of 

a yellow powder (contaminated with inseparable [Bu4N]CN). 'H NMR (300 MHz, 

acetone-de), partial data only: <74.12 (s, 5H, C 5H 5); 3.02 (dd, J=  17.1, 3.9 Hz, 1H); 2.07 

(m, 1H); 1.60 (dd, J=  8.1, 2.0 Hz, 1H); 1.44 (br m, Bu4N+); 0.98 (br m, Bu4N+); 0.45 (dd, 

/ =  9.3, 2.0, 2.0 Hz, 1H).
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OC

(ri5-Cyclopentadienyl)dicarbonylchromium[i|2-3-(l,3-dimesityliinidazolyl)- 
propene] 76:

To a solution of (r|5-C5H5)Cr(CO)2(C3H5) 66 (17.6 mg, 0.082 mmol) in benzene 

was added l,3-bis-(2,4,6-trimethylphenyl)imidazolin-2-ylidene (IMes)8 (25 mg, 0.082 

mmol) dissolved in a minimum of benzene. After standing for 3 h at room temperature, 

light red crystals had deposited. The supernatant was decanted and the crystals washed 

with 2 x 5  mL diethyl ether. Drying under vacuum provided the zwitterionic complex 76 

(41 mg, 89%). IR (vC0 ) cm'1, acetone): 1845,1757. [H NMR (500 MHz, acetone-de): 8  

7.84 (s, 2H, NCHCHN); 7.22 (br s, 2H, Hmeta); 7.16 (br s, 2H, Hmeta); 3.86 (s, 5H, C 5H 5); 

3.63 (dd, J=  15.0, 2.5 Hz, 1H, CH2); 2.39 (s, 6H, CH3.para); 2.26 (s, 6H, C H 3.0^ 0); 2.14 

(s, 6H, C R i.ortho); 1.69 (m, 1H, H ce„trai); 1.44 (dd, J =  15.0, 11.5 Hz, 1H, CH2); 1.32 (dd, 

J=  8.0, 2.0 Hz, 1H, Rsyn); -0.19 (dd, J=  9.5, 2.0 Hz, 1H, R anti). 13C  NMR (125 MHz, 

C6D6): <5258.3 (CO); 258.1 (CO); 153.2 ( N C N ) ;  141.9 (C para)\  135.9 (Corlho); 135.5 

(Cortho)-, 132.0 (C ipsoy, 130.8 (C me,a); 130.5 (C meta); 123.7 ( N C C N ) ;  85.9 (C5H5); 35.9 

(Cmethyiene); 34.6 (Ccentrai)-, 29.5 (Cterminal)', 21.1 (para-CH3); 18.1 (ortho-CKj); 17.8 (ortho- 

CH3). COSY (600 MHz, acetone-d6): 5 7.22 <52.39; <57.22 <-> <52.26; 8122  o  <5

2.14; <57.16 o  <52.39; <57.16 <52.26; <57.16 o  <52.14; <53.63 <51.69; <53.63 <5

1.44; <51.69 o  <51.44; <51.69 <-» <51.32; <51.69 o  <5-0.19; <51.32 <5-0.19. HMQC
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(500 MHz, acetone-de): £7.84 <-> <5123.7; £7.22 <-> £130.5; £7.16 <-> £130.5; £3.86 

o  £85.9; £3.63 <-> £35.9; £2.39 o  £21.1; £2.26 <-> £18.1; £2.14 <-> £17.8; £1.69 

<-> £34.6; £1.44 <-> £35.9; £1.32 <->£29.5; £-0.19 <-> £29.5. HMBC (600 MHz, 

acetone-d6): £7.84 o  £153.2; £7.84 <-> £123.7; £7.22 <-> £132.0; £7.22 <-> £130.5; 

£7.22 o  £21.1; £7.22 <-> £18.1; £7.16 <-> £132.0; £7.16 <-> £130.8; £7.16 <-> £

21.1; £7.16 o  £17.8; £3.86 o  £85.9; £3.63 <-> £153.2; £3.63 <-> £34.6; £3.63 o  £ 

29.5; £2.39 <-> £141.9; £2.39 <-> £130.8; £2.26 <-> £135.9; £2.26 £132.0; £2.14

<-> £135.9; £2.14 <->£132.0; £1.44 <-> £153.2; £1.44 <-> £34.6; £1.44 <-> £29.5; £

1.32 <-> £35.9; £-0.19 <F> £35.9; £-0.19 <-> £258.1. Anal, calcd for C si^C rN aO i: C, 

71.79; H, 5.40; N, 6.61; found: C, 71.21; H, 5.22; N, 6.83. Crystals suitable for X-ray 

crystallography were grown from an equimolar mixture of r)3-allyl complex 66 and IMes 

in THF upon standing at RT for 12 h, providing zwitterion complex 76 as the 0.5 THF 

solvate. Details of the crystallography are provided in Appendix A, part 4.

Experimental details for Chapter 3:

< 2 ^  PF6 

o c " / CtS £ \
OC

77

[(t]5-Cyclopentadienyl)(i]3-allyl)dicarbonylchromium]PF6 , (DME)o.5 77:

To a solution of (r|5-C5H5)Cr(CO)2 (C3H5) 66 (405 mg, 1.89 mmol) in 20 mL of 

DME cooled to 0 °C was added a cold (0 °C) solution of NOPF6 (331 mg, 1.89 mmol) in
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15 mL of DME via cannula. An immediate colour change from orange to green was 

observed along with effervescence and the formation of a green precipitate. After stirring 

for 20 min, the suspension was warmed to room temperature and 20 mL of diethyl ether 

added. The precipitate was collected on a frit, washed with 2 x 1 0  mL diethyl ether and 

dried to give allylchromium complex 77 as a green DME solvate (625 mg, 82%). IR 

(vco, cm'1, NUJOL): 2070,2032. Anal. Calcd. for CioH,0Cr02PF6'0.5DME: C, 35.66; 

H, 3.74; found: C, 34.87; H, 3.80. Crystals suitable for X-ray crystallography were 

grown from a dilute (~ 46 mM) equimolar solution of ri3-allyl complex 66 and NOPF6 in 

DME, upon standing at RT for 16 h. Details of the crystallography are provided in 

Appendix A, part 4.

[(t]5-Cyclopentadienyl)(ri3-crotyl)dicarbonylchromium]PF6 78:

To a solution of (ri5-C5H5)Cr(CO)2(C4H7) 69 (46 mg, 0.202 mmol) in 5 mL of 

DME cooled to 0 °C was added a solution of NOPF6 (35 mg, 0.202 mmol) in 10 mL of 

cold (0 °C) DME via cannula. A colour change from yellow to light green was 

immediately observed along with concomitant effervescence and the formation of a light 

green precipitate. After stirring for 20 min, the suspension was warmed to room 

temperature and 10 mL of diethyl ether added. The precipitate was collected on a frit, 

washed with 2 x 5  mL diethyl ether and dried to give crotylchromium complex 78 as an

78 exo 78 endo
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analytically pure yellow-green powder (53 mg, 70%). On the basis of the four carbonyl 

absorptions, this product is tentatively as a mixture of two unidentified isomers. IR (vCo, 

cm'1, NUJOL): 2065, 2040, 2031, 2022. Anal. Calcd. for CnHuCrOiPFe: C, 35.40; H, 

3.24; found: C, 35.34; H, 2.92.

[(t]5-Cyclopentadienyl)(ii3-cyclohexenyl)dicarbonylchromium]PF6 79:

To a solution of (r|5-C5H5)Cr(CO)2 (C6H9) 72 (46 mg, 0.180 mmol) in 5 mL of 

DME cooled to 0 °C was added a solution of NOPF6 (35 mg, 0.197 mmol) in 10 mL of 

cold (0 °C) DME via cannula. A colour change from yellow to orange was immediately 

observed along with concomitant effervescence and the formation of an orange-red 

precipitate. After stirring for 20 min, the suspension was warmed to room temperature 

and 10 mL of diethyl ether added. The precipitate was collected on a frit, washed with 2 

x 5 mL diethyl ether and dried to give cyclohexenylchromium complex 79 as an orange- 

red powder (69 mg, 96%). IR (v c o , cm'1, NUJOL): 2039,2002. Anal, calcd. for

Ci3Hi4Cr02PF6: C, 39.11; H, 3.53; found: C, 38.60; H, 3.42.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



257

PFg < ^ >  PFe
Vie

80 80'

Addition of NOPF6 to the n3-crotyl dicarbonyl complex 69 in a sealed system:

In a solvent bomb, the r| -crotyl dicarbonyl complex 69 (85.0 mg, 0.0372 mmol) 

was dissolved in 20 mL of DME and cooled to 0 °C. A solution of NOPF6 (65.0 mg, 

0.0372 mmol) in 10 mL of DME was then added from the sidearm of the solvent bomb; 

the Teflon stopcock was sealed immediately after addition. After warming to room 

temperature, the mixture was stirred for 2 h then transferred to a frit layered with Celite 

and filtered. The filtrate was evaporated in vacuo and the dark orange residue dissolved 

in 0.8 mL of acetone-d6. 'H NMR analysis of this sample reveals a 3.5 : 1.0 mixture of 

two isomers, tentatively attributed to the unassigned diastereoisomers of the 

[CpCrNO(CO)(n3-crotyl)]PF6 complex 80. The yield could not be determined. 'H NMR 

(500 MHz, acetone-de), major isomer: 8 5.96 (s, 5H, r^-CsHs); 2.58 (d, J=  6.8 Hz, 3H, 

CH3); minor isomer: 6.04 (s, 5H, ti5-C5H5); 2.32 (d, J=  6.4 Hz, 3H, CH3).
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PF6 Hd

p p -  Hbp f 6
I + I

O C " '/C^'"NO ^ -------- OC""yCr'^~N-'
0C /  \  OC II

Me 0
81 81 ’

Hc

'Me

Addition of gaseous nitric oxide to the cationic q3-crotyl dicarbonyl complex 77:

A Schlenk flask containing the cationic r\ -crotyl dicarbonyl complex 77 (16.0 

mg, 0.0043 mmol) was purged for 10 min with nitric oxide then 0.8 mL of acetone-d6 

added to form a dark orange solution, comprised of the tentatively assigned product 81 or 

81'. NMR analysis of the sample after 2 h shows evidence of four different crotyl methyl 

signals: *H NMR (500 MHz, acetone-de): £>1.61 (d, J=  6.8 Hz); 1.45 (d, J  = 6.4 Hz); 

1.41 (d, J=  6.4 Hz); 1.16 (d, J=  6.4 Hz); 3.4 : 6.8 : 1.0 : 8.7 ratio, respectively. HMQC 

(500 MHz, C6D6): £1.61 o  £18.8; £1.45 o  £20.0; £1.41 o  £  undetectable; £1.16 

o  £23.1. NMR analysis of the sample after 24 h; equilibration to just one isomer: 'H 

NMR (500 MHz, acetone-de): £6.24 (s, 5H, C5H5); 5.88 (ddd, J=  17.0, 10.5, 5.5 Hz,

1H, Hb); 5.15 (d, J=  17.0 Hz, 1H, Ha); 4.93 (d, J=  10.5 Hz, 1H, Hc); 4.20 (br dq, J=  6.5,

5.5 Hz, 1H, Ha); 1.16 (d, J=  6.5 Hz, 3H, CH3). COSY (500 MHz, acetone-d6): £5.88 o  

£5.15; £5.88 o  £4.93; £5.88 o  £4.20; £5.15 o  £4.93; £5.15 o  £4.20; £4.93 £

4.20; £4.20 o  £1.16. 13C NMR (125 MHz, acetone-d6): £234.2 (CO); 143.8 (CHb); 

111.9(CH2); 105.5 (C5H5); 67.9 (CHa); 23.1 (CH3). HMQC (500 MHz, acetone-d6): £ 

6 .2 4 o  £105.5; £5.88 o  £143.8; £5.15 o  £111.9; £4.93 o  £111.9; £4.20 o  £ 

67.9; £ 1.16 o  £23.1. This compound could not be isolated from solution.
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MeCN 0.5
2PF6

■I 2+

OC * ' 

77

OC * '

66

0.5 I 2++ Cr
MeCN""'y ^ N C M e

MeCN

82

Addition of acetonitrile to the cationic r|3-allyl complex 77:

Allylchromium(III) complex 77 (22 mg, 0.061 mmol) was dissolved in 5 mL of 

acetonitrile. Upon stirring for 3 h, a color change from green to burgundy was observed. 

The volatile components of this solution were then isolated via vacuum transfer and 

subjected to GC analysis, which established the presence of 1,5-hexadiene (vide infra). 

The reaction residue was then triturated with 3 x 5  mL diethyl ether, the extracts 

combined, and the solvent removed in vacuo to provide the neutral chromium r\ -allyl 

complex 66 as a yellow-orange powder (6 mg, 47%), identified spectroscopically by 

comparison to authentic material. The remaining purple residue was recrystallized from 

a 1 : 1 mixture acetonitrile/diethyl ether at -35 °C to give [(p5-C5H5)Cr(NCCH3)3](PF6 )2  

82 (14 mg, 43%), as determined by comparison of the infrared spectrum and combustion 

analysis to authentic material from independent synthesis, given below.

Independent synthesis of [(n5-Cyclopentadienyl)tris(acetonitrile)chromium](PF6)2  

82:

To a solution of [(r|5-C5H5)CrCl2]29 174 (50 mg, 0.133 mmol) in 20 mL of 

acetonitrile was added a solution of silver hexafluorophosphate (134 mg, 0.532 mmol) in 

10 mL acetonitrile. A colour change from green to dark purple was observed along with 

the formation of a white precipitate. After stirring for 2 h, the suspension was filtered 

through a frit layered with Celite and the filtrate layered with 15 mL of diethyl ether.
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After two days at -35 °C, deep purple crystals were deposited. The supernatant was then 

removed and the crystals washed with 2 x 1 0  mL of diethyl ether and dried to give the 

tris(acetonitrile) complex 82 (102 mg, 72%). IR (v c n , cm'1, NUJOL): 2325, 2296. Anal, 

calcd for CiiHi4CrN3P2F12: C, 24.92; H, 2.66; N, 7.93; found: C, 25.42; H, 2.50; N, 

7.71.

Gas chromatography parameters and measurements used to detect 1,5-hexadiene 
from the reaction of the cationic r|3-allyl complex 77 with acetonitrile:

Column: HP-5,25 m x 0.32 mm x 0.52 pm

GC Instrument: HP-5 890-FID

Carrier gas: Helium

Initial Temperature: 60 °C

Initial Time: 0.5 min

Rate: 10 Ymin

Final Temperature: 280 °C

Injector Temperature: 280 °C

Detector Temperature: 300 °C

Manual Injection: 1 pL injected

Split Ratio: 1 : 1

Carrier Gas Flow: 3 mL/min

Retention times (min) of the control and reaction samples:

1,5 -hexadiene: 1.97 

acetonitrile: 1.75

1 : 100 mixture of 1,5-hexadiene and acetonitrile: 1.70 and 1.98 

volatile fraction from the reaction of 77 with acetonitrile: 1.70 and 1.96
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PF6
1 +

Me3P 'y Cl^'"CO  
OC PMe3 

86

[(il5-Cyclopentadienyl)bis(trimethylphosphine)dicarbonylchromium]PF6 86:

To a suspension of (r|5-C5H5)Cr(CO)2(C3H5)]PF6‘(DME)o.5 77 (111 mg, 0.275 

mmol) in 20 mL of DME was added PMe3 (577 pL, 1.0 M in THF, 0.577 mmol) via 

syringe. The colour of the mixture immediately turned from dark green to light green and 

light green precipitate formed. After 30 min the solid was collected on a frit, washed 

with 2 x 1 0  mL diethyl ether and dried to give complex 86 as a yellow-green powder (48 

mg, 33%). Cooling the filtrate to -35 °C for 24 h then provided the known10 allyl- 

trimethylphosphonium PF6 salt as an off-white powder (10.8 mg, 15%). Characterization 

data for complex 86: IR (vco, cm'1, NUJOL): 1959, 1885. *H NMR (400 MFEz, acetone- 

de): £5.25 (t, J=  2.0 Hz, 5H, C5H5); 1.84 (2nd order m, 18 H, PMe3). 31P NMR (162 

MHz, acetone-d6): 52.94 (s, PMe3); -138.03 (sept, J=  708.1 Hz, PF6). 13C NMR (100 

MHz, acetone-d6): £245.8 (t, 7=51.1 Hz, CO); 91.0 (s, C5H5); 19.6 (dd, J=  15.6 2.0 

Hz, PMe3). Anal, calcd for Ci3H23Cr02P3F6: C, 29.9; H, 4.44; found: C, 30.84; H, 4.29. 

Crystals suitable for X-ray crystallography were grown from a solution of complex 86 in 

acetone at -35 °C. Details are provided in Appendix A, part 6.
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87

{(q5-Cyclopentadienyl) [l,2-bis(diphenylphosphino)ethane)] dicarbonyl- 
chromium}PF6 87:

To a suspension of (Ti5-C5H5)Cr(CO)2(C3H5)]PF6 •(DME)o.s 77 (125 mg, 0.309 

mmol) in 20 mL of DME was added dppe (117 mg, 0.294 mmol). The colour of the 

mixture immediately turned from dark green to light green. After 30 min the solvent was 

removed in vacuo and the residue triturated with 2 x 1 0  mL of pentane. The pentane 

insoluble material was dissolved in 10 mL of acetone, 5 mL of diethyl ether added and 

the mixture stored at -35 °C for 12 h to yield a yellow precipitate. The solid was 

collected on a frit, washed with 2 x 1 0  mL diethyl ether and dried to give complex 87 as a 

yellow powder (45 mg, 21%). Cooling the filtrate to -35 °C for 24 h then provided the 

doubly allylated phosphonium PF6 salt as an off-white powder (32 mg, 10%). 

Characterization data for complex 87: IR (vco, cm'1, NUJOL): 1971,1917. ’H NMR 

(500 MHz, acetone-d6): 8 7.83 (m, 5H, Ph); 7.62 (m, 6H, Ph); 7.33 (m, 5H, Ph); 7.23 (m, 

4H, Ph); 4.86 (t, J =  1.5 Hz, 5H, C5H5); 3.43 (2nd order m, 2H, CH2); 3.12 (2nd order m, 

2H, CH2). 31P NMR (162 MHz, acetone-de): 106.78 (s, dppe); -137.93 (sept, / =  708.1 

Hz, PF6). 13C NMR (100 MHz, acetone-d6): J249.0 (t, J =  28.7 Hz, CO); 137.6 (t, J =  

24.6 Hz, CipSo); 133.6 (t, J =  3.9 Hz, C meta); 133.4 (t, J =  22.2 Hz, Q Pso); 132.2 (s, Cpara); 

132.1 (s, Cpara); 131.5 (t, J =  3.9 Hz, Cmeta); 130.4 (t, J =  5.1 C ortho); 129.6 (t, J =  4.8 Hz,

Cortho)-, 93.2 (s, C 5 H 5 ); 28.7 (dd, J=  39.8 Hz, CH2CH2). Anal, calcd for C33H29Cr02P3F6: 

C, 55.32; H, 4.08; found: C, 55.14; H, 4.11. Crystals suitable for X-ray crystallography
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were grown from a solution of complex 87 in a 1 : 1 mixture of acetone and diethyl ether 

at -35 °C. Details are provided in Appendix A, part 7.

Experimental details for Chapter 4:

Improved synthesis and characterization of (t| -cyclopentadienyl)(t] -propene)- 
nitrosylcarbonyl- chromium 91:11

In a solvent bomb, a solution of CpCrNO(CO) 2  90 (164 mg, 0.81 mmol) in 5 mL 

of benzene was frozen in liquid nitrogen and ~5 mL of propene added via vacuum 

transfer. The atmosphere of the reaction vessel was removed in vacuo while the starting 

materials remained frozen. The reaction vessel was then sealed and the solution warmed 

to 5 °C and irradiated for 10 h. The yellow-brown reaction mixture was then warmed to 

room temperature, excess propene removed by warming the solution and venting to a 

nitrogen line, and the solvent removed in vacuo. The residue was then dissolved in 10 

mL of pentane and cooled to -35 °C to provide complex 91 as a yellow-brown powder 

(136 mg, 70%), present in solution as a 1 : 1.5 mixture of two structurally unassigned 

isomers. IR (THF, cm'1): vto = 1957, v^o = 1656. The compound was insufficiently 

stable for further purification or characterization.
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NMR analysis of the major isomer: *H NMR (400 MHz, C6D6): J 4.32 (s, 5H, C5H5);

3.14 (ddd, J=  12.8, 9.2, 6.0 Hz, 1H, Ha); 2.11 (d, 12.8 Hz, 1H, Hb); 2.02 (d, J=  9.2

Hz, 1H, Hc); 1.44 (d, J=  6.0 Hz, 3H, CH3). COSY (400 MHz, C6D6): J3.14 <-> J 2 . l l ;  

J 3 .1 4 o J 2 .0 2 ;  J 3 .1 4 o  J1.44; J 2 . l l  o  J1.44.

NMR analysis of the minor isomer: *H NMR (400 MHz, CgDe): J 4.31 (s, 5H, C5H5); 

2.67 (ddd, J=  13.2, 9.2, 6.0 Hz, 1H, Ha); 2.2 (d, / =  13.2 Hz, 1H, Hb); 2.04 (d, J=  9.2 

Hz, 1H, Hc); 1.68 (d, J=  6.0 Hz, 3H, CH3). COSY (400 MHz, C6D6): J2.67 o  J2.2; J  

2 .6 7 o  J2.04; J 2 .6 7 o  J1.68; J 2 . 2 o  J1.68; J 2 .0 4 o  J1.68

O C ' ^ r - b - C

ON a // \

92 g f

Improved synthesis and characterization of (q5-cyclopentadienyl)(n2-cyclooctene)- 
nitrosylcarbonylchromium 92:11

In a Schlenk tube, a solution of CpCrN0 (C0 ) 2  90 (420 mg, 2.07 mmol) in neat

cyclooctene (20 mL) was cooled to 5 °C and irradiated for 9 h. During the photolysis,

-22 mL of CO(g) was released (as monitored by an inverted graduated water column) and

a colour change from orange to red-brown was observed. Residual starting material was

then removed in vacuo and the remaining material recrystallized from pentane to provide

the rj2-cyclooctaene complex 92 as a yellow-brown powder (370 mg, 63%). IR (THF,

cm'1): vco = 1957, v̂ 0  = 1661. lH NMR (500 MHz, CD3CN): J5.01 (s, 5H, C5H5);
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3.39 (dddd, J=  11.5,10.0, 3.9 Hz, 1H, Ha); 2.95 (dddd, J=  11.0,10.0, 3.9 Hz, 1H, Hb);

2.51 (dt, J=  10.0, 3.9 Hz, 1H, Hc); 2.43 (dq, J=  14.0, 3.6 Hz, 1H, Hb); 1.82 to 1.64 (ov 

m, 5H, Hh and Hd to Hg); 1.56 to 1.37 (ov m, 5H, Hc and CHd to CHg). COSY (500 MHz, 

CD3CN): <53.39 o  (52.59; <53.39 o  <52.43; (53.39 <-> <51.77; <52.95 <-> <52.51; <52.95

<51.52; <52.51 <-> <51.80; <52.51 <-> <51.54; <52.43 <-» <51.77; <52.43 <-> <51.49; <51.80

<r> <51.48; <51.76 o  <51.49; <51.70 <-> <51.44. 13C APT NMR (125 MHz, CD3CN): <5 

249.4 (+, CO); 93.1 (-, C5H5); 72.8 (-, CHb); 68.2 (-, CHa); 33.3 (+, CH2); 33.2 (+, CH2);

30.0 (+, CH2.h); 29.9 (+, CH2.c); 27.3 (+, CH2); 27.2 (+, CH2). HMQC (500 MHz, 

CD3CN): <55.01 <-> <593.1; <53.39 <-» <568.2; <52.95 o  <572.8; <52.51 o  <529.9; <51.51

<-> <529.9; <52.43 <-> <530.0; <51.77 <-> <530.0; <51.81 <-> <533.3; <51.47 o  <533.3; <51.71

<-><533.2; <51.52 <-> <533.2; <51.72 <-> <527.3; <51.45 <-» <527.3; <51.69 <-> <527.2; <51.51

<-><527.2. HRMS calcd for C14Hi9CrN02: m/z 285.08209; found: 285.08167. This 

compound did not afford consistent combustion analysis data.

CO

94

Improved procedure for the preparation of (q5-permethylcyclopentadienyl)- 
dicarbonylnitrosylchromium 94:12

To a suspension of (CH3CN)3Cr(CO)3 67 (2.77 g, 10.7 mmol) in 80 mL of THF 

was added a suspension of Cp*Li (1.52 g, 10.7 mmol) in 10 mL of THF. Upon stirring 

for 20 min at room temperature, a deep red solution formed. A solution of jV-methyl-JV-
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nitroso-p-toluene sulfonamide (Diazald) (2.29 g, 10.7 mmol) in 30 mL of THF was then 

added via cannula. Upon stirring for 5 h, a pale brown precipitate formed. The solid was 

then removed by filtration through Celite, the filtrate evaporated in vacuo and the residue 

triturated with 3 x 50 mL of pentane. The extracts were then combined and the solvent 

removed in vacuo to provide dicarbonyl complex 94 as red crystals (2.5 g, 85%). IR (cm' 

\TH F): vfco = 2001, 1928, vfc0 = 1681. NMR (400 MHz, C6D6): £1.51 (s, 15H, 

C5Me5). 13C APT NMR (100 MHz, C6D6): £240.7 (CO); 102.1 (C5Me5); 9.7 (C$Mes). 

HRMS calcd for CnHisCrNOs: m/z 273.04572; found: 273.04626. An extension of this 

procedure provides CpCrNO(CO) 2  90 in 90% yield.

In a Schlenk tube, Cp*CrNO(CO) 2  94 (510 mg, 1.87 mmol) was dissolved in 50 

mL of benzene and ~1 mL (12.4 mmol) of propene added via bubbling. The solution was 

then cooled to 5 °C and irradiated for 24 h. The resulting brown solution was then passed 

through a 1 x 5 cm silica-gel column and eluted with benzene. The dark orange eluent 

was then evaporated in vacuo and the residue dissolved in 10 mL of pentane. Several 

crystallizations at -35 °C then afforded p2-propene complex 95 as a yellow powder (355 

mg, 66%), present in solution as a 1 : 1 mixture of structurally unassigned isomers. IR 

(cm'1, THF): vco = 1948, v^o = 1654. HRMS calcd for Ci4H2iCrN02: m/z 287.09775;

95

(fl5-Perinethylcyclopentadienyl)(Ti2-propene)carbonylnitrosylchromium 95:
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found: 287.09855. Anal, calcd for Ci4H2iCrN02: C, 58.52; H, 7.37; N, 4.88; found: C, 

58.15; H, 7.42; N, 4.93.

NMR analysis of the static isomer of complex 95 at 27 °C. 'H NMR (400 MHz, toluene- 

d8): <52.29 (d,J=  13.2 Hz, 1H, Hb); 2.19 (ov m, 1H, Ha); 1.79 (d, J=  6.0 Hz, 3H, CH3);

1.45 (ov s, 15H, C5Me5); 1.3 (d, J=  8.8 Hz, 1H, Hc). COSY (400 MHz, toluene-d8): <5 

2.29 o  8 2 .19; 52.19 <51.79; <52.19 o  51.31. 13C APT NMR (100 MHz, toluene- 

d8): <5247.9 (+, CO); 101.8 (+, C5Me5); 68.3 (-, CH); 48.9 (+, CH2); 22.2 (-, CH3); 9.3 (-  

, C5Me5). HMQC (400 MHz, toluene-d8): 52.29 o  <548.9; <52.19 <-» <568.3; 51.79+ *5  

22.2; <51.45 o  <59.3; <51.31 <-> <548.9.

NMR analysis of the fluxional isomer of complex 95 at 27 °C. 'H NMR (400 MHz, 

toluene-d8): 5 2.44 (br m, 1H, Hb); 2.22 (ov m, 1H, Ha); 1.66 (d, J=  6.0 Hz, 3H, CH3);

1.45 (ov s, 15H, C5Me5); no signal detectable for Hc. COSY (400 MHz, toluene-d8): 5 

2.44 <-> <51.66. 13C APT NMR (100 MHz, toluene-d8): <5248.6 (+, CO); 101.9 (+, 

C5Me5); 64.3 (-, br, CH); 53.3 (+, br, CH2); 21.6 (-, CH3); 9.4 (-, C5Me5). HMQC (400 

MHz, toluene-d8): <51.66 o  <521.6; <51.45 <-> <59.4. Due to the broad signals at this 

temperature, assignments for this isomer are tenuous and many expected 2D correlations 

are not observed.

NMR analysis of the static isomer of complex 95 at -80 °C. *H NMR (400 MHz, 

toluene-d8): <52.38 (d, J=  12.8 Hz, 1H, Hb); 2.01 (br m, 1H, Ha); 1.88 (ov d, 5.0 Hz, 

3H, CH3); 1.39 (s, 15H, C5Me5); 1.27 (d, J=  8.8, 1H, Hc). COSY (400 MHz, toluene-d8):
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£2.38 o  £2.01; £2.38 o  £1.88; £2.01 o  £1.88; £2.01 o  £1.27. 13C APT NMR 

(100 MHz, toluene-dg): £248.1 (+, CO); 101.5 (+, C5Me5); 67.3 (-, CH); 47.6 (+, CH2);

22.5 (-, CH3); 9.2 (-, C5Me5). HMQC (400 MHz, toluene-dg): £2.38 £47.6; £2.01

<-> £67.3; £1.88 <-> £22.5; £1.39 <-> £9.2; £1.27 o  £47.6.

NMR analysis of the fluxional isomer of complex 95 at -80 °C. *H NMR (400 MHz, 

toluene-dg): £2.51 (d, J=  12.0 Hz, 1H, Hb); 2.17 (br m, 1H, Ha); 1.88 (ov d, J *  5.0 Hz, 

3H, CH3); 1.41 (s, 15H, C5Me5); 1.07 (d, J=  8.4 Hz, 1H, Hc). COSY (400 MHz, toluene- 

dg): £2.51 4 *  £2.17; £2.51 4-» £1.88; £2.51 4 *  £ 1.07; £2.17 <-> £ 1.88; £2.17 o  £  

1.07. 13C APT NMR (100 MHz, toluene-dg): £248.8 (+, CO); 101.3 (+, C5Me5); 61.7 (-  

, CH); 53.3 (+, CH2); 22.5 (-, CH3); 9.4 (-, C5Me5). HMQC (400 MHz, toluene-dg): £

2.51 <-> £53.3; £2.17 <-> £61.7; £1.88 <-> £22.5; £1.41 4-» £9.4; £1.07 £53.3.

SiMe^
OC'

ON

(T|5-Permethylcyclopentadienyl)[Ti2-(l-trimethylsilyl-prop-2-ene)]carbonylnitrosyl- 
chromium 96:

In a Schlenk tube, Cp*CrNO(CO)2 94 (250 mg, 0.915 mmol) was dissolved in 50 

mL of benzene and 150 pL (0.944 mmol) of allyltrimethylsilane added via syringe. The 

solution was then cooled to 5 °C and irradiated for 22 h. The resulting brown solution 

was then passed through a 1 x 5 cm silica-gel column and eluted with benzene. The dark
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orange eluent was then evaporated in vacuo and the residue dissolved in 10 mL of 

pentane. Several crystallizations at -35 °C then provided the allyltrimethylsilane 

complex as an orange powder (158 mg, 48%), present in solution as a 2 : 3 mixture of 

unassigned isomers. Crystals suitable for X-ray crystallography were grown from a 

solution of complex 96 in pentane over two days at -35 °C. Details are provided in 

Appendix A, part 8. IR (cm'1, THF): vto = 1942, v^0 = 1652. HRMS calcd for 

Ci7H29CrNSi02: m/z 359.13727; found: 359.13761. Anal, calcd for Ci7H29CrNSi02: C, 

56.8; H, 8.13; N, 3.9; found: C, 56.46; H, 8.13; N, 4.00.

NMR analysis of the static isomer of complex 96. JH NMR (400 MHz, CeD6): 52.62 

(dddd, J=  13.2,12.0, 9.0, 3.2 Hz, 1H, Hc); 2.29 (d, / =  13.2 Hz, 1H, Ha); 2.12 (dd, J=

14.0, 3.2 Hz, 1H, Hd/He); 1.51 (br s, 15H, C5Me5); 1.29 (br d, J=  9.0 Hz, 1H, Hb); 0.77 

(dd, J=  14.0,12.0 Hz, 1H, Hd or He); 0.07 (s, J=  9H, SiMe3). COSY (400 MHz, C6D6):

5 2.62 o  52.29; 52.62 o  £2.12; £2.62 o  £1.29; £2.62 4-> £0.77; £2.12 <-> £0.77. 

13C APT NMR (100 MHz, C6D6): £248.8 (+, CO); 101.6 (+, C5Me5); 73.4 (-, C2); 47.8 

(+, CO; 26.7 (+, C3); 9.6 (-, C5Me5); -1.8 (-, SiMe3). HMQC (400 MHz, C6D6): £2.62 

4-> £73.4; 52.29 <-» £47.8; £2.12 4* £26.7; £1.51 4* £9.6; £1.29 4* £47.8; £0.77 <-> 

£26.7; £0.07 4* £-1.8.

NMR analysis of the fluxional isomer of complex 96. *H NMR (400 MHz, CeDg): £

2.71 (br m, 1H, Hc); 2.1 (br d, J=  12.0 Hz, 1H, Ha); 1.8 (dd, J=  14.0, 2.8 Hz, 1H, Hd/He);

1.53 (br d, J ~  8.4 Hz, 1H, Hb); 1.5 (br s, 15H, C5Me5); 0.72 (br t, J=  12.8,1H, Hd/He); 

0.07 (s, J=  9H, SiMe3). COSY (400 MHz, C6D6): £2.71 £2.10; £2.71 4-> £1.8; £
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2 .7 1 o  51.53; 51.8 o  50.72. 13C APT NMR (100 MHz, C6D6): 5250.0 (+, CO);

101.8 (+, C5Me5); 68.6 (-, br, C2); 51.8 (+, br, Ci); 26.1 (+, C3); 9.7 (-, C5Me5); -1.7 (-, 

SiMe3). HMQC (400 MHz, C6D6): 52.71 o  <568.6; <52.10 o  551.8; 51.8 o  526.1; 5

1.53 o  551.8; 50.72 o  526.1; 51.5 o  59.67; 50.07 <-> 5-1.7.

97 

(t]5-Permethylcyclopentadienyl)(t|2-2-butyne)carbonylnitrosylchromium 97:

In a Schlenk tube, Cp*CrN0(C0)2 94 (250 mg, 0.915 mmol) was dissolved in 50 

mL of benzene and 2-butyne (100 pL, 1.28 mmol) added via syringe. The solution was 

then cooled to 5 °C and irradiated for 20 h. The resulting red-brown solution was then 

passed through a 1 x 5 cm silica-gel column and eluted with benzene. The dark red 

eluent was then evaporated in vacuo and the residue dissolved in 10 mL of pentane. 

Several crystallizations at -35 °C then provided 2-butyne complex 97 as dark red crystals 

(134 mg, 49%). The structure of these crystals was established by X-ray crystallography. 

Details are provided in Appendix A, part 9. IR (cm'1, THF): vco = 1942, v^o = 1646. 

^ N M R  (400 MHz, C6D6): 52.33 (q, 7=  1.5 Hz, 3H, CH3); 2.19 (q, 7 =  1.5 Hz, 3H, 

CH3); 1.55 (s, 15H, C5Me5). 13C NMR (100 MHz, C6D6): 5245.1 (CO); 103.4 (C5Me5);

94.2 (CCH3); 77.6 (CCH3); 12.5 (CCH3); 10.6 (CCH3); 9.7 (C5Me5). HMQC (400 MHz, 

C6D6): 52.33 <-» 512.5; 2.19 <-> 10.6; 1.55 9.7. HMBC (400 MHz, C6D6): 52.33 <->
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<594.2; <52.33 <-> 811.6; 8219  <-> <594.2; <52.19 o  811.6; 8 1.55 o  <5103.4. HRMS 

calcd for Ci5H2iCrN02: m/z 299.09775; found: 299.09803. Anal, calcd for 

Ci5H2iCrN02: C, 60.19; H, 7.07; N, 4.68; found: C, 59.83; H, 7.36; N, 4.69.

98

(i]5-Permethylcyclopentadienyl)(T]2-acetylene)carbonylnitrosylchromium 98:

In an NMR tube, Cp*CrNO(CO) 2  complex 94 (35 mg, 0.128 mmol) was 

dissolved in 0.7 ml of toluene-dg, cooled to -78 °C and the solution saturated with 

acetylene via bubbling for 15 min. The solution was then sealed, warmed to 5 °C and 

irradiated for 20 h to provide acetylene complex 98 with -40% conversion. The product 

could not be isolated as a solid compound. NMR analysis of the resulting red-brown 

solution: *H NMR (400 MHz, toluene-dg): 8 6.28 (s, 1H, C2H2); 5.8 (s, 1H, C2H2); 1.47 

(s, 15H, C5Me5). 13C NMR (100 MHz, toluene-dg): <5242.4 (CO); 103.9 (C5Me5); 101.5 

(C2H2); 85.4 (C2H2); 10.1 (C5Me5). HMQC (400 MHz, toluene-dg): <56.28 <-> <5101.5; 8

5.8 <-> <585.4; <51.47 o  <510.1.
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Conjugated diene complexes:

Note: the relative connectivity of the diene protons of the s-trans-(l,3- 

diene) products could be clearly determined by multidimensional NMR 

spectroscopy; however, the assignment of exactly which protons are 

nearer to the cyclopentadienyl ligand is purely arbitrary.

Photolysis of CpCrNO(CO)2  in the presence of 1,3-butadiene:

In an NMR tube, CpCrNO(CO) 2  90 (40 mg, 0.197 mmol) was dissolved in 0.7 

mL of benzene-d6 and -50 pL (0.639 mmol) of 1,3-butadiene added via vacuum transfer. 

The solution was then cooled to 5 °C and irradiated for 18 h. Spectroscopic analysis of 

the resulting red-brown solution revealed the presence of a 1 : 1 : 12 mixture of two 

unassigned isomers of ri2-butadiene complex 101 and one isomer of p4-butadiene 

complex 106, respectively. A pure sample of rj4-butadiene complex 106 by irradiating 

the reaction mixture without the 370 nm filter for three days. IR (THF, cm'1) of the 

product mixture: complex 101, vfco = 1973, vsto = 1639; complex 106, v^o = 1670. IR 

(THF, cm'1) of pure p4-butadiene complex 106: v^o = 1670.

NMR analysis of the first isomer of ri2-butadiene complex 101. 'H NMR (400 MHz,

101 He

C6D6): <55.22 (dd, J=  16.8,1.2 Hz, 1H, Hc); 5.17 (br m, 1H, Ha); 4.72 (dd, J=  6.0 , 0.4
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Hz, 1H, Hb); 4.33 (s, 5H, C5H5); 3.6 (2nd order m, 1H, Hd); 2.18 (dd, J=  12.4,1.2 Hz, 1H, 

He); 2.11 (br d, J=  8.4 Hz, 1H, Hf). COSY (400 MHz, C6D6): <55.22 <-> <53.6; <55.17 <-> 

<54.72; <55.17 o  <53.6; 54.72 <-> <53.6; <53.6 <-> 52.18; 53.6 <-> 52.11. 13C APT NMR 

(100 MHz, C6D6): 5243.3 (+, CO); 142.1 (-, C2); 110.5 (+, Ci); 90.2 (-, C5H5); 68.4 (-, 

br, C3); 46.3 (+, br, C4). HMQC (400 MHz, C6D6): 55.22 <-> 5142.1; 55.17 o  5110.5; 

54.72 <-> 5110.5; 54.39 <-> 590.2; 53.6 568.4; 52.18 546.3; 52.11 <-» 546.3.

NMR analysis of the second isomer of r|2-butadiene complex 101. 'H NMR (400 MHz, 

C6D6): 55.74 (ddd, J=  18.0, 8.0, 6 . 8  Hz, 1H, Hc); 5.37 (2nd order m, 1H, Ha); 4.89 (dd, J  

= 10.4,1.2 Hz, 1H, Hb); 4.37 (s, 5H, C5H5); 3.21 (2nd order m, 1H, Hd); 2.29 (d, J=  13.2, 

1H, He); 2.15 (d, J=  8.4 Hz, 1H, Hf). COSY (400 MHz, C6D6): 55.74 <-> 54.89; 55.74 

<-> 52.15; 55.37 54.89; 55.37 <-> 53.21; 54.89 53.21; 53.21 <-> 52.29; 53.21

o  52.15. l3C APT NMR (100 MHz, C6D6): 5242.7 (+, CO); 143.8 (-, C2); 111.7 (+, 

Ci); 93.1 (-, C5H5); 69.3 (-, C3); 44.4 (+, C4). HMQC (400 MHz, C6D6): 55.74 <-> 5 

143.8; 55.37 <->5111.7; 54.89 <-> 5111.7; 54.37 o  593.1; 53.21 o  569.3; 52.29 o  

544.4; 52.15 <-> 544.4.
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NMR analysis of the s-trans r)4-butadiene complex 106: *H NMR (400 MHz, CeD6): £

4.54 (s, 5H, C5H5); 3.44 (dd,£= 6.8, 1.2 Hz, 1H, Hf or Hb); 3.18 (ddd, J=  13.6,10.7, 6.8 

Hz, 1H, Hd or Hc); 3.0 (dd, J=  6.8, 0.8 Hz, Hb or Hf); 2.74 (br d, J=  14.0 Hz, Ha or He);

2.32 (dddd, J=  14.0, 10.7, 6.8, 0.4 Hz, Hc or Hd); 2.08 (dt, J=  13.6, 1.2 Hz, He or Ha). 

COSY (400 MHz, C6D6): £3.44 <-» £3.18; £3.44 *-> £3.0; £3.44 o  £2.08; £3.18 £

2.74; £3.18 £2.32; £3.18 o  £2.08; £3.0 <-> £2.74; £3.0 <-> £2.32; £2.74 <-> £

2.32; £2.32 £2.08. 13C APT NMR (100 MHz, C6D6): £  102.8 (-, CH); 92.5 (-,

C5H5); 87.5 (-, CH); 65.4 (+, CH2); 62.5 (+, CH2). HMQC (400 MHz, C6D6): £4.54 o  

£92.5; £3.44 o  £65.4; £3.0 <-> £62.5; £2.74 £62.5; £2.08 <-> £65.4; due to the

extensive coupling of the butadiene methine protons, the associated 2D correlations were 

not observed.

Photolysis of CpCrNO(CO)2 in the presence of 2-methylbutadiene:

In an NMR tube, CpCrNO(CO)2 90 (40 mg, 0.197 mmol) was dissolved in 0.7 

mL of benzene-d6 and 50 pL (0.5 mmol) of 2-methylbutadiene added via syringe. The 

solution was then cooled to 5 °C and irradiated for 18 h. Spectroscopic analysis of the 

resulting red-brown solution revealed the formation of a 1 : 1 : 6 mixture of two 

unassigned isomers of r|2-isoprene complex 1 0 2  and one isomer of r|4-isoprene complex
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107, respectively. IR (THF, cm'1) of the product mixture: complex 106, vco = 1972, v^o 

= 1644; complex 107, v^Q = 1672; assignments are based on those made for complexes 

101 and 106.

< Q >  Ha

1  Hf  //-H b 
OC“ y  v  3 —2

o n  H _ / /  y
n e ^  CH3

102 Hd

NMR analysis of the first isomer of r|2-isoprene complex 102. !H NMR (300 MHz,

C6D6): £5.0 (br m, 1H, Ha/Hb); 4.77 (br m, 1H, Ha or Hb); 4.34 (s, 5H, C5H5); 3.88 (dd, J  

= 13.2, 9.3 Hz, 1H, He); 2.41 (dd, J=  13.2, 2 .1 ,1H, Hd); 1.83 (br dd, J=  9.3,1.5 Hz, 1H, 

He); 1.49 (br s, 3H, CH3). COSY (300 MHz, C6D6): £5.0 o  £4.77; £5.0 o  £3.88; £

5.0 £1.49; £4.77 <-> £1.49; £3.88 <-> £2.41; £3.88 <-> £1.83; £2.41 £1.83. 13C

APT NMR (100 MHz, C6D6): £93.5 (-, C5H5); no other observable signals. HMQC 

(300 MHz, C6Db): £4.34 o  £93.5; no other observable correlations.

9 1NMR analysis of the second isomer of r| -isoprene complex 102: H NMR (300 MHz, 

C6D6): £5.14 (br m, 1H, Ha/Hb); 4.78 (br m, 1H, Ha or Hb); 4.3 (s, 5H, C5H5); 3.19 (dd,

14.1, 9.3 Hz, 1H, Hc); 2.3 (dd, J=  14.1, 0 .7 ,1H, Hd); 2.24 (br d, J=  9.3 Hz, 1H, He); 

1.49 (br s, 3H, CH3). COSY (300 MHz, C6D6): £5.19 <-> £4.78; £5.14 £3.19; £

5.14 <-> £1.49; £3.19 <-> £2.3; £3.19 <-> £2.24. 13C APT NMR (100 MHz, C6D6): £

93.3 (-, C5H5); no other observable signals. HMQC (300 MHz, CgDe): £4.34 <-» £93.3; 

no other detectable correlations.
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< g 3 >

H4 r Hav

Hd § ° H3

107

NMR analysis of the s-trans r|4-isoprene complex 107: lH NMR (300 MHz, CeDe):

£4.51 (s, 5H, C5H5); 3.3 (d, 7 =  1.2 Hz, lH ,H b);3.09 (dd, 7= 7 .2 , 1.2 Hz, 1H, He); 3.0 

(dd,7=  14.1,1.5 Hz, Hd); 2.16 (dd,7=  14.1,7.2 Hz, Hc); 1.88 ( t,7 =  1.1 Hz, Ha); 1.45 

(br s, 3H, CH3). COSY (300 MHz, C6D6): £3.3 £3.09; £3.3 ^  £1.88; £3.3 o  £

1.45; £3.09 <-> £3.0; £3.09 <-> £2.16; £3.0 o  £2.16; £2.16 <-> £1.88; £2.16 o  £

1.45. 13C APT NMR (100 MHz, C6D6): £92.8 (-, C5H5); 91.8 (+, C2); 85.7 (-, C3); 63.8 

(+, Ci); 61.7 (+, C4); 18.5 (-, CH3). HMQC (300 MHz, C6D6): £4.51 <-> £92.8; £3.3 <-» 

£63.8; £3.09 o  £61.7; £3.0 o  £61.7; £2.16 o  £85.7; £1.88 <-> £63.8; £1.45 <-> £ 

18.5.

In situ preparation and characterization of the t]2-(l,3-diene) complexes 103-105 and 
the s-trans t|4-(l,3-diene) complexes 108-110:

As per the procedure for the formation of butadiene complexes 101 and 106. In 

an NMR tube, approximately two molar equivalents of the organic 1,3-diene were added 

via syringe to a solution of CpCrNO(CO) 2  90 (20 mg, 0.098 mmol) in 0.7 mL benzene- 

d6. The solution was then cooled to 5 °C and irradiated for 17 h. Only the r|2-(2,3- 

dimethylbutadiene) complex 104, the s-trans ri4-(2,3-dimethylbutadiene) complex 109, 

and the q4-(2,4-dimethylbutadiene) complex 110 could be identified via 300 MHz 'H 

NMR spectroscopy. Due to extensive overlap with residual starting material signals,
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many of the ’H NMR signals assigned for the diene ligands of complexes 103,105,108, 

and 110 were detected indirectly via homonuclear COSY NMR spectroscopy. The low 

resolution of the product signals and prevented clear determination of the corresponding 

multiplicities and coupling constants.

q 2-(l,3-Pentadiene) complexes 103 and 103': Cp resonances located at 4.36 and 4.33 

ppm. The *H NMR chemical shifts of the diene protons could only be identified for one 

isomer at 5.76, 5.2, 3.34,2.33,2.07 ppm.

s-Trans q 4-(l,3-pentadiene) complex 108 and 108': Cp resonances located at 4.56 and 

4.48 ppm. The *H NMR chemical shifts of the diene protons could only be identified for 

one isomer at 3.08, 2.90, 2.82, 2.75, 2.14 ppm.

t |2-(2,3-Dimethylbutadiene) complex 104: present as a 1 : 1.3 mixture of isomers. 

Major isomer: [H NMR (300 MHz, C6D6): £5.25 (d, J  = 1.3 Hz, 1H, Ha or Hb); 5.08

H a

104  H‘

(dq, J  = 2.6, 1.3 Hz, 1H, Haor Hb); 4.40 (s, 5H, C5H5); 2.56 (br s, 1H, Hc or Hd); 2.18 (br

s, 1H, Hc or Hd); 1.58 (br d, J=  1.1 Hz, 3H, CH3); 1.20 (br s, 3H, CH3). COSY (300
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MHz, C6D6): £5.25 <-» £5.08; £5.25 o  £2.18; £5.25 o  £1.58; £5.08 <-> £2.18; £

5.08 <->£1.58; £2.56 o  £2.18; £2.56 o  £1.20; £2.18 o  £1.20; £1.58 o  £1.20.

Minor isomer: lH NMR (300 MHz, C6D6): £5.18 (d, /  = 1.4 Hz, 1H, Hb); 4.73 (dq, J  = 

2.3, 1.6 Hz, 1H, Ha); 4.42 (s, 5H, C5H5); 2.55 (br s, 1H, CH2); 1.83 (br s, 3H, CH3); 1.07 

(br d, J=  1.3 Hz, 3H, CH3); the remaining CH2 proton could not be located. COSY (300 

MHz, C6D6): £5.18 <-> £4.73; £5.18 £1.07; £4.73 <-> £2.55; £4.73 <-> £1.07; £

2.55 o  £1.83; £1.83 <-» £1.07.

gCH3

109

s-Truns ij4-(2,3-dimethylbutadiene) complex 109: 'H NMR (300 MHz, C6D6): £4.54 

(s, 5H, C5H5); 3.40 (br d, J  = 2.2 Hz, 1H, CH); 3.14 (br dd, J  = 1.3, 0.8 Hz, 1H, CH2); 

2.98 (br d, J=  1.6 Hz, 1H, CH2); 2.48 (br d, J=  2.2 Hz, 1H, CH2); 1.51 (br s, 3H, CH3); 

0.93 (br s, 3H, CH3). COSY (300 MHz, C6D6): £3.40 £3.14; £3.40 £2.48; £

3.40 <-» £1.51; £3.14 £2.98; £3.14 £0.93; £1.51 £0.93.
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t|2-(2-Methyl-l,3-pentadiene) complex 105 and 105': Cp resonances tentatively 

located at 4.42 and 4.39 ppm. The *H NMR chemical shifts of the diene protons could 

not be clearly identified.

CH

NH

110

s-Trans t]4-(2-methyl-l,3-pentadiene) complex 110: 'H NMR (300 MHz, CeDe): £4.51 

(s, 5H, C5H5); 3.75 (dq, J=  13.5, 6.3 Hz, 1H, Ha); 3.26 (br d, J=  1.1 Hz, 1H, Hd); 2.09 

(br d, J=  13.5 Hz, 1H, CHb); 1.89 (br s, 1H, Hc); 1.47 (d, J=  6.3 Hz, 3H, CH3); 1.49 (br 

s, 3H, CH3). COSY (300 MHz, C6D6): £3.75 o  £2.09; £3.75 o  £1.47; £3.26 o  £ 

1.89; £ 3 .2 6 o  £1.49; £2.09 o  £1.89; £2.09 o  £1.48.

NH,

111

(T]5-Permethylcyclopentadienyl)(i|4-s-rrfl«s-butadiene)nitrosylchromium 111:

In a Schlenk tube, Cp*CrN0(C0)2 94 (820 mg, 3.0 mmol) was dissolved in 50 

mL of benzene and ~2 mL (~25.6 mmol) of 1,3-butadiene added via bubbling. The
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solution was then cooled to 5 °C and irradiated for 36 h, with venting approximately 

every 12 h. The resulting red-brown solution was then passed through a 1 x 7 cm silica- 

gel column and eluted with benzene. The dark orange eluent was then evaporated in 

vacuo and the residue dissolved in 10 mL of pentane. Several crystallizations at -35 °C 

then provided butadiene complex 111 as orange-brown crystals (570 mg, 70%). IR (cm'1, 

THF): ifco = 1641. lR  NMR (400 MHz, C6D6): <53.45 (m, 1H, Hc or Hd); 3.37 (d, J=

6 . 8  Hz, 1H, Hb or Hf); 2.93 (dd, 7  = 13.6, 0.8 Hz, 1H, Ha or He); 2.54 (dd, J=  6 .8 , 0.8 Hz, 

1H, Hb or Hf); 1.65 (m, 1H, Hc or Hd); 1.55 (dt, J=  13.2, 1.0 Hz, 1H, Ha or He); 1.48 (s, 

15H,C5Me5). COSY (400 MHz, C6D6): 53.45 <-» 53.37; 53.45 <-> <51.65; 53.45 5

1.55; 53.37 o  51.55; 52.93 52.54; 52.93 <-> 51.65; 52.54 <-> 51.65. 13CAPT

NMR (100 MHz, C6D6): 5103.6 (-, CH); 102.1 (+, C5Me5); 94.7 (-, CH); 70.2 (+, CH2); 

68.2 (+, CH2); 10.1 (-, CsMe5). HMQC (400 MHz, C6D6): 53.45 5103.6; 53.37

570.2; 52.93 <-» 568.2; 52.54 <-> 568.2; 51.65 o  594.7; 51.55 <-> 570.2; 51.48 o  5

10.1. HRMS calcd for C 14H2 iCrNO: m/z 271.10281; found: 271.10259. Anal, calcd for 

Ci4H2 iCrNO: C, 61.98; H, 7.8; N, 5.16; found: C, 62.06; H, 7.98; N, 5.16.

OC

1 1 1 a

NMR analysis of an aliquot taken from the above reaction after 3 h of photolysis. 

Spectroscopic evidence for the unassigned intermediate q2-butadiene stereoisomer 111a: 

!H NMR (400 MHz, C6D6): 55.59 (br dt, 7 =  16.8, 10.0 Hz, 1H, Hc); 5.27 (br d, J=  16.8
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Hz, 1H, CHa); 4.92 (br d, / =  10.0 Hz, 1H, Hb); 2.8 (br dd, J=  12.8, 9.4 Hz, 1H, Hd); 2.48 

(br d, J=  12.8 Hz, 1H, He); 1.42 (br s, 15H, C5Me5); 1.39 (br m, 1H, Hf). COSY (400 

MHz, C6D6): <55.59 <55.27; <55.59 o  <54.92; <55.59 <52.8; <55.27 <-> <54.92; <5

2.8 <r> <52.48; <52.8 <-> <51.39. Additional broad 'H NMR signals between 6.0 and 4.5, 

and 3.0 and 1.0 ppm suggest the presence of the second r|2-butadiene intermediate 

complex 111b.

112

(i|5-Permethylcyclopentadienyl)(ti4-s-fra«s-isoprene)nitrosylchromium 112:

In a Schlenk tube, Cp*CrNO(CO) 2  94 (287 mg, 1.05 mmol) was dissolved in 50 

mL of benzene and 1.0 mL isoprene (10.0 mmol) added via syringe. The solution was 

then cooled to 5 °C and irradiated for 18 h. The resulting red-brown solution was then 

passed through a 1 x 5 cm silica-gel column and eluted with benzene. The dark orange 

eluent was then evaporated in vacuo and the residue dissolved in 10 mL of pentane. 

Several crystallizations at -35 °C then provided isoprene complex 112 as orange-brown 

crystals (200 mg, 67%). IR (cm'1, THF): vN 0  = 1639. 'H NMR (400 MHz, C6D6): 

<53.25 (br s, 1H, Ha or Hb); 3.19 (dd, J=  14.4, 1.6 Hz, 1H, Hd); 2.61 (ddd, J=  7.2,2.0, 

0.8 Hz, 1H, He); 1.54 (br s, 3H, CH3); 1.50 (ov m, 1H, Hc); 1.49 (s, 15H, C5Me5); 1.35 

(dd, J=  1.2, 0.8 Hz, 1H, Ha or Hb). COSY (400 MHz, C6D6): <53.25 <-> <52.61; <53.25
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<-> £1.54; £3.25 o  £1.35; £3.19 <-> £2.61; £3.19 <-> £1.50; £2.61 £1.54; £2.61

<-> £  1.50. 13C APT NMR (100 MHz, C6D6): £  120.5 (+, C2); 102.0 (+, C5Me5); 92.8 (-, 

C3); 69.4 (+, Ci); 67.5 (+, C4); 19.3 (-, CH3); 10.3 (-, C5Me5). HMQC (400 MHz, C6D6): 

£3.25 <-» £69.4; £3.19 o  £67.5; £2.61 o  £67.5; £1.54 <-> £19.3; £1.49 o  £10.3; £

1.35 <-> £69.4. Crystals suitable for X-ray crystallography were grown from a solution 

of complex 112 in pentane at -35 °C over 12 h. Details are provided in Appendix A, part 

10. HRMS calcd for Ci5H2 3CrNO: m/z 285.11847; found: 285.11827. Anal, calcd for 

Ci5H2 3CrNO: C, 63.14; H, 8.12; N, 4.91; found: C, 63.56; H, 8.23; N, 5.08.

N CH;

113

(r]5-Permethylcyclopentadienyl)(T]4-s-rra«s-2,3-dimethylbutadiene)nitrosylchromium
113:

In a Schlenk tube, Cp*CrNO(CO) 2 94 (240 mg, 0.878 mmol) was dissolved in 50 

mL of benzene and 200 jjL 2,3-dimethylbutadiene (1.77 mmol) added via syringe. The 

solution was then cooled to 5 °C and irradiated for 22 h. The resulting red-brown 

solution was then passed through a 1 x 5 cm silica-gel column and eluted with benzene. 

The dark orange eluent was evaporated in vacuo and the residue dissolved in 10 mL of 

pentane. Several crystallizations at -35 °C then afforded 2,3-dimethylbutadiene complex 

113 with trace amounts of the tentatively identified s-cis isomer 113' as orange-brown
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crystals (168 mg, 64%). IR (cm'1, THF): i^0 = 1636. HRMS calcd for Ci6H2 5CrNO: 

m/z 299.13412; found: 299.13369. Anal, calcd for Ci6H2 5CrNO: C, 64.19; H, 8.42; N, 

4.68; found: C, 64.17; H, 8.49; N, 4.64. Crystals of the major isomer suitable for X-ray 

crystallography were grown from a solution of complex 113 in pentane at -35 °C over 

12 h. Details are provided in Appendix A, part 11.

NMR data of the s-trans isomer of complex 113. *H NMR (400 MHz, CeDe): <73.17 (br 

d, J=  1.2 Hz, 1H, CH2); 3.15 (br s, 1H, CH2); 2.53 (br s, 1H, CH2); 1.87 (br d, J=  1.6 

Hz, 1H, CH2); 1.63 (br s, 3H, CH3); 1.57 (s, 15H, C5Me5); 1.12 (br s, 3H, CH3). COSY 

(400 MHz, C6D6): <73.17 <-> <72.53; <73.15 o  <71.87; <73.15 <-> <71.63. 13CAPTNM R 

(100 MHz, C6D6): <7102.2 (+, C5Me5); 67.8 (+, C2); 67.7 (+, CH2); 65.9 (+, C3); 65.7 (+, 

CH2); 21.9 (-, CH3); 20.6 (-, CH3); 10.5 (-, C5Me5). HMQC (400 MHz, C6D6): <73.17 

*-> <765.7; <53.15 o  <767.7; <72.53 *-> <765.7; <71.87 o  <767.7; <71.63 *>• <721.9; <71.57 

*-><710.5; <71.12 *-><720.6.

NMR data of the tentatively assigned s-cis isomer of complex 113: *H NMR (400 MHz, 

C6D6): <73.05 (d, J=  3.6 Hz, 2H, CH2); 2.14 (s, 6 H, 2xCH3); 1.55 (s, 15H, C5Me5); -0.68 

(d, J=  3.6 Hz, 2H, CH2). COSY (400 MHz, C6D6): <73.05 *-> 5-0.68.
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Cr

114

In situ characterization of (t]5-permethyIcycIopentadienyi)(t]4-s-tmns-l,4-diphenyl- 
butadiene)nitrosyichromium 114:

In a Schlenk tube, Cp*CrNO(CO) 2  94 (120 mg, 0.366 mmol) was dissolved in 50 

mL of benzene and 1,4-diphenylbutadiene (49.1 mg, 0.366 mmol) added. The solution 

was then cooled to 5 °C and irradiated for 24 h. The resulting red solution was passed 

through a 1 x 5 cm silica-gel column and eluted with benzene. The dark red eluent was 

evaporated in vacuo and the residue dissolved in 10 mL of pentane. Several 

crystallizations at -35 °C then afforded the r|4-diphenylbutadiene complex as a red 

powder contaminated with unreacted 1,4-diphenylbutadiene (93.0 mg, 60% estimated 

from the *H NMR spectrum). IR and HRMS data could not be obtained. ’H NMR (400 

MHz, CgDg) only of the Cp* and r|4-diene ligands: <54.70 (d, J=  13.6 Hz, 1H, Ha/Hd);

4.35 (dd, J=  12.8,10.0 Hz, 1H, Hb/Hc); 3.03 (d, J=  12.8 Hz, 1H, Ha/Hd); 2.73 (ddd, J=  

13.6,10.0, 0.8 Hz, 1H, Hb/Hc); 1.25 (s, 15H, C5Me5). COSY (400 MHz, C6D6): <54.70 

** <52.73; <54.35 o  <53.03; <54.35 o  <52.73. 13C APT NMR (100 MHz, C6D6): <5102.7 

(+, C5Me5); 96.7 (-, CH); 91.3 (-, CH); 8 6 . 8  (-, CH); 85.9 (-, CH); 9.39 (-, C5Me5).
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General procedure for the in situ formation and characterization of cyclic r|2-(l,3- 
diene) complexes 115 and 116:

In an NMR tube, CpCrNO(CO) 2  90 (15.0 mg, 0.074 mmol) was dissolved in 0.7

mL of benzene-d6 and 2.5 molar equivalent of the 1,3-diene added via syringe. The

solution was cooled to 5 °C, jacketed with a 370 nm cutoff filter and irradiated for 12 h

with a 450 W UV lamp. Conversions ranged from 60 to 90% and were based on relative

integration of the Cp signals of residual complex 90 and the products.

OC'
ON

115

NMR analysis of the major q2-(l,3-cyclohexadiene) isomer of complex 115. *H NMR 

(300 MHz, C6D6): £6.04 (m, 1H, Hc); 5.56 (m, 1H, Hd); 4.33 (s, 5H, C5H5); 3.54 (dd, J=  

8.7, 5.4 Hz, 1H, Hb); 2.63 (hr dt, J=  8.7, 2.7 Hz, 1H, Hf); 2.41 (br dt, J=  8.7, 2.9 Hz, 1H, 

Ha); 1.75 to 1.58 (ov m, 3H, 2xHe and Hf). COSY (300 MHz, C6D6): £6.04 o  £5.56; £

6.04 o  £3.54; £6.04 o  £1.67; £5.56 o  £1.74; £3.54 o  £2.41; £2.63 o  £1.74; £ 

2 .6 3 o  £1.58.
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OC
ON

116

7 INMR analysis of the major r\ -(1,3-cycloheptadiene) isomer of complex 116. H NMR 

(300 MHz, C6D6): <56.01 (ddt,J = 11.7,5.4,2.0 Hz, 1H,HC); 5.51 (b rd t ,J =  11.7,4.8 

Hz, 1H, Hd); 4.34 (s, 5H, C5H5); 3.37 (br dd, J=  9.9, 5.4 Hz, 1H, Hb); 2.75 (dt, J=  9.9,

5.4 Hz, 1H, Ha); 2.33 (m, 1H, Hg); 2.18 to 1.47 (ov m, 5H, 2xHe, 2xHf, and Hg). COSY 

(300 MHz, C6D6): <56.01 <55.51; <56.01 o  53.37; 56.01 o  52.18; 55.51 <-> 52.18

53.37 52.18 52.75 <-> 52.33; 52.33 <->51.61.

(r]5-Permethylcyclopentadienyl)carbonylnitrosylchromium(r]2-l,3-cyclohexadiene) 
117 and [(t]5-permethylcyclopentadienyl)carbonylnitrosylchromium]2(p-t]2:ri2-l,3- 
cyclohexadiene) 119:

In a Schlenk tube, Cp*CrNO(CO) 2  94 (350 mg, 0.128 mmol) was dissolved in 60

mL of benzene and 122 pL (0.128 mmol) of 1,3-cyclohexadiene added via syringe. The

solution was then cooled to 5 °C and irradiated for 24 h. The resulting red-brown

solution was then passed through a 1 x 5 cm silica-gel column and eluted with benzene.

The orange-red eluent was evaported in vacuo and the residue dissolved in 20 mL of

pentane. Crystallization for 12 h at -35 °C deposited a light orange powder; the

supernatant was decanted and the solid dried to provide p-(r| 2 :r|2- 1 ,3-cyclohexadiene)

complex 119 (12.4 mg, 17%). Concentration of the supernatant by one-fourth volume

followed by cooling at -35 °C for an additional 12 h provided a stereoisomeric mixture of
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|x-(r|2 :r|2 - l , 3 -cyclohexadiene) complex 119' also as a light orange powder (9.5 mg, 13%). 

Further concentration of this supernatant by one-half volume followed by crystallization 

for 24 h at -35 °C then provided ri2-(l,3-cyclohexadiene) complex 117 as a pale orange 

powder (13.7 mg, 33%), present in solution as a 5 : 1 mixture of unassigned isomers.

Note: the anti structural assignment of the major isomer complex 119 

was solved by X-ray crystallography. The anti structures shown for 

the p-(r|2 :r|2-l,3-cyclic-diene) products 119', 121, and 121' are merely 

provided for illustrative purposes, and may actually exist as the syn 

congeners.

OC no

119

9 9 1Spectral data for the p-(r) :p -1,3-cyclohexadiene) complex 119. IR (cm ', THF): vto = 

1943, nro = 1654. *H NMR (500 MHz, C6D6): £3.21 (2nd order m, FWHM = 10.8 Hz, 

2H, Hb); 2.54 (ov m, 2H, Hc); 2.37 (ov m, 2H, Hc); 1.93 (br dt, J=  8.7, 2.6 Hz, 2H, Ha);

1.56 (s, 3OH, 2C5Me5). COSY (500 MHz, C6D6): £3.27 o  £1.93; £2.54 o  £1.93; £

2.37 <-> £1.93. 13C APT NMR (125 MHz, C6D6): £248.4 (CO); 101.9 (+, C5Me5); 67.9 

(-, CHa); 65.8 (-, CHb); 24.3 (+, CH2); 9.8 (-, C5Me5). HMQC (500 MHz, C6D6): £3.27 

£67.0; £2.54 £24.3; £2.37 <-> £24.3; £1.93 o  £65.8; £1.56 £9.8. HMBC
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(500 MHz, C6D6): 83.21 8 65.8; 83.21 <-> <524.3; <52.54 <-» <565.8; <51.93 <-» <567.0;

<51.56 <5101.9. Due to limited thermal instability, HRMS and consistent combustion

analysis could not be obtained on this compound. Crystals suitable for X-ray 

crystallography, however, were grown from a solution of complex 119 in pentane at 

-35 °C. Details are provided in Appendix A, part 12.

119'

Spectral data for the unassigned p-(r|2 :r|2-l,3-cyclohexadiene) complex 119'. IR (cm'1, 

THF): vto = 1943, = 1654. lU NMR (500 MHz, C6D6): <53.59 (dd, J=  9.0, 3.1 Hz,

1H, Ha); 3.18 (dddd, J=  16.0, 7.5, 3.1 Hz, 1H, CH2.e); 3.01 (d d ,/=  9.0, 3.1 Hz, 1H, Hb); 

2.62 (br dd, J=  16.0, 6.5 Hz, 1H, CH2.d); 2.45 (dt, J=  9.0,2.8 Hz, 1H, Hf); 2.39 (br d, J=

9.5 Hz, 1H, CH2.e); 2.33 (brm, 1H, CH2.d); 1.93 (br m, 1H, Hc); 1.55 (s, 15H, C5Me5); 

1.51 (s, 15H, C5Me5). COSY (500 MHz, C6D6): <53.59 <53.01; <53.59 <-> <51.93; <5

3.18 <52.62; <53.18 <52.39; <53.18 <52.33; <53.18 <51.93; <53.01 <-> <52.45; <5

3.01 <-> <51.93; <52.62 <51.93; <52.45 <-> 82.33; <52.36 <-> 8 1.93. 13C APT NMR (125

MHz, C6D6): <5251.5 (+, CO); 249.2 (+, CO); 102.3 (+, C5Me5); 102.0 (+, C5Me5); 72.6 

(-, CHb); 67.9 (-, CHc); 65.4 (-, CHa); 61.5 (-, CHf); 24.5 (+, CH2.d); 23.2 (+, CH2.e); 

9.7(-, C5Me5); 9.6 (-, C5Mes). HMQC (500 MHz, C6D6), partial data only: <53.59 <-> <5 

65.4; <53.01 <-> <572.6; <52.62 <-> <523.2; <52.45 <561.5; <52.33 <524.6; <51.93 <-> <5

67.9; ^1.55 <-> <59.7; ^1.51 <-> <59.6. HMBC (500 MHz, C6D6): <53.59 <-> <561.5; <5
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3.59 <-> £23.2; £3.01 <-> £67.9; £3.01 <-> £24.6; £2.62 £67.9; £2.45 <-> £23.2; £

2.33 o  £72.6; £1.93 £72.6; £1.93 o  £24.6; £1.55 o  £102.3; £1.51 <-> £102.0.

117

Spectral data for the unassigned major isomer of r| -1,3-cyclohexadiene complex 117. IR 

(cm'1, THF): vCo = 1945, v̂ 0  = 1663. !H NMR (400 MHz, C6D6): £6.15 (m, 1H, Hc);

5.57 (m, 1H, H d); 2.73 (2nd order m, 2H, CH2.e); 2.57 (2nd order m, 1H, Hb); 1.91 (br dt, J  

= 8 .8 , 3.1 Hz, 1H, H a); 1-78 (ov m, 1H, CH2.f); 1.73 (ov m, 1H, CH2.f); 1.45 (s, 15H, 

C5Me5). COSY (400 MHz, C6D6): £6.15 £5.75; £6.15 £2.57; £6.15 o  £1.73;

£5.57 <->£1.78; £2.73 £1.78; £2.73 <-> £1.73; £2.57 <*£1.91. 13C APT NMR

(100 MHz, C6D6): £248.8 (+, CO); 128.1 (-, CHc); 122.1 (-, CHd); 102.1 (+, C5Me5);

6 6 . 8  (-, CHa); 56.7 (-, CHb); 26.8 (+, CH2.e); 21.9 (+, CH2.f); 9.3 (-, C5Me5). HMQC 

(400 MHz, CbD6), partial data only: £6.15 <-» £128.1; £5.57 <-> £122.1; £2.73 <-> £ 

26.8; £2.57 <-> £ 6 6 .8 ; £1.91 £56.7; £1.45 <-> £9.3. HRMS calcd for Ci7H2 3CrN02:

tn/z 325.11340; found: 325.11356. Anal, calcd for Ci7H2 3CrN02: C, 62.16; H , 7.12; N, 

4.3; found: C, 61.13; H, 7.04; N, 4.52.
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(q5-PermethyIcyclopentadienyl)carbonylnitrosyIchromium(ri2-cyclopentadiene) 120 
and [(i]5-permethylcyclopentadienyl)carbonylnitrosylchromium]2(p-ti2:ti2- 
cyclopentadiene) 121:

In a Schlenk tube, Cp*CrNO(CO) 2  94 (255 mg, 0.933 mmol) was dissolved in 50 

mL of benzene and 100 pL of cyclopentadiene added via syringe. The solution was then 

cooled to 5 °C and irradiated for 24 h. The resulting red-brown solution was then passed 

through a 1 x 5 cm silica-gel column and eluted with benzene. The orange-red eluent 

was evaporated in vacuo and the residue dissolved in 20 mL of pentane. Crystallization 

for 12 h at -35 °C then provided the dimeric p-(r| :r\ -cyclopentadiene) complex 121 as a 

light orange powder (52 mg, 10%). Concentration of the subsequent supernatant to -10 

mL followed by crystallization for 24 h at -35 °C then provided the monomeric r) - 

cyclopentadiene complex 120 as a light orange powder (29 mg, 10%).

/  b s y D / ^
OC NO a ON c o  

121

Spectral data for the unassigned p-(r|2 :r|2 -cyclopentadiene) complex 121. IR (cm'1, THF): 

vco = 1948, mo = 1654. *H NMR (500 MHz, C6D6): £3.91 (d, J=  5.5 Hz, 2H, Hc);

3.73 (t, J = 2.5 Hz, 2H, Ha); 2.72 (ddd, J=  5.5, 2.5, 2.5 Hz, 2H, Hb); 1.48 (s, 30H, 

2C5Me5). COSY (500 MHz, C6D6): £3.91 £3.73; £3.91 <-> £2.72; £3.73 £2.72.

13C APT NMR (125 MHz, C6D6): £247.9 (CO); 102.2 (+, C5Me5); 83.1 (-, CH); 66.2 (-, 

CH); 43.2 (+, CH2); 9.7 (-, CsMes). HMQC (400 MHz, C6D6): £3.91 £83.1; £3.73
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<r> £43.2; 52.12 <-> £66.2; £1.48 o  £9.7. Anal, calcd for CzjHseCraNiO^ C, 5.03; H, 

58.27; N, 6.52; found: C, 5.48; H, 57.79; N, 6.5.

Spectral data for the p-(r|2 :r|2-cyclopentadiene) complex 121', isolated in trace amount.

!H NMR (400 MHz, C6D6): £3.70 (d, J=  5.6 Hz, 2H, Hc); 3.54 (t, J=  2.6 Hz, 2H, Ha);

2.37 (ddd, J=  5.6,2.6, 2.6 Hz, 2H, Hb); 1.58 (s, 30H, 2C5Me5).

120

Spectral data for the unassigned major isomer of the r| -cyclopentadiene complex 120.

IR (cm’1, THF): vco = 1944, v^o = 1660. *H NMR (500 MHz, C6D6): £6.60 (m, 1H, 

Hc); 5.66 (m, 1H, Hd); 3.34 (br dd, J=  5.5, 2.2 Hz, 2H, He); 3.26 (dt, J=  3.6, 2.2 Hz, 1H, 

Ha); 3.12 (ddt, J=  5.2, 3.6,1.0 Hz, 1H, Hb); 1.48 (br s, 15H, C5Me5). COSY (500 MHz, 

C6D6): £6.60 <-> £5.66; £6.60 o  £3.34; £5.66 £3.34; £3.34 £3.12; £3.26 ^  £

3.12.
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Experimental details for Chapter 5:

NO

ON
Ph

128

Addition of benzaldehyde to Cp*CrNO(C4H6) 111. Formation of [(r]5-permethyl- 
cyclopentadienyl)(p-benzyloxy)nitrosylchromium]2 128:

In an NMR tube, benzaldehyde (61 pL, 0.06 mmol) was added to a solution of 

Cp*CrNO(C4He) 111 (15.0 mg, 0.055 mmol) in 0.7 mL of benzene-d^. Progress of the 

reaction was monitored by lH NMR spectroscopy. After 5 days at room temperature the 

original benzaldehyde signals were completely consumed and replaced with broad 

aromatic peaks. The NMR tube was then opened to a nitrogen atmosphere and the 

solvent allowed to evaporate over 1 2  days, providing the dimeric chromium(I) complex 

128 as black crystals (~5 mg, 28%). The identity of these crystals was confirmed by X- 

ray crystallography. Details are provided in the Appendix A, part 12.
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129

(Ti5-Permethylcyclopentadienyl)(T|4-s-fra«s-butadiene)chromium[nitrosyI- 
tris(perfluorophenyl)boron] 129:

To a solution of Cp*CrNO(C4H6) 111 (100 mg, 0.0369 mmol) in 5 mL of hexane

was added a suspension of tris(perfluorophenyl)boron (189 mg, 0.0369) in 5 mL of

hexane. After 5 min at room temperature, the brick-red suspension was filtered through

Celite and the filtrate stored at -35 °C for 24 h to provide zwitterionic complex 129 as a

brick-red powder (93 mg, 55%). IR (cm'1, Nujol): vfc6F5 = 1644 (w), 1517(w).13 IR (cm'

\  microscope): 3031-2861 (var), 1793 (w), 1700 (w), 1644 (s), 1566-1284 (s), 1100 (s).

lH NMR (500 MHz, C6D6): £3.61 (ddd, J=  15.0, 12.0, 7.5 Hz, 1H, Hc or Hd); 3.26 (dd,

J=  7.5, 1.5 Hz, 1H, Hb or Hf); 3.11 (d, J=  15.5 Hz, 1H, Ha or He); 2.50 (dd, J=  7.5, 0.7

Hz, 1H, Hb or Hf); 1.21 (ddd, J -  15.0, 12.0, 7.5 Hz estimated from the coupling partner,

1H, Hc or Hd); 1.09 (s, 15H, C5Me5); 1.07 (br d, J=  15.0 Hz, Haor He). COSY (500

MHz, C6D6): £3.61 o  £3.26; £3.61 <-> £3.12; £3.61 <-> £1.21; £3.61 <-> £1.07; £

3.11 +>£1.21; £2.50 <->£1.21; £1.21 *>£1.07. 13C APTNMR (100 MHz, C6D6):

£  148.5 (br d, J C-f  = 249 Hz, +, Ar); 142.5 (br d, J C-f = 256 Hz, +, Ar); 137.6 (br d, J C-f  =  

253 Hz, +, Ar); 108.5 (+, C5Me5); 106.0 (-, CH); 103.2 (-, CH); 77.7 (+, CH2); 76.8 (+, 

CH2); 9.8 (-, C5Me5). HMQC (500 MHz, C6D6): £3.61 <-> £106.0; £3.26 +> £77.7; £

3.11 +> £76.8; £2.50 <-> £76.8; £1.21 ^> £103.2; £1.09 +> £9.8; £1.07 <-> £77.7. 19F
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NMR (376 MHz, C6D6): -132.8 (br s); -156.5 (br s); -164.3 (br t, J=  17.9 Hz). UB 

(159.8 MHz, C6D6): 3.74 (br s ) .  Due to thermal sensitivity, HRMS of this complex 

could not be obtained. Anal, calcd for C32H2 iCrNOBFi5: C, 49.07; H, 2.7; N, 1.79; 

found: C, 49.73; H, 3.06; N, 1.86. Due to the large percentage of fluorine atoms in the 

microanalysis samples, precise fluorine analysis could not be obtained. Crystals suitable 

for X-ray crystallography were grown from several successive recrystallizations of a 

solution complex 129 in diethyl ether at -35 °C. Details are provided in Appendix A,

(q5-Permethylcyclopentadienyl)(r|4-s-fra«s-butadiene)chromium[nitrosyl- 
diethylaluminumchloride] 130:

In an NMR tube, diethylaluminumchloride (5.3 mg, 0.044 mmol) in 0.7 mL of 

benzene-d6 was added to Cp*CrNO(C4 He) 111 (12.0 mg, 0.044 mmol). NMR analysis 

of the resulting brick-red solution revealed signals for the thermally sensitive tentatively 

assigned zwitterionic complex 130: ’H NMR (300 MHz, CeD6): £4.14 (br m, 1H, Hc or 

Hd); 3.57 (br d, J =  5.7 Hz, 1H, Hb orHf); 3.43 (br d, J=  14.1 Hz, 1H, Ha or He); 2.59 (d, 

J=  6.9 Hz, 1H, Hb or Hf); 1.51 (br m, 1H, Hc or Hd); 1.46 (br t, J=  8.1 Hz, 6 H, CH2Ctf3);

1.38 (br d, J=  14.4 Hz, 1H, Ha or He); 1.28 (s, 15H, C5Me5); 0.34 (br q, 4H, J=  8.1 Hz,

part 14.

O
+ AIEt2CI 

130
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C//2 CH3). COSY (300 MHz, CeDe), only partial data available: £4.14 <-» £1.38; £3.43 

£1.41; £2.59 <-> £1.51; £1.46 <-> £0.34.

NO

ON

132

Addition of HCi to Cp*CrNO(C4H6) 111. Formation of [Cp*Cr(NO)CI]2 132:

To a solution of Cp*CrNO(C4 He) 111 (37 mg, 0.136 mmol) in diethyl ether at -78 

°C was added HCI (4M in dioxane, 33.4 pL, 0.134 mmol) via syringe. The solution was 

stirred at -78 °C for 30 min, during which time a colour change from orange to yellow 

was observed. Upon warming to room temperature, the colour of the solution turned 

green and a light green precipitate formed. The solid was collected on a frit, washed with 

2 x 5  mL pentane, and dried to give [Cp*Cr(NO)Cl] 2  13214 (52 mg, 80%). IR (cm'1, 

Nujol): vsio = 1648. Crystals suitable for X-ray crystallography were grown from a 

solution of complex 132 in acetone at -35 °C. Details are provided in Appendix A, part 

15.
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BR

Me
ON

135 Hc

Addition of HBF4 to Cp*CrNO(C4H6) 111. Formation of [(r^-permethylcyclo- 
pentadienyl)(t|3-crotyl)nitrosylchromium]BF4 135:

In an NMR tube, Cp*CrNO(C4 H6) 111 (30 mg, 0.111 mmol) was dissolved in 0.7

mL of CD2CI2 and cooled to -78 °C. HBF4 (54% in E t20 ,14.2 pL, 0.111 mmol) was

added via syringe and a colour change from orange to deep red was observed, providing

the cationic r|3-crotyl complex 135 in situ. NMR analysis at -80 °C: *H NMR (400

MHz, CD2CI2): <56.05 (br m, 1H, Ha); 4.88 (br m, 1H, Hb); 3.32 (br m, 1H, Hc or Hd);

1.72 (br s, 15H, C5Me5); 1.66 (ov m, 1H, Hc or Hd); 1.64 (ov m, 3H, CH3). COSY (400

MHz, CD2 CI2): <56.05 <54.88; <56.05 <53.32; <56.05 <51.66; <56.05 o  <51.64; <5

4.88 <51.66; <54.88 <51.64; <53.32 <-> <51.66. 13C APT NMR (100 MHz, CD2C12):

<5129.8 (1, CH); 112.8 (-, CH); 112.6 (+, C5Me5); 67.8 (+, CH2); 18.7 (-, CH3); 9.9 (-,

C5Me5). HMQC (400 MHz, CD2C12): 56.05 <5112.8; <54.88 <5129.8; <53.32 <-> <5

67.8; <51.72 <-> <59.9; <51.66 <-> <567.8; <51.64 <-> <519.37.
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H a  BF4-

°c'AX/Me
ON Hd- ^ y f  \

\  Hb 
138 Hc

[(Tl5-cyclopentadienyl)(t|3-crotyl)carbonylnitrosylchromium]BF4 138:

As described previously, a mixture of the r|2-butadiene and rj-4-butadiene 

complexes 101 and 106 was freshly prepared by the photolysis of CpCrNO(CO)2  90 (218 

mg, 1.07 mmol) in the presence of excess butadiene. The solvent was removed in vacuo 

and the residue dissolved in 30 mL of diethyl ether, cooled to -78 °C, and HBF4 (54% in 

E t20 ,134 pL, 0.975 mmol) was added via syringe. The resulting dark green suspension 

was stirred at -78 °C for 30 min and then warmed to room temperature. After stirring for 

another 30 min the solvent was removed in vacuo, the residue dissolved in 10 mL of 

acetone, layered with 5 mL of diethyl ether and cooled to -35 °C. After 12 h, a green 

powder was collected via filtration, washed with 2 x 1 0  mL diethyl ether and dried to 

give impure r|3-crotyl complex 138 as a 1 : 1.5 : 5.0 : 22.0 mixture of isomers (118 mg, 

40% estimated from the *H NMR spectrum). IR (cm'1, Nujol): vto = 2066, Vn0  = 1744. 

Anal, calcd for CioH12CrN0 2BF4 : C, 37.89; H, 3.82; N, 4.42; found: C, 35.75; H, 3.38; 

N, 4.81.

NMR analysis of the major isomer of complex 138. !H NMR (500 MHz, acetone-de): 

55.96 (s, 5H, C5H5); 5.35 (ddd, / =  13.6, 12.8, 7.2 Hz, 1H, Hb); 4.80 (dq, J=  13.6, 6 . 8  

Hz, 1H, Ha); 4.37 (br d, J=  12  Hz, 1H, Hc); 2.81 (br d, J=  12.8 Hz, 1H, Hd); 2.58 (d, J=

6 . 8  Hz, 3H, CH3). COSY (500 MHz, acetone-d6): 5535  <-> £4.80; £5.35 £4.37; £
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5.35 <-> £2.81; £4.80 <-> £2.58; £4.37 <-» £2.81; £2.81 o  £2.58. HMQC (500 MHz, 

C6D6): £5.96 o  £100.9; £5.35 o  £93.7; £4.80 o  £116.2; £4.37 o  £63.2; £2.81 

£63.2; £2.58 o  £21.3.

NMR analysis of the 2nd most abundant isomer (138'). *H NMR (500 MHz, acetone-dg): 

£6.04 (s, 5H, C5H5); 5.41 (d, J=  7.2 Hz, 1H, Hc); 5.11 (ddd,£= 13.6,13.2, 7.2 Hz, 1H, 

Hb); 4.12 (dq, J=  13.2, 6.4 Hz, 1H, Ha); 3.46 (br d, J=  13.6 Hz, 1H, Hd); 2.32 (d, J=  6.4 

Hz, 3H, CH3). COSY (500 MHz, acetone-d6): £5.41 £5.11; £5.11 <-> £4.12; £5.11

<-> £3.46; £4.12 £2.32. HMQC (500 MHz, C6D6): £6.04 <-> £100.6; £5.41 o  £

73.5; £5.11 <-> £94.0; £4.12 o  £100.0; £3.46 <-> £73.5; £2.32 £19.5.

CH3 signals of the remaining minor isomers (138" and 138"'): 2.49 (d, J=  6.4 Hz) and 

2.40 (d, J -  6.4 Hz).

b f 4
| r1a

OC',”'>Cr\  A
Me

(
\ Me

139 Hb

[(r|5-cyclopentadienyl)(ti3-l,l-dim ethylallyl)carbonylnitrosylchrom ium ]BF 4  139:

As described previously, a mixture of the r|2-isoprene and rj4-isoprene complexes 

102 and 107 was freshly prepared by the photolysis of CpCrN0 (C0 ) 2  90 (725 mg, 3.57 

mmol) with isoprene. The solvent was removed in vacuo and the residue dissolved in 30 

mL of diethyl ether, cooled to -78 °C, and HBF4 (54% in Et2 0 , 406 pL, 2.95 mmol)
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added via syringe. The dark yellow suspension was stirred at -78 °C for 30 min and then 

warmed to room temperature, during which time a colour change to red-brown was 

observed. After stirring for an additional 30 min, the solvent was removed in vacuo and 

the residue dissolved in 10 mL of acetone and cooled to -35 °C. After 12 h, an orange 

powder was collected via filtration, washed with 2 x 1 0  mL diethyl ether and dried to 

give ri3-(l,l-dimethylallyl) complex 139 (142 mg, 12%). IR (cm'1, Nujol): vco = 2066, 

vto = 1738. !H NMR (300 MHz, CD3CN): £5.69 (s, 5H, C5H5); 4.85 (ddt, J=  13.2, 7.8, 

0.6 Hz, 1H, Ha); 3.9 (dd, J=  7.8, 3.0 Hz, 1H, Hc); 2.67 (dd, J=  13.2, 3.0 Hz, 1H, Ha);

2.55 (d, J=  0.6 Hz, 3H, CH3); 1.58 (d, J=  0.6 Hz, 3H, CH3). COSY (400 MHz,

CD3CN): £4.85 <-> £3.9; £4.85 <-> £2.67; £4.85 <-> £2.55; £3.9 <-> £2.67. 13C NMR 

(100 MHz, acetone-d6): £224.7; 111.8; 101.3; 84.1; 56.4; 22.5; 22.3. Anal, calcd for 

CiiHi4 CrN0 2BF4: C, 39.91; H, 4.26; N, 4.23; found: C, 39.96; H, 4.32; N, 4.16.

2BF,
ON

— Cr ,Cr—

NO

139'

or

139"

After cooling the filtrate from the isolation of complex 139 for a further two days at -35 

°C, a green powder was collected (23 mg), the major component of which is assigned to 

be the either dimeric r|3-(p-1,1 -dimethylallyl) complex 139' or the r|3 -(l,l-dimethylallyl)- 

p-nitrosyl complex 139" (see the discussion in Chapter 5, p. 163). IR (cm'1, Nujol): Vno 

= 1685,1657. ’H NMR (300 MHz, acetone-d6): £6.01 (s, 5H, C5H5); 5.46 (br d, J=  7.2
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Hz, 1H, H^,); 4.68 (br dd, J=  13.5, 7.2 Hz, 1H, Hcentmi)\ 3.91 (br d, J=  13.5 Hz, 1H,

Hantl); 2.54 (br s, 3H, CH3); 1.72 (br s, 3H, CH3). COSY (300 MHz, acetone-d6): £5.46 

<-> £4.68; £5.46 <-» £3.91; £4.68 £3.91.

140

(rj5-Permethylcyclopetadienyl)(f|3-cyclohexenyl)carbonylnitrosylchromiiim]BF 4 140:

To an solution of r| -(1,3-cyclohexadiene) complex 117 (20.0 mg, 0.0615 mmol) 

in 5 mL of diethyl ether cooled to -78 °C was added HBF4 (54% in Et2 0 , 8.5 pL, 0.0615 

mmol) via syringe. The orange solution was stirred at -78 °C for 30 min then warmed to 

room temperature, during which time a yellow precipitate formed. After stirring for a 

further 30 min, the solvent was removed in vacuo and the residue dissolved in 3 mL of 

acetone and cooled to -35 °C. After 12 h, yellow crystals were collected and dried to 

give cationic r|3-cyclohexenyl complex 140 (10.0 mg, 39%). IR (cm'1, Nujol): vto = 

2020, vno = 1727. Due to the low resolution of the NMR date, definitive assignment of 

the proton resonances of this product was not possible. Individaul signals are evident, 

however, for all nine of the ri3-cyclohexenyl ligand protons. 'H NMR (400 MHz, 

acetone-d6): £5.96 (m, 1H); 5.04 (m, 1H); 4.20 (br t, J=  7.2 Hz, 1H); 2.69 (m, 1H); 2.59 

(br m, 1H); 2.32 (m, 1H); 2.16 (m, 1H); 2.05 (s, 15 H, C5Me5); 1.40 (br m, 1H); 0.61 (m, 

1H). COSY (400 MHz, acetone-d6): £5.96 £4.20; £5.96 <-> £2.32; £5.04 <-> £
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4.20; £5.04 <-> £2.16; £2.69 <-> £2.16; £2.69 <-> £1.40; £2.69 o  £0.61; £2.59 <-» £

2.32; £2.59 £1.40; £1.40 <-» £0.61. X-ray crystallography of these crystals

established the crystals of complex 140. Details are provided in Appendix A, part 16.

Addition of triphenylcarbenium tetrafluoroborate to Cp*CrNO(CO)(nz-propene) 95 
in DME. Formation of [(t|5-permethylcyclopentadienyl)(K2-l,2-dimethoxyethane)- 
nitrosylchromiiim]BF4143:

To a solution of Cp*CrNO(CO)(r|2-propene) 95 (38.0 mg, 0.13 mmol) in 10 mL 

of DME was added a suspension of PI13CBF4 (43.6 mg, 0.13 mmol) in 10 mL of DME. A 

colour change from orange-brown to green was immediately observed. After stirring for 

15 h, the solvent was removed in vacuo and the resulting residue triturated with 3 x 1 0  

mL of diethyl ether. The extracts were combined and the solvent removed in vacuo to 

provide trityl dimer 14115 as an off-white solid (30.2 mg, 47%). ‘H NMR (300 MHz, 

C6D6): £7.28 (br d, J=  7.5 Hz, 7H, Ph); 7.06 (ov m, 18H, Ph); 6.43 (dd, J=  10.5, 1.8 

Hz, 2H, CH); 5.91 (dd, J=  10.5, 3.9 Hz, 2H, CH); 4.91 (m, 1H, Ph3CCfl)- HRMS calcd 

for C38H3 0 : m/z 486.23515; found: 486.23474. The remaining ether insoluble residue 

was dissolved in 2 mL of acetone, layered with 2 mL of diethyl ether and stored at -35 

°C to give [Cp*CrNO(DME)]BF4 143 as deep green crystals (20 mg, 39%). IR (cm'1, 

NUJOL): vfao = 1663. The identity of these crystals was established by X-ray
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crystallography. Details are provided in Appendix A, part 17. Consistent combustion 

analysis could not be obtained for this product.

Addition of tropylium tetrafluoroborate to Cp*CrNO(CO)(i]2-propene) 95 in 
acetone. Formation of [(t]5-permethylcyclopentadienyl)bis(acetone)nitrosyI- 
chromium]BF4 144:

To a solution of Cp*CrNO(CO)(r|2 -propene) complex 95 (20.0 mg, 0.07 mmol) in 

10 mL of DME was added a solution of C7H7 CBF4 (12.4 mg, 0.07 mmol) in 10 mL of 

acetone. While stirring for two days a colour change from orange-brown to green was 

observed. The solvent was removed in vacuo and the resulting residue triturated with 3 x 

10 mL of diethyl ether. The extracts were combined and the solvent removed in vacuo to 

give ditropyl 14215 as an off-white solid (-6.3 mg, 49%). !H NMR (300 MHz, acetone- 

d6): 56. 6 8  (t, 3.15 Hz, 2H, distal-CH); 6.24 (dt, J=  9.3, 2.7 Hz, 2H, mid-CH); 5.25

(br dd, J=  9.3,4.3 Hz, 2H, proximal-CH); 1.91 (br m 2H, bridging-CH). The remaining 

ether insoluble residue was dissolved in 2 mL of acetone, layered with 2 mL of diethyl 

ether and stored at -35 °C to give the cationic bis(acetone) complex 144 as green crystals 

(12.4 mg, 42%). IR (cm'1, NUJOL): v^o = 1657. The identity of these crystals was 

established by X-ray crystallography. Details are provided in Appendix A, part 17. 

Consistent combustion analysis could not be obtained for this product.
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PF,

Me
  o '

143 Me

(T]5-Permethylcyclopentadienyl)(K2 -1,2-dimethoxyethane)nitrosyI chromium 
hexafluorophosphate 143:

To a solution of Cp*CrNO(CO) 2  94 (500 mg, 1.83 mmol) in 20 mL DME was 

added a suspension of ferricinium hexafluorophosphate (606 mg, 1.83 mmol) in 10 mL of 

DME. The blue-green mixture was stirred for one week at room temperature. The 

mixture was then filtered through Celite and the solvent removed in vacuo. Unreacted 

Cp*CrNO(CO)2  was removed via trituration with 2 x 1 0  mL of pentane and the residue 

dried to give the PF6“ salt of the cationic DME complex 143 as a green powder (662 mg, 

80%). IR (cm'1, NUJOL): v^0 = 1663. Anal, calcd for Ci4H25CrN03PF6: C, 37.18; H, 

5.57; N, 3.1; found: C, 37.28; H, 5.23; N, 2.93.

PF,

O

144

(tl5-Permethylcyclopentadienyl)bis(acetone)nitrosylchromium hexafluoro­
phosphate 144:

To a solution of Cp*CrNO(CO) 2  94 (500 mg, 1.83 mmol) in 10 mL of acetone 

was added a solution of ferricinium hexafluorophosphate (606 mg, 1.83 mmol) in 10 mL 

of acetone; immediate effervescence was observed. After stirring for 1 h, the solvent was
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removed in vacuo and unreacted Cp*CrNO(CO) 2  removed via trituration with 2 x 1 0  mL 

of pentane. The residue was then dissolved in 5 mL of acetone, layered with 5 mL of 

diethyl ether and stored at -35 °C to give the PF6~ salt of the cationic bis(acetone) 

complex 144 as deep green crystals (683 mg, 78%). IR (cm'1, NUJOL): vk-o = 1657.

Anal, calcd for Ci6H27CrN03PF6: C, 40.17; H, 5.69; N, 2.93; found: C, 38.14; H, 5.29;

N, 2.8.

'  I X HC L JON""-Qr I C n b

V  CH3

146 exo Hc 146 endo Ha

(H5-PermethylcyclopentadienyI)(T|3-crotyl)(triphenylstannyI)nitrosylchromium 146:

In a Schlenk tube, Cp*CrNO(C4H6) 111 (100 mg, 0.369 mmol) was dissolved in 

50 mL of benzene and triphenyltin hydride (168 mg, 0.479 mmol) added. The solution 

was then heated to 45 °C for 96 h. The resulting yellow-brown solution was passed 

through a 1 x 5 cm silica-gel column and eluted with benzene. The yellow eluent was 

evaporated in vacuo and the residue dissolved in 10 mL of diethyl ether. Several
<5

precipitations at -35 °C afforded rj -crotyl complex 146 as a bright yellow powder (63 

mg, 63%), obtained as a 1 : 1 mixture of endo and exo isomers in solution. IR (cm'1, 

THF): vfao = 1636. HRMS calcd for C32H37CrNOSn: m/z 623.13025; found: 623.13124. 

Anal, calcd for C32H37CrNOSn: C, 61.76; H, 5.99; N, 2.25; found: C, 61.26; H, 5.62; N,

1.84. Crystals of the endo isomer suitable for X-ray crystallography were grown over 24

CH
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h from diethyl ether at -35 °C. Details of the crystallography are provided in Appendix 

A, part 19. Also crystallized with complex 146 endo were a trace amount (<5%) of deep 

green crystals. The structure of these crystals was identified as [(r|5-C5Me5)Cr(NO)- 

(p-0)(p-0H)-(SnPh2)]2 149 by X-ray crystallography. Details of the crystallography are 

provided in Appendix A, part 20.

NMR data for the exo isomer of complex 146. *H NMR (500 MHz, CeDg): £8.04 (br d, J  

= 6.5 Hz, 6H, Ph); 7.27 (br ov t, J=  6.5 Hz, 6H, Ph); 7.19 (m, 3H, Ph); 4.08 (br dq, J=

7.0, 1.0 Hz, 1H, Hb); 3.33 (dd,/ =  7.0, 3.0 Hz, 1H, Hd); 2.19 (dt, J=  14.5, 8.5 Hz, 1H,

Ha); 1.56 (br dd, J=  14.5, 3.0 Hz, 1H, Hc); 1.36 (s, 15H, C5Me5); 0.96 (d, J=  7.0 Hz, 3H, 

CH3), (br d, Js„.h = 15.5 Hz). COSY (500 MHz, C6D6): £8.04 £7.27; £7.27 o  £

7.19; £4.08 <-> £3.33; £4.08 *-> £2.19; £4.08 <-> £0.96; £3.33 o  £2.19; £3.33 o  £ 

1.56; £2.19 <-> £1.56; £2.19 £0.96. 13C APT NMR (125 MHz, C6D6): £138.2 (—,

Ph); 128.4 (-, Ph); 128.3 (-, Ph); 102.2 (+, C5Me5); 88.5 (-, CHa); 84.7 (-, CHb); 48.7 (+, 

CH2); 15.4 (-, CH3); 9.96 (-, C5Me5). HMQC (500 MHz, C6D6): £8.04 <-» £138.2; £ 

7.27 <-» £128.4; £7.19 <-> £128.3; £4.08 o  £84.7; £3.33 o  £48.7; £2.19 -o- £88.5; 

£1.56 £48.7; £1.36 £9.96; £0.96 o  £15.4.

NMR data for the endo isomer of complex 146. ’H NMR (500 MHz, CeD6): £8.0 (br d, 

J=  6.5 Hz, 6H, Ph); 7.27 (br ov t,J =  6.5 Hz, 6H, Ph); 7.19 (m, 3H, Ph); 4.29 (dd, J=

7.0.2.0 Hz, 1H, Hd), (br d, JSn.H = 26.0 Hz); 3.35 (ddd, J=  14.5,11.0, 7.0 Hz, 1H, Ha); 

1.89 (dq, J=  11.0, 6.0 Hz, 1H, Hb); 1.85 (d, J=  6.0 Hz, 3H, CH3); 1.42 (s, 15H, C5Me5); 

0.14 (br d, J -  14.5 Hz, 1H, Hc), (br d, JS„.H= 24.0 Hz). COSY (500 MHz, C6D6): £8.0
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<-> <57.27; 31.21 <-> <57.19; 54.29 <-> 33.35; 54.29 <-> <50.14; <53.35 <-> <51.89; <53.35 

<-> <50.14; <51.89 o<51.85. 13C APT NMR (125 MHz, C6D6): <5138.2 (-, Ph); 128.4 (-, 

Ph); 128.3 (-, Ph); 103.4 (+, C5Me5); 101.6 (-, CHa); 76.5 (-, CHb); 56.5 (+, CH2); 17.9 

(-, CH3); 10.5 (-, CsMes). HMQC (500 MHz, C6D6): <58.0 o  <5138.2; 51.21 <-> <5 

128.4; <57.19 <-> <5128.3; <54.29 <-> <556.5; <53.35 <-> <5101.6; <51.89 <-> <576.5; <51.86 <-> 

<517.9; <51.42 <-> <510.5; <50.14 <-><556.5.

0 N '" N .Q r-

Bu3Sn

147 exo Hc

CH

147 endo Ha

(ri5-Permethylcyclopentadienyl)(ti3-crotyl)(tributylstannyl)nitrosylchromium 147:

In an NMR tube, Cp*CrNO(C4H6) 111 (12.3 mg, 0.0453 mmol) was dissolved in 

0.7 mL of benzene-d6 and tributyltin hydride (12.2 pi, 0.0453 mmol) added via syringe. 

The solution was left at room temperature for 5 days to form complex 147 as a 1 : 4 

mixture of tentatively assigned endo and exo isomers, identified only in situ. Tentative 

assignment of the isomer configuration was made on the similarity of chemical shifts to 

that of the endo and exo isomers of ri3-crotyl complex 146.

NMR data for the major {endo) isomer of complex 147. ’H NMR (500 MHz, C6D6):

3.85 (dd, J=  6.9, 2.7 Hz, 1H, Hd), (br d, JS„.H= 20 Hz); 3.35 (m, 1H, Ha); 1.95 (br s, 3H, 

CH3); 1.91 (m, 1H, Hb); 1.90 to 1.70 (ov m, Bu3Sn); 1.50 (s, 15H, C5Me5); -0.27 (dd, / =
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14.1, 2.7 Hz, 1H, Hc), (br d, JSh.m= 22 Hz). COSY (300 MHz, C6D6): £3.85 £3.35;

£3.85 o  £-0.27; £3.35 <-> £1.91; £3.35 <-> £-0.27; £1.95 £1.91.

NMR data for the minor (exo) isomer of complex 147, signals marked with an asterisk (*) 

were obscured by impurities and were detected indirectly via homonuclear COSY NMR: 

*H NMR (500 MHz, C6D6): 4.01 (dq -  app quint, J=  7.2 Hz, 1H, Hb); 2.60 (dd, J  = 8.1,

1.8 Hz, 1H, Hd); 2.03 (dt, J=  13.9, 8.1 Hz, 1H, Ha); 1.41 (Hc)*; 1.09 (CH3)*. COSY 

(500 MHz, C6D6): £4.01 <-> £2.03; £4.01 <-> £1.09; £2.60 <-» £2.03; £2.60 <-> £1.41; 

£2.03 <-> £  1.41. Due to sample impurities, the Cp* and «-butyl proton resonances of 

this minor component could not be located.

151 exo Hd 151 end0 H

(q5-Permethylcyclopentadienyl)(r]3-allyl)(triphenylstannyl)nitrosylchromium 151, 
method A:

In a Schlenk tube, Cp*CrNO(CO) 2  94 (150 mg, 0.0549 mmol) was dissolved in 

50 mL of benzene and allyltriphenyltin (215 mg, 0.0549 mmol) added. The solution was 

then cooled to 5 °C and irradiated for 24 h. The resulting yellow-brown solution was 

passed through a 1 x 5 cm silica-gel column and eluted with benzene. The yellow eluent 

was evaporated in vacuo and the residue dissolved in 10 mL of diethyl ether. Several 

precipitations at -35 °C then afforded q3-allyl complex 151 as a bright yellow powder
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(177 mg, 53%), present as a 1 : 2 mixture of endo and exo isomers in solution. IR (cm'1, 

THF): vfco = 1643. HRMS calcd for C3iH35CrNOSn: m/z 609.11456; found:

609.11536. Anal, calcd for C3iH35CrNOSn: C, 61.21; H, 5.8; N, 2.3; found: C, 61.28;

H, 5.63; N, 2.06. Stereochemical assignment and spectroscopic data are provided in the 

following experimental.

(t]5-Permethylcyclopentadienyl)(r]3-allyl)(triphenylstannyl)nitrosylchromium 151, 
method B:

In a Schlenk flask, Cp*CrNO(C4H6) 111 (50 mg, 0.184 mmol) was dissolved in 

15 mL of benzene and allyltriphenyltin (72 mg, 0.184 mmol) added. The solution was 

then heated to 60 °C for 12 h. The resulting yellow-brown solution was then passed 

through a 1 x 5 cm silica-gel column and eluted with benzene. The yellow eluent was 

evaporated in vacuo and the residue dissolved in 5 mL of diethyl ether. Several 

precipitations at -35 °C then afforded r|3-allyl complex 151 as a bright yellow powder (37 

mg, 33%), present as a 1 : 2 mixture of endo and exo isomers in solution.

NMR data for the major (endo) isomer of complex 151. !H NMR (400 MHz, CeDe):

<58.0 (m, 6H, Ph); 7.26 (m, 6H, Ph); 7.18 (m, 3H, Ph); 3.54 (dddd, J=  13.6,12.0, 7.2, 6.8 

Hz, 1H, Ha); 3.32 (dt, J=  7.6,2.4 Hz, 1H, Hb or He), (br d, JSn.H = 22.4 Hz); 3.26 (br dd, 

J=  7.2,2.8 Hz, 1H, Hb or He), (br d, JSn.H = 20.8 Hz); 1.41 (s, 15H, C5Me5); 1.26 (br d, J  

= 12.0 Hz, 1H, Hc or Hd); 0.28 (br d, J =  13.6 Hz, 1H, Hc or Hd). COSY (400 MHz, 

C6D6): <58.0 <-> 8 7.26; <78.0 <57.18; £4.41 £3.54; £4.41 £3.26; £4.41 <-> £

0.28; £3.54 £3.26; £3.54 o  £1.26; £3.54 <-> £0.28; £1.26 <-> £0.28. TROESY
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(400 MHz, C6D6, NOE correlations): 58.0 <-> 51.26-, 58.0 <-> 54.41; 54.41 <-> 53.54; 5 

4.41 50.28; 53.54 *> 53.26; 53.26 <-> 51.26; 51.26 o  50.28. 13C APTNMR

(100.58 MHz, C6D6): 5138.1 (-, Ph); 128.4 (-, Ph); 128.3 (-, Ph); 103.6 (+, C5Me5); 

100.9 (-, CH); 59.9 (+, CH2); 59.6 (+, CH2); 10.7 (-, C5Me5). HMQC (400 MHz, C6D6):

58.0 <* 5138.1; 57.26 <* 5128.3; 57.18 <+ 5128.4; 54.41 <-> 559.9; 53.54 5

100.9; 53.26 <-> 559.6; 51.26 o  559.6; 50.28 <-> 559.9; 51.41 510.7.

NMR data for the minor (exo) isomer of complex 151. 'H NMR (400 MHz, CbD6): 58.0 

(m, 6H, Ph); 7.26 (m, 6H, Ph); 7.18 (m, 3H, Ph); 4.41 (br d, J =  6.8 Hz, 1H, Hb or He), (br 

d, Jsn-H = 27.2 Hz); 3.12 (br d d ,J=  7.6, 2.4 Hz, 1H, Hb or He), (br d, JSn.H = 25.6 Hz); 

2.37 (dddd - app tt, J =  13.6,13.6, 7.6, 7.6 Hz, 1H, Ha); 1.82 (br d, J =  13.6 Hz, 1H, 

Hc/Hd); 1.41 (br d, 5 =  13.6 Hz, 1H, Hc or Hd), 1.35 (s, 15H, C5Me5). COSY (400 MHz, 

C6D6): 58.0 o  57.26; 58.0 o  57.18; 53.32 <-> 53.12; 53.32 <-> 52.37; 53.32 <* 5 

1.41; 53.12 52.37; 53.12 <-» 51.82; 53.12 <-» 51.41; 52.37 51.82; 52.37 o  5

1.41. TROESY (400 MHz, C6D6, NOE correlations): 58.0 57.26; 58.0 53.32; 5

8.0 51.35; 57.26 <-> 51.35; 57.18 <->51.35; 53.32 <-> 52.37; 53.32 <-> 51.41; 5

3.12 52.37; 53.12 <-> 51.41; 53.12 51.35; 52.37 <-> 51.82; 52.37 <->51.35; 5

1.82 <-> 5  1.41. 13C APT NMR (100.58 MHz, C6D6): 5138.1 (-, Ph); 128.4 (-, Ph);

128.3 (-, Ph); 102.7 (+, C5Me5); 92.2 (-, CH); 65.4 (JSn-c = 25.9 Hz, +, CH2); 51.3 (JSn.c 

= 101.5 Hz, +, CH2); 9.7 (JSn-c = 9.2 Hz, C5Me5). HMQC (400 MHz, C6D6): 58.0 o  

5138.1; 57.26 5128.3; 57.18 <-> 5128.4; 53.32 <-> 551.3; 53.12 565.4; 52.37

<-> 592.2; 51.82 565.4; 51.41 <-» 551.3; 51.35 59.9.
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152 endo152 exo

R =

(^5-Permethylcyclopentadienyl)(i^3-allyl)(triallylstannyI)nitrosylchromium 152:

In an NMR tube, Cp*CrNO(C4H6) 111 (12.0 mg, 0.044 mmol) was dissolved in

0.7 mL of benzene-d6 and tetraallyltin (12.5 mg, 0.044 mmol) added via syringe. The 

solution was then heated to 60 °C for 48 h. NMR analysis of the resulting yellow-brown 

mixture revealed a 42% conversion to complex 152, present as a 1 : 5 mixture of endo 

and exo isomers, identified only in situ. This product can also be prepared via an 

extension of method A for the synthesis of complex 151, but in far lower yield..

Tentative assignment of the isomer configuration was made on the similarity of chemical 

shifts to that of the endo and exo isomers of r\ -crotyl and r| -allyl complexes 146 and 

151.

NMR data for the major (endo) isomer of complex 152, signals marked with an asterisk 

(*) were obscured by impurities and were detected indirectly via homonuclear COSY 

NMR: *H NMR (500 MHz, C6D6): S 6.25 (m, 3H, Hh); 5.00 (m, 6H, H* and Hj); 3.07 (br 

dd, J=  7.2, 1.8 Hz, 1H, Hb or He), (br d, J S„.H = 20.0 Hz); 2.67 (br dt, J=  8.1, 2.1 Hz, 1H, 

Hb or He), (br d, JSn.H = 33.0 Hz); 2.41 (t, J  = 9.5 Hz, 3H, Hf or Hg), (d, Jim n-H  = 62.3 

Hz), (d, J,„sn-H=  43.9 Hz); 2.30 (Ha)*; 2.29 ( t ,J =  9.5 Hz, 3H, Hf or Hg), (d, Jm sn-H =

59.3 Hz), (d, J u 7Sn-H= 41.0 Hz); 1.73 (br d, J =  8.1 Hz 1H, Hc or Hd); 1.36 (s, 15H,
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C5Me5); 1.18 ( b r d , J =  13.2 Hz, 1H, Hc or Hd). COSY (500 MHz, C6D6): £6.25 < +£ 

5.00; 56.25 <+ £2.41; £6.25 <+ £2.29; £5.00 <-> £2.41; £5.00 <+ £2.29; £3.07 <+ £ 

2.67; £3.07 <+ £1.73; £2.67 <+ £2.30; £2.67 o  £1.18; £2.30 <+ £1.73; £2.30 <-> £ 

1.18; £1.73 <+£1.18. 13C APT NMR (125 MHz, C6D6): £140.2 (-, alkene CH2); 138.0 

(-, alkene CH2); 117.7 (+, alkene CH); 102.2 (+, C5Me5); 91.7 (-, CHa); 64.3 (+, if-allyl 

CH2); 44.4 (+, r)3-allyl CH2); 24.6 (+, aliphatic CH2); 10.1 (-, C5Me5). HMQC (500 

MHz,C 6D6): £6.25 <-» £140.2; £6.25 <+£138.0; £5.00 <-» £117.7; £3.07 <+ £64.3; £ 

2.67 <+ £44.4; £2.41 o  £24.6; £2.30 <+ £91.7; £2.29 <+ £24.6; £1.73 o  £64.3; £ 

1.36 <-» £10.1; £1.18 <+£44.4.

NMR data for the minor (exo) isomer of complex 152, signals marked with an asterisk (*) 

are obscured by impurities and were detected indirectly via homonuclear COSY NMR:

*H NMR (500 MHz, C6D6): £4.14 (br dt, J=  6 .6 , 5.0 Hz, 1H, HborHe); 3.56 (Ha)*; 3.24 

(br d, J=  6 . 6  Hz, 1H, Hbor He); 1.42 (Hc orH d)*; 1.41 (s, 15H, C5Me5); 0.21 (br d, J=  

12.5 Hz, 1H, Hc or Hd); due to overlap with starting material peaks, the alkene proton 

signals of the triallyltin ligand are tentatively located between 5.6 and 5.0 ppm, while 

those of the diastereotopic methylene group appear at 2.00 and 1.55 ppm. COSY (500 

MHz, CgDg), only partial data available: £4.14 <+ £3.56; £4.14 <+ £3.24; £4.14 <+ £

0.21; £3.56 <+ £3.24; £3.56 <+ £1.42; £3.56 <+ £0.21.
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SnPh

157/157'

C r ^ S n P h 3

(rjs-Permethylcyclopentadienyl)(t]2-hydridotriphenylstannyl)carbonylnitrosyl- 
chromium 157:

In an NMR tube, Cp*CrNO(CO) 2  94 (12.0 mg, 0.044 mmol) was dissolved in 0.7 

mL of benzene-d6 and triphenyltin hydride (15.4 mg, 0.044 mmol). The solution was 

then cooled to 5 °C and irradiated for 24 h to provide complex 157 with ~49% 

conversion, identified only in situ as a 10 : 1 mixture of unassigned isomers. ’H NMR 

(300 MHz, C6D6): £7.86 (br d, J=  6 . 6  Hz, 6 H, Ph); 7.23 (br t, 7.1 Hz, 6 H, Ph); 7.08 (m, 

3H, Ph); 1.51 (s, 15H, C5Me5); -3.62 (s, 1H, C-H-SnPh3), (d, Jimn-H= 360 Hz), (d, 

Jmsn-H -  344 Hz). The hydrido signal for the minor isomer appears at -3.81 ppm.

Experimental details for Chapter 6:

Reaction of bis(ammonia) complex 16616 with allyl Grignard. Formation of 
[CpCr(NO)(NH2)]2 168:

To a solution of the bis(ammonia) complex 16616 (100.0 mg, 0.325 mmol) in 10

mL of THF cooled to -78 °C was added allyl magnesium chloride (2.0 M in THF, 162.3

168
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ju.L, 0.325 mmol). The mixture was stirred at -78 °C for 30 min and a colour change 

from green to red-brown was observed. The solution was then warmed to room 

temperature, the solvent removed in vacuo and the residue triturated with 3 x 5  mL of 

diethyl ether. The red extracts were combined, filtered through Celite and stored at -35 

°C for one week to provide the dimeric complex 168 as red crystals (38 mg, 36%). IR 

(THF, cm'1): vno -  1625. The structure of complex 166 was identified via X-ray 

crystallography, the unit cell from which is identical to that reported in the literature. 17

181

(i]5-Permethylcyclopentadienyl)(2,4,6-trimethylpyridine)chlorochromium 181:

To a solution of [Cp*CrCl] 2  18018 (802 mg, 1.80 mmol) in 30 mL of pentane was

added 2,4,6-trimethylpyridine (476 pL, 3.60 mmol), immediately forming a dark pink 

precipitate. After stirring for 1 h the precipitate was collected on a frit, washed with 2 x 

10 mL of pentane, and dried to give complex 181 as a dark pink powder (896 mg, 72%). 

Anal, calcd for Ci8H2 6CrNCl: C, 62.87; H, 7.62; N, 4.07. Found: C, 60.65; H, 7.76; N,

3.47. Crystals suitable for X-ray diffraction were grown from toluene at -35 °C. Details

are provided in Appendix A, part 20.
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BF,

r  f  i F'
Cr F (

Cl F- F Cl
Cr

183

[(ti5-C5Me5)4Cr4(^-F)5Cl2]BF4 183:

To a purple solution of trimethylpyridine complex 181 (26 mg, 0.076 mmol) in 5 

mL of THF was added a suspension of silver tetrafluoroborate (15.0 mg, 0.076 mmol) in 

5 mL of THF. A colour change to deep blue immediately occurred, along with the 

formation of a grey precipitate. After stirring for 2 h, the mixture was filtered through 

Celite, the filtrate layered with 5 mL of diethyl ether, and maintained at -35 °C for two 

days to provide the tetranuclear complex 183 as blue cubic crystals (19.7 mg, 26%). The 

composition of these crystals was confirmed via X-ray crystallographic comparison to the 

previously reported PF6~ analogue of complex 183.19
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185

[(r]5-Permethylcyclopentadienyl)bis(THF)chlorochromium]BPh4 185:

To a purple solution of trimethylpyridine complex 181 (26 mg, 0.076 mmol) in 5 

mL of THF was added a suspension of silver tetraphenylborate (32 mg, 0.075 mmol) in 5 

mL of THF. A colour change to deep blue occurred immediately along with the 

formation of a grey precipitate. After stirring for 2 h the mixture was filtered through 

Celite, the filtrate layered with 5 mL of diethyl ether and stored at -35 °C for two days to 

yield the bis(THF) complex 185 as blue needle-like crystals (40 mg, 77%). Crystals 

suitable for X-ray crystallography were grown from a solution of complex 185 in a 1 : 1 

mixture of THF and ether at -35 °C for five days. Details are provided in Appendix A, 

part 2 0 .

Modified preparation of 1,3-dimesitylimidazolium chloride (IMesHCl):8

In a 500 mL round bottom flask was added 200 mL of methanol, 2,4,6- 

trimethylaniline (30.23 g, 224 mmol), glyoxal (40 wt% solution in water, 16.25 g, 112 

mmol), and one drop of formic acid. The resulting mixture was stirred for 3 h at room 

temperature and the yellow precipitate filtered and dried to give glyoxal-bis-(2,4,6- 

trimethylphenyl)imine (29.8 g, 91%).

A 500 mL round bottom flask was charged with (8 . 6 8  g, 29.7 mmol) and 200 mL 

of ethyl acetate and cooled to 0 °C. A mixture of paraformaldehyde (1.16 g, 38.6 mmol),
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HC1 (4M in dioxane, 11.14 mL, 44.6 mmol) and 20 mL of ethyl acetate was stirred for 10 

min and then added to the above solution. The reaction mixture was stirred for 5 h and 

the beige precipitate collected via filtration, dried and dissolved in 20 mL of 

dichloromethane. Sodium bicarbonate (-1.0 g) was added to the solution and the mixture 

stirred for 1 h or until the bubbling ceased. The solution was then filtered and the product 

precipitated with -20 mL of diethyl ether, collected by filtration, washed with 2 x 20 mL 

of diethyl ether, and dried to give IMesHCl as a white powder (7.64 g, 75%). 'H NMR 

(400 MHz, CDC13): c>11.02 (t, J=  1.5 Hz, 1H,NC#N); 7.58 (d, J =  1.5Hz,2H, 

'NCHCHN); 7.04 (s, 4H, Ar); 2.32 (s, 6 H,/?ara-CH3); 2.20 (s, 12H, ortho-CB.3).

Preparation of 1,3-Dimesitylimidazolium tetraphenylborate (IMesHBPh4):

Prepared by a modification of the procedure for the synthesis of IMesHPFg. 20 

A suspension of IMesHCl (1.0 g, 0.293 mmol) in 250 mL of acetone was treated with a 

solution of sodium tetraphenylborate (1.1 g, 0.321 mmol) in 10 mL of acetone. After 

stirring for 30 min, 100 mL of diethyl ether was added the reaction mixture was filtered 

through Celite. The filtrate was evaporated in vacuo and residual acetone removed under 

high vaccum (10‘5 torr) for 12 h to provide IMesBPlu as an off-white powder (1.82 mg, 

98%). 'H NMR (300 MHz, CDC13): £7.32 (m, 8 H, BPI14); 7.04 (s, 4H, Ar); 6.97 (t,J=

1.8 Hz, 1H, NCZ/N); 6 . 8 6  (br t, J=  7.5 Hz, 8 H, BPI14); 6.73 (br t, J=  7.5 Hz, 4H, BPI14); 

6.19 (d, J  = 1.8 Hz, 2H, NCHCHN); 2.40 (s, 6U, pam-CR3); 1.90 (s, 12H, ortho-CRi). 

COSY (300 MHz, C6D6): 8132  £6.97; £7.04 £2.40; £7.04 o  £1.90; £6.97 <->

£6.19. Anal, calcd for C45H45BN2 : C, 86.52; H, 7.26; N, 4.48. Found: C, 86.07; H, 7.14; 

N, 4.23.
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186

(Tj5-PermethylcycIopentadienyI)(Ti5-cyclopentadienyl)chromiiiin 186:

To a suspension of anhydrous CrCl2 (600 mg, 4.88 mmol) in 30 mL of THF was 

added a suspension of Cp*Li (680 mg, 4.78 mmol) in 20 mL of THF. After stirring for 2 

h, a suspension of NaCp (422 mg, 4.78 mmol) in 10 mL of THF was added. After an 

additional 12 h of stirring, the solvent was removed in vacuo and the residue triturated 

with pentane (3 x 20 mL). The extracts were combined, concentrated to 15 mL and 

stored at -35 °C. Several successive crystallizations then afforded pentamethyl- 

chromocene complex 186 as deep red crystals (950 mg, 79%). HRMS calcd for 

Ci5H20Cr: m/z 252.09702; found: 252.0975. Anal, calcd for Ci5H20Cr: C, 71.4; H, 7.99; 

found: C, 70.15; H, 8.11. Crystals suitable for X-ray crystallography were grown from 

pentane at -35 °C over 5 days. Details are provided in Appendix A, part 22.
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187

(r\5-Permethylcyclopentadienyl)(l,3-dimesitylimidazoline-2-ylidene)- 
chlorochromium 187:

To a solution of pentamethylchromocene 186 (18.2 mg, 0.0072 mmol) in 10 mL 

of THF was added a suspension of IMesHCl (23.4 mg, 0.0069 mmol) in 10 mL of THF. 

After stirring for 15 h, the colour of the solution had changed from red to orange-brown. 

The solvent was then removed in vacuo, the residue washed with pentane then triturated 

with 2 x 1 0  mL of diethyl ether. The ether extracts were then filtered through Celite, 

concentrated to -10 mL and stored at -35 °C to yield complex 187 as purple-brown 

crystals (14.0 mg, 39%). HRMS calcd for C3 iH3s>CrN2 Cl: m/z 526.22070; found: 

526.22026. Crystals suitable for X-ray crystallography were grown from a solution of 

complex 187 in hexane at -35 °C over 3 days. Details are provided in Appendix A, part

23.

Addition of IMesHCl to Cp*Cr(i]3-allyl)2191. Formation of Cp*Cr(IMes)Cl 187:

To a suspension of IMesHCl (109 mg, 0.32 mmol) in 10 mL of THF was added a 

solution of Cp*Cr(ri3-allyl)2 19121 (87.0 mg, 0.32 mmol) in 20 mL of THF cooled to -78 

°C. The mixture was then warmed to -30 °C over 3 h, during which time the IMesHCl 

suspension completely dissolved. The orange-brown solution was then warmed to room 

temperature over 2 h. The solvent was then removed in vacuo and the residue triturated
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with 3 x 5  mL of diethyl ether. Crystallization of these extracts at -35 °C provided the 

neutral carbene complex 187 as orange-brown crystals (52 mg, 31%). HRMS calcd for 

C3 iH39CrN2Cl: m/z 526.22070; found: 526.22273. The molecular structure of these 

crystals was identified via X-ray crystallography.

Modified preparation of 2,6-diisopropylphenylisonitrile:22’23

To a solution of 2,6-diisopropylaniline (20.03 g, 0.113mol) in 100 mL of 

dichloromethane was added aqueous NaOH (50% w/v, 34.0 mL, 0.424 mol), chloroform 

(9.05 mL, 0.113 mol), and triethylbenzylammonium chloride (280 mg, 1.24 mmol). The 

mixture was heated to reflux for 72 h with vigorously stirring then cooled to room 

temperature. The organic layer was then separated and the aqueous layer washed with 

dichloromethane ( 3x30  mL). The organic fractions were washed with 100 mL of water, 

then 100 mL of brine, dried with potassium carbonate, filtered and the solvent removed in 

vacuo. Distillation at 0.1 mm Hg and 52 °C afforded 2,6-diisopropylphenylisonitrile as a 

colourless liquid (10.5 g, 50%). IR (cm'1, thin film): v^c =2111. *H NMR (400 MHz, 

CDC13): £7.34 (t, J=  8.0 Hz, 1H, Upara); 7.18 (d, J=  8.0 Hz, 2H, Kmeta); 3.75 (br s,

NH2); 3.40 (sept, J  = 7.0 Hz, 2H, zPrCH); 1.30 (d, J = 7.0 Hz, 12H, /PrCH3). 13C APT 

NMR (125 MHz, C6D6): £168.2 (+, CN); 144.9 (+, Cortho); 129.3 (-, Cpara); 124.3 (+,

CipSo); 123.3 (~,Cmeta); 29.8 (-, z'PrCH); 22.6 (-, /PrCHs). Note: the product will slowly 

turn purple at room temperature but with very little resulting impurity observable in the 

NMR spectrum. Decomposition can be avoided by storing the product as a solid at -35 

°C.
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189

(H5-PermethylcycIopentadienyl)tris(2,6-diisopropyIphenylisonitrile)chromium 189:

[Cp*CrCl] 2  18018 (75.0 mg, 0.168 mmol) was dissolved in 10 mL of THF and a 

solution of 2,6-diisopropylphenylisonitrile (63.0 mg, 0.337 mmol) in 2 mL of THF 

added. An immediate colour change from green-brown to deep red was observed. After 

stirring for 1 h the solvent was removed in vacuo and the residue triturated with 3 x 1 0  

mL of pentane. The extracts were combined, filtered through Celite, concentrated to 5 

mL and stored at -35 °C for 2 days to yield tris(isonitrile) complex 189 as a deep red 

powder (75.0 mg, 28%). IR (cm-1, NUJOL): vnc = 2125. Anal, calcd for C49H66CrN3 : 

C, 78.57; H, 8.88; N, 5.61; found: C, 77.70; H, 8.85; N, 5.50. HRMS calcd for 

C49H6 6CrN3 : m/z 748.46619; found: 748.46561. The solid-state molecular structure of 

complex 189 was identified by X-ray crystallography of crystals grown from diethyl 

ether, albeit with low resolution. The details for this crystallography are not available.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



321

195

Reaction of [Cp*CrCl2]2 178 with N-trimethylsilyl-tri(tert-butyl)phosphinimine. 
Formation of ['Bu3PNH2] [Cp*CrCl3] 195:

In a Surfasil™-protected Schlenk flask, 'Bu3P=N-TMS24 (38.5 mg, 0.133 mmol)

in 5 mL of THF was added to a solution of [Cp*CrCl2 ] 2  178 (32.3 mg, 0.0665 mmol) in

10 mL of THF. After stirring for 30 min, the solvent was removed in vacuo and the

residue triturated with 3 x 1 0  mL of diethyl ether. The remaining residue was triturated

with 2 x 1 0  mL of toluene. The diethyl ether extract were combined, concentrated to 10

mL and stored at -35 °C for 24 h to give the complex salt 195 as blue crystals (33.0 mg,

48%). The toluene extract was also stored at -35 °C to give an intractable purple powder.

Crystals of complex 195 suitable for X-ray crystallography were grown from a 1 : 1

diethyl ether : toluene mixture at -35 °C. Details are provided in Appendix A, part 24.
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Appendix A

References to complete reports from crystal structure determinations

Complete crystal structure reports can be obtained directly from Drs. R. McDonald and 

M. Ferguson at the University of Alberta X-ray Crystallography Laboratory, Department 

of Chemistry, University of Alberta, Edmonton, Alberta, T6G 2G2, Canada. E-mail: 

xray@beliveau.chem.ualberta.ca. Request report #’s below. Crystal structures that have 

been published in peer reviewed literature are available online from the Cambridge 

Crystallographic Data Centre (http://www.ccdc.cam.ac.uk).

1. Crystallographic details for complex 66, request report # jms0314

2. Crystallographic details for complex 70, request report # jms0322

3. Crystallographic details for complex 74, request report # jms0340

4. Crystallographic details for complex 76*0.5C4HgO, request report # jms0401

5. Crystallographic details for complex 77*(DME)o.5, request report # jms0421

6. Crystallographic details for complex 86, request report # jms0449

7. Crystallographic details for complex 87*1.5Me2CO, request report # jms0451

8. Crystallographic details for complex 96, request report # jms0533

9. Crystallographic details for complex 97, request report # jms0543

10. Crystallographic details for complex 112, request report # jms0532

11. Crystallographic details for complex 113, request report # jms0539

12. Crystallographic details for complex 119, request report # jms0551

13. Crystallographic details for complex 128, request report # jms0547

14. Crystallographic details for complex 129, request report # jms0602

15. Crystallographic details for complex 132, request report # jms0519
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16. Crystallographic details for complex 140, request report # jms0552

17. Crystallographic details for complex 143, request report # jms0559

18. Crystallographic details for complex 144, request report # jms0563

19. Crystallographic details for complex 146, request report # jms0582

20. Crystallographic details for complex 149, request report # jms0586

21. Crystallographic details for complex 181, request report # jms0216

22. Crystallographic details for complex 185*C4H80, request report # jms0432

23. Crystallographic details for complex 186, request report # jms0415

24. Crystallographic details for complex 187, request report # jms0430

25. Crystallographic details for complex 195, request report # jms0536
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