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Summary

Synthesis and Structural Investigations of Manganese Carbene Complexes
by
Daniela Ina Bezuidenhout

Supervisor: Prof S Lotz
Co-supervisor: Prof PH van Rooyen
Submitted in partial fulfilment of the requirements for the degree Magister
Scientiae, Department of Chemistry, University of Pretoria

The study involves the synthesis and structural characterization of manganese
carbene complexes. The synthesis of dimanganese monocarbene complexes
[Mn,(CO)o{C(OEt)(heteroaryl)}] was done via the classical Fischer method, and a
range of complexes containing heteroaromatic substituents, e.g. 2,2'-bithiophene,
thiophene, furan and N-methyl pyrrole, was isolated. These complexes displayed a
novel configuration with the carbene ligand in the axial position, in contrast to the
equatorial position found for the analogous rhenium compound and other

dimanganese complexes known from the literature.

The possibility of manipulating the position of the carbene ligand in the binuclear
complexes was investigated by a nucleophilic substitution of the ethoxy substituent
with an amine substituent. Only aminolysis with small, primary amines such as
ammonia and propylamine, proved successful. The propylaminocarbene ligands
retained their axial configuration, but a conversion to the more thermodynamically
stable equatorially substituted carbene ligands was observed for the complexes
[Mn2(CO)o{C(NH)(heteroaryl)}], while mixtures of the equatorial and axial isomers
were observed in solution. Structural X-ray analysis proved that although the
equatorial position is more electronically favourable, steric hindrance by the
second manganese pentacarbonyl moiety prevented ethoxy- and propylamino-
substituted carbene ligands to adopt this configuration. A kinetic study of the
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aminolysis reaction was done in an effort to elucidate the reaction mechanism and
to explain the axial-equatorial conversion. Due to the competing decomposition
reaction of the product and reagent complexes with that of the substitution

reaction, no information about reaction intermediates could be obtained.

The target mononuclear complexes [Mn(CQO)4{C(OEt)(heteroaryl)}X] (X = Br, 1)
was obtained by cleavage of the metal-metal bond of the binuclear precursor
complexes. Cleaving of the Mn-Mn bond was done oxidatively by halogens,
without affecting the carbene ligand. The product complexes have an assembly
resembling that of the Grubbs ruthenium metathesis catalyst. Interestingly, the
cleaved complexes were found to have a cis configuration of the carbene and
halide ligand.
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Introduction

1.1 Overview of carbene complexes

Since the inception of organometallic carbene complexes in the early 1960's,
the metal-to-carbon double bond has been extensively studied and numerous
examples with different metals and substitution patterns are known. The
transition metal carbene complexes are not only chemically versatile!"?, but
also possess unique physical properties. This is illustrated by the growing
search for new materials in nonlinear optics, which stimulated expansive
studies of organometallic materials incorporating metal-to-carbon double

bondst.

Organometallic carbene complexes as described by Fischer in his Nobel Prize

" are highly reactive derivatives of divalent carbon and as such are

lecture
widely used as organic synthons™. Transition metals stabilize carbenes by
coordination yielding two types of complexes with contrasting reactivities,
named after their discoverers: the 'Fischer-type' carbenes!® where the
carbene carbon is electrophilic and the 'Schrock-type' carbene complexes!”!

where the polarity is reversed.
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1.2 Schrock carbene complexes

The first nucleophilic carbene complex was prepared by Schrock in an effort
to prepare a homoleptic tantalum(V) alkyll”’. Schrock carbene complexes are
usually characterized by an early transition metal in high oxidation state, with

strong donor and weak 1r-acceptor ligands.

B ] +
CHs NaOCHj, ot CHe
CpoT —_— a
P21a CH4OH e
CH3 CHS
Scheme 1.1 Synthesis of a typical Schrock carbene complex
1.2.1 Theoretical bonding model

The progress in quantum chemical methods for the calculation of electronic
structure and theoretical studies gave insight into the nature of the chemical
bond in transition metal carbene complexes. Frenking and Frélich® have
recently reviewed the state-of-the-art methods of computational chemistry
applied to the bonding in transition metal compounds.

Bonding in Schrock complexes are described as a "covalent bond" between a
a °B; triplet carbene and a triplet metal fragment!, implying that the electronic
ground state of a carbene ligand can be used to predict binding interactions
with a transition metal. Carbene ligands such as methylene and
dialkylcarbenes that have a triplet ground state will preferentially form covalent
bonds with triplet metal fragments.
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Figure 1.1  Orbital interactions of a Schrock carbene ligand

Besides the neutral resonance form (Figure 1.1) a nucleophilic resonance
form L,M"™-CR.," can explain the experimental observations that these
compounds react mostly as nucleophiles. A partial negative charge resides on
the carbene carbon atom as a result of polarization of shared electrons
between an electropositive metal and a more electronegative carbene carbon
atom. The carbene ligand is therefore formally considered as an Xo-type

ligand, resulting in electron sharing in a metal-carbon o- and 1r-bond.

1.2.2 Applications

Perhaps the most well-known uses of Schrock carbene complexes are their
activity in olefin metathesis!'®'? and their ability to act as substitutes for
phosphorous ylides in the Wittig reaction!™. Schrock and co-workers
developed the popular catalyst, the tungsten and molybdenum alkylidene
complexes!' while the ruthenium carbene complexes were introduced by
Grubbs and co-workers!™ (Figure 1.2). As a result, Grubbs, Schrock and
Chauvin shared the 2005 Nobel Prize in Chemistry, for the "development of
the metathesis method in organic synthesis", the citation given by the Royal

Swedish Academy of Sciences.
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Ph
F30>k
PCY3

M R 'Ru_—\
7 N\ 4 R
o) N Cl bC
F5C ys
F3C R
M = Mo, W R = Ph, CH=CPh,, etc.
Schrock catalyst Grubbs catalyst

Figure 1.2 Commercially available metathesis catalysts

1.3 Fischer carbene complexes

The first stable transition metal carbene complex was synthesized by
Fischer'®. Typical Fischer-type carbene complexes contain a low valent Group
VI to VIII transition metal stabilized by 1r-acceptors, and are characterized by
an electrophilic carbene carbon atom, the metal-coordinated sp?-carbon atom.

1. RLi EtO
\C=Cr(CO)5

2. Et;0OBF, F{/

Cr(CO)s

Scheme 1.2 Synthesis of a typical Fischer carbene complex

According to Fischer!'® carbene complexes can be prepared from non-
carbene complex precursors and by modification of pre-existing carbene
complexes. Carbene complexes that can be obtained form non-carbene

(carbonyl, allyl, etc.) complex precursors, can be synthesized from two
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different methods: (i) transformation of a non-carbene ligand and (ii) addition
of a carbene ligand precursor to a metal complex from pre-existing carbene
complexes, of which five reactions are possible. They are (i) the transfer of a
carbene ligand from one metal to another, (ii) modification of the carbene
ligand, (iii) insertion of an unsaturated organic molecule into the metal
carbene bond, (iv) change of the oxidation state of the central metal and (v)
modification of the metal-ligand framework.

Due to the ability of Fischer carbene complexes to act as reagents for the
synthesis of organic compounds, much interest has been shown in the activity
of these carbene complexes. Several review articles and books have
addressed this topic!'®?? which has been explored extensively and applied in

various organic syntheses.

1.3.1 Theoretical bonding model

The generally accepted bonding model employs the singlet and triplet states
of the fragments CR, and L,M as building blocks for the carbene complexes.
For Fischer carbene complexes, the model describes the metal-to-carbon
bond in terms of "donor-acceptor interactions" between a ('A;) singlet carbene
and a singlet metal fragment. Carbene ligands with t-donor groups and a
singlet ground state will preferentially engage in donor-acceptor interactions
with singlet metal fragments®?®. In particular, dihalocarbenes, which have
singlet ground states and large singlet to triplet excitation energies, are
considered to be donor-accepting bonding and thus "Fischer type". The
resulting electrophilic carbene carbon can be considered as a neutral 2-
electron ligand (L-type).



Chapter 1: Introdd@li¥Rrsity of Pretoria etd — Bezuidenhout D | 2006

V 5 oR
>um o
0 G

<

M

Figure 1.3 Orbital interactions of Fischer type carbene complex ligand

1.3.2 Applications

Many important reactions of Fischer carbene complexes have been recorded,
of which nucleophilic attack on the carbene carbon, carbyne synthesis and
modification of carbene substituents are but a few. The Fischer-type carbene
complexes are characterized by an electrophilic carbene carbon atom, the
metal-coordinated sp®-carbon atom. These carbene complexes can undergo

reactions at several sites on the carbene ligand, as outlined in Figure 1.4

E (a)

oC CO U

N /PO

OC—M—_C\<}:I N (b)

N, 5

oc co |
(d) H{———= B(c)

Figure 1.4 Modifications of Fischer carbene complexes
Electrophiles (E), for instance Lewis acids, are coordinated to the alkoxy

substituent (route a), leading to the formation of metal-coordinated carbyne
complexes. Nucleophilic attack (N) occurs at the electrophilic carbene carbon
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atom (route b), e.g. aminolysis. Alkylcarbene complexes are deprotonated by
bases (B) to form metal carbene anions (route c), owing to the acidity of the a-
CH groups, while carbonyl substitution by other ligands, e.g. phosphine

ligands**?®!, can occur via route d.

Fischer carbene ligands exhibit a wide manifold of reactivity and can be
readily modified. A widely applied reaction is the so-called Détz reaction!??,
The benzannulation ([3+2+1] carbonylative cycloaddition with alkynes) of
alkoxycarbene complexes with unsaturated substituents (vinyl or aryl) to give
cyclohexadienes or phenols, is one of the most unique type of carbene
reactions. Chromium complexes are the metal templates of choice, as they
allow excellent chemo- and regioselectivity under mild conditions.
Benzannulation is an attractive methodology for the synthesis of natural

products with hydroquinoid, quinoid or fused phenolic structures.

Other reactions of importance for organic synthesis are [2+2], [3+2] and [4+2]
cycloadditions, sigmatropic rearrangements, coupling of anions of the carbene
ligand with C-X o-bonds, coupling of anions of the carbene ligand with C-X -
bonds, Michael additions to a,B-unsaturated carbene complexes and

nucleophilic substitutions at and cleavage of the carbene ligand®?®.

The reactions of Fischer carbene complexes are multifaceted and
consequently a wide range of products is accessible. One feature often
utilised in synthetic strategy is the fact that in these reactions either the metal-
carbon bond is retained in the product whilst a ligand is modified or the bond
undergoes reaction. Thus, in order to mediate an otherwise difficult
transformation, the organic framework is attached to the metal through a
carbene carbon, this moiety is modified and then cleaved from the metal to

yield the desired product.
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14 Aim

Carbene chemistry of transition metals such as chromium and tungsten is well
developed and can easily be controlled and manipulated®”, but for transition
metals such as manganese and cobalt, discoveries made are still often
serendipitous.

The general aim of this project is to investigate aspects of the synthesis,
characterization and structural features of Group VII transition metal carbene
complexes, specifically manganese, and to a lesser extent, its comparison
with the rhenium analogues. The Fischer method will be used to synthesize
binuclear ethoxycarbene complexes with a range of heteroaromatic
substituents. The structure and properties of such new complexes will
address a number of very important aspects in manganese carbene chemistry

that will be investigated:

i) positioning of the carbene ligand with respect to the metal-metal
bond,

ii) the role of the heteroarene ring in stabilizing the carbene ligand of
the complex,

iii) the stability of the metal-metal bond under reaction conditions
employing organolithium reagents,

iv) possible route to the synthesis of mononuclear carbene complexes
containing halogen ligands.

The assembly of complexes containing both a carbene and a halide ligand
could potentially be used as precursor for carbon-carbon coupling catalysts or
templates in organic syntheses, after modification of the carbene ligand. A
metal-metal cleaving reaction is to be investigated, where it is planned to use
halogens to oxidatively cleave the Mn-Mn bond to yield mononuclear carbene
complexes containing a halide ligand.
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Dimanganese

Monocarbene Complexes

2.1 Background

2.1.1 Fischer carbene complexes with aromatic

substituents

The first reported metal carbene complex [W(CO)sC(OMe)Ph] prepared by
Fischer and Maasbdl"' contained an aromatic substituent phenyl ring. The
structural data of the complexes [W(CO)sC(OMe)Ph] and [Cr(CO)sC(OMe)Ph]®
were published shortly thereafter and showed the sp®character of the carbene
carbon atom. The role of the heteroatom (X) lone-pair in p¢-px -bonding to
stabilize the "singlet" carbene carbon was recognized®# as well as the transition
metals' synergic d(txg)-p T-interaction with the carbene carbon atom.

@@QR /'XR

[M]_CQ\ : — w3 II

Figure 2.1 1-delocalized network around carbene carbon atom

11
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A phenyl or heteroarene substituent is incorporated into the T-delocalized
network surrounding the carbene carbon atom and can act as either an electron
withdrawing or electron donating substituent. Casey and Burkhardt® then
synthesized the stable [W(CO)sC(Ph)Ph] carbene complex from
[W(CO)sC(OEt)Ph] where the phenyl substituent donates electron density.

21.2 Carbene complexes with heteroaromatic substituents

The first monocarbene complexes of chromium with heteroaromatic
substituents were synthesized by Connor and Jones!® (Figure 2.2) in order to
study the extent to which the heteroatom Y influences the donating of electron-
density to the empty carbene carbon p-orbital. It was found that the electron-
donation of the heteroaromatic ring increases in the order Y = O < S < NMe. It
can be concluded that N-methylpyrrole will stabilize the carbene carbon the
most, leading to less back bonding from the metal to the carbene carbon atom.

S

Y

X = OEt, NH,

Y =0, S, NMe
Cr(CO)s

Figure 2.2 Chromium monocarbene complexes with heteroarene substituents

Since these initial discoveries many examples of carbene complexes of arenes
and heterocycles have been reported and these compounds have proven to be
useful precursors in catalysis!”). Monocarbene complexes with 2,2'-bithiophene
substituents have also been reported® with the purpose of developing carbene
complexes with non-linear optical properties. The general structural motif

employing heteroaromatic compounds as conjugated spacer units in mono- and

12
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biscarbene complexes has also been investigated recently in our laboratories®
"2 This was done in aid of the design of complexes specifically tailored for
electronic transfer processes within the molecule, and to study regioselective

reactions.

2.1.3 Binuclear carbene complexes

To determine whether binuclear metal carbonyl complexes can accommodate
carbene ligands, Fischer and Offhaus!' successfully synthesized the binuclear
[Mn2(CO)9C(OEt)Ph] and [Mny(CO)sC(OEt)Me] complexes. From the IR
spectrum, eight bands were observed for [Mn,(CO)C(OEt)Me], corresponding
to the Cs symmetry of an eg-[Mny(CO)sL] complex. However, for
[Mn2(CO)oC(OEt)Ph], five vco bands, corresponding to Cy4 symmetry of ax-
[Mny(CO)gL] were seen in the IR spectrum. Shortly after this, Huttner and
Regler!™ reported the crystal structure of [Mny(CO)sC(OEt)Ph], and found the
carbene ligand to be in the equatorial position (Cs), and the Et in the cis
configuration with respect to the C-O bond, in contrast to the trans configuration
found in the X-ray crystal structure of [Cr(CO)s{C(OMe)(Ph)}]I'*. This was
ascribed to the fact that an equatorially substituted carbene ligand would be too
sterically hindered to accommodate the substituents on the carbene ligand in the
trans configuration, and they explained the appearance of five IR bands instead

of eight, as a result of degeneracy and band overlap.

)

C)

N @

O R O:

S o J

M—C/ M—C<
\R R

cis trans

Figure 2.3 Cis and trans configurations around C-O bond

13
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214 Preparatory methods

To synthesize alkoxycarbene complexes, the most general route is the addition
of an organolithium reagent to a metal carbonyl to give an acyl metallate, which
undergoes O-alkylation by strong alkylating reagents such as trialkyloxonium
salts, alkyl fluorosulfonates or alkyl trifluoromethanesulfonates. This classical
Fischer route!! to metal carbene complexes is given in Scheme 2.1. Another
widely used alternative approach was developed by Hegedus and
Semmelhack!™'® (Scheme 2.2) whereby an organoelectrophile is combined
with a metal nucleophile.

RILi /O i R O—R?
M(CO)y —> (OC)5M:C\ —> (OC)sM—C
R' R!
M = Cr, Mo, W
R' = alkyl, aryl, vinyl
R2X = R%0*BF,’, R20SO,F
R? = Et, Me

Scheme 2.1 Fischer synthesis of metal carbene complexes

@)

I8 ,
CgK R Cl OK
Cr(CO)g —> Ky[Cr(CO)s] ——> (OC)5Cr:<

R

l alkylation

OR

(OC)5Cr:<

R

Scheme 2.2 Hegedus-Semmelhack synthesis of alkoxycarbene complexes

14



Chapter 2: Dim=Y¥RESE0h REpieHa &IF sreBgzuidenhout D | 2006

CsK was found to be an efficient reducing agent to convert Cr(CO)s to
K5[Cr(CO)s].

For Group VII transition metals, carbene complexes with cyclopentadienyl
ligands are readily accessible from MCp(CO)s; and organolithium reagents!'’'8,
while binuclear monocarbene complexes can be obtained from My(CO)4o and
organolithium precursors!'®'92%  Binuclear monocarbene complexes of
manganese were also prepared by the reaction of Na[Mn(CO)s] and
dihaloalkanes or acetyl halides®'® similar to the method employed by
Hegedus and Semmelhack (Scheme 2.2).

215 Focus of this study

The synthesis of novel dinuclear monocarbene complexes of the Group VII
transition metal, manganese, containing a range of heteroarene substituents
(2,2'-bithiophene, thiophene, furan and N-methylpyrrole) was planned as the first
step in this study. The furyl-substituted dirhenium monocarbene was also
synthesized in this chapter for comparison with its manganese analogue, to
study steric and electronic properties of the carbene ligand in binuclear

complexes. Figure 2.4 is a representation of the five complexes synthesized in
this chapter.

M=Mn,Y =S, X = 2-thienyl
M=Mn,Y=S,X=H
M=Mn,Y=0,X=H
M=Mn,Y =NMe, X=H
M=Re,Y=0,X=H

(@]
O\
O—
(@)
S
~
O—
(@)
Z\ <
X
N B W N =

Figure 2.4 Dinuclear monocarbene complexes of manganese and rhenium

15



Chapter 2: Dim=Y¥RESE0h REpieHa &IF sreBgzuidenhout D | 2006

2.2 Synthesis

Fischer's classical approach was utilised in the syntheses of the desired
binuclear monocarbene complexes [Mo(CO)q(carbene))] (M = Mn, Re) (Scheme
2.3).

M
Y. Y. '\|/|
|

-70°C
THF
co CO
&\\\Co S\\\Co /OEt Li+ o_\ M(CO)s
& ~ _ 0
oC M M C Y 30°C X Y C=—M(CO),
/ ‘ / ‘ \ . DCM \Q/
oc” Ly oc” L V, Et,OBF, \ /
M = Mn, Re
Y =S, 0, NMe
X = H, 2-thienyl

Scheme 2.3 Syntheses of Complexes 1 -5

Deprotonation of the acidic a-proton of the heteroarenes is accomplished by the
use of the strong base n-BuLi in THF at -20°C. After addition of the bimetallic
decacarbonyl to the reaction mixture at -70°C, the resulting nucleophilic a-
carbon of the heteroarene ring attacks an electron-deficient carbon of the
bimetal decacarbonyl to form a metal acylate. After removing the THF under
reduced pressure, the residue is dissolved in dichloromethane. Alkylation is then
carried out by adding triethyloxonium salt to the metal acylate at -30°C and
purification of the product to remove unreacted metal decacarbonyl is achieved
by column chromatography. The desired neutral carbene complexes are formed
in yields ranging from 63 - 74%. The monocarbene complexes 2, 3 and 5 were
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crystallized from a hexane:dichloromethane (1:1) solution and afforded orange-
red crystals. Complexes 1 and 4 were isolated and characterized

spectroscopically, but no high quality crystals could be obtained.

2.3 Characterisation

The binuclear monocarbene complexes 1 - 5 were characterized in solution
using NMR and infrared spectroscopy, as well as FAB mass spectrometry and in
the solid state by molecular crystal structure determinations.

2.3.1 NMR Spectroscopy

2.3.1.1 '"H NMR Spectroscopy

The chemical shifts in the 'TH NMR spectrum of the uncoordinated heteroarene
rings are given in Table 2.1. The assignment of the chemical shifts of the
protons of these uncoordinated ligands was based on the assignments made by

the references given in the table for each heteroarene.

The NMR spectra of complexes 1, 4 and 5 were recorded in deuterated
chloroform as solvent but spectra of high resolution could only be obtained for
complexes 2 and 3 in dg-acetone. Slow decomposition of products with time was
observed in the spectra, and broadening of the signals in the case of the N-
methyl pyrrole-substituted carbene complex 4. Chemical shifts are given in
Table 2.2.
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Table 2.1 '"H NMR data of uncoordinated heteroarenes
CH,
S . S S o) II\J
Assignment 4\ /3 3\ { Assignment @ Q Q
2,2 thiophene®¥ | furan®! | N-methyl
bithiophene!'! pyrrole!®
Proton Chemical shift Proton Chemical shift (8, ppm)
(6, ppm)
H3, H3' 7.18 H2, H5 7.20 7.38 6.60
H4, H4' 7.02 H3, H4 6.96 6.30 6.13
H5, H5' 7.21 N-CH3 - - 3.66

On comparing the literature chemical shift values of the uncoordinated
heteroarenes with the corresponding values of the complexes, it is clear that the
coordination to a metal fragment has a marked influence on the chemical shifts
of the protons. Upon coordination to the metal, the carbene moiety causes
draining of electron density from the double bonds of the heteroarene ring to the
electrophilic carbene moiety, resulting in a downfield shift of the protons of the
coordinated rings compared to the uncoordinated heteroarenes. Assignments of
the ring protons of the 2,2'-bithienyl, thienyl and N-methyl pyrollyl substituents

are based on the assignments made by Gronowitz?".

The more downfield shifts of H3 and H5 compared to H4 can be explained by
considering the resonance structures of the complexes as shown in Figure 2.5.
Deshielding of protons H3 and H5 are effected by the positive charges afforded
on these two protons caused by the Tr-resonance effect. Proton H4 is not
affected by the resonance effect and therefore its chemical shift is comparable
to that of the free heteroarene.

18




Chapter 2: Dim=Y¥RESE0h REpieHa &IF sreBgzuidenhout D | 2006

Table 2.2 'H NMR data of complexes 1 -5
Complexes
Chemical shifts (8, ppm) and coupling constants (J, Hz)
N t Ti\\\co c‘:;co OFt Ci\\\co C‘S\\\co OFt
ssignmen OC——NMn Mn——=C OC——NMn Mn——=C
° OC/c|:o od c‘:o 1% oc/lO oc/lo 1@5
v 8/9 y
2
1
Proton 5° J 5° J

H3 8.33 (d) 4.4 8.35 (dd) 41,0.8

H4 7.61 (d) 4.4 7.42 (dd) 4.9, 4.1

H5 - - 8.07 (dd) 5.0, 0.8

H7 7.65 (dd) 3.6,0.8 - -

H8 7.23 (dd) 5.0, 3.6 - -

H9 7.76 (dd) 41,08 - -
-OCH,CH, 5.31 (q) 7.0 5.32 (q) 7.0
-OCH,CHj 1.79 (1) 7.0 1.80 (1) 7.0

CO CcO CcO CcO
oc VL\\\\CO Jﬁ§ic/ > o oc—lv}h\\\\oo M‘n\\ Coc/ > N/Me
Assignment oc/iO OC/(,O 1\32E}s oo/(‘;o oC (‘;O 1\§E}5
3 4
Proton 5° J 5° J

H3 7.19 (dd) 3.9,1.9 7.90 -

H4 6.85 (dd) 3.9,0.7 6.58 -

H5 7.46 (dd) 3.9,0.7 7.40 -
-OCH,CHjs 5.28 (q) 7.0 5.25 (q) 7.0
-OCH,CHjs 1.76 (1) 7.0 1.81 (1) 7.0

-NCHs - - 3.93 (s) -

a) Spectra recorded in CDCl;

b) Spectra recorded in acetone-dg
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Table 2.2 contd. 'H NMR data of complex 5

Complex
Chemical shifts (6, ppm) and coupling
constants (J, Hz)
CcO CO
. Nele) L0
Assignment oc n;“\ I
OC/(LO OC/lC
o 2\ okt
5 \ 3
5
Proton 5 J
H3 7.09 (dd) 3.6,0.8
H4 6.58 (dd) 3.6,1.8
H5 7.77 (dd) 1.6,0.8
-OCH2CHs 4.58 (q) 7.0
-OCH:CH, 1.60 (1) 7.0

a) Spectra recorded in CDCl;

The atypical assignment of the furyl ring proton chemical shifts of complexes 3

and 5 is based on the assignments made by Crause!'"! for chromium complexes,

which agrees well with the predicted shifts for an ester derivative!®.

Figure 2.5 Tr-resonance effect in monocarbene complex
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The heteroarene resonances, the methylene quartet and the methyl triplet of the
ethoxy group, with relative intensities of 1:2:3, were clearly evident in all spectra
(Figure 2.6). The large downfield shift of the methylene protons of the ethoxy-
group is consistent with the strong electron withdrawing character of the
M(CO)s{C(C4H3Y)} (Y = S, O, N-Me) groups, compared to the signal of
approximately 3.6 ppm observed for normal -CH.OR protons. The chemical
shifts of these methylene protons are characteristic for a specific metal, as
shown by the difference in methylene, methyl chemical shifts for complex 3
(5.28 ppm, 1.76 ppm) and complex 5 (4.58 ppm, 1.60 ppm), the 2-furyl
subtituted dimanganese and dirhenium carbene complexes, respectively, and
insensitive to the number and type of carbene substituents (compare complexes
1 - 4). On the other hand, the number of carbene ligands as well as the nature of
the transition metal involved determines the chemical shifts of the ring protons of
the heterocycle.

Qan =Y Qoo neSx oo
RARQ NS SRR 3853 SN
REE 3dEF s szis 388
ou o i z:z

e N N neoSx ooy

NS NS S¥IS 3853 A

SER 2355 28015 kbl okeke

RN ) RN T )
T T A —
7.80 7.10 6.60 4.5 1.5

(ppm) (ppm) (ppm) (ppm) (ppm)

ol j A M "
—_— 77— T T T T T T T T

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

(ppm)

Figure 2.6 'H NMR spectrum of complex 5 in CDCls, with expansion of ring
and methylene proton signals
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2.3.1.2 3C NMR Spectroscopy

The chemical shifts in the '*C NMR spectra for the free heterocycles are known
from literature!''?*% and are given in Table 2.3. The *C NMR data for the
binuclear monocarbene complexes 1 - 3 and 5 are summarized in Table 2.4,
although no "*C NMR data could be obtained for 4, as this complex decomposed
during data collection. The chemical shift assignments (C3 - C9) of the 2,2'-
bithienyl monocarbene complex are based on the assignments made and
corroborated by 2D HETCOR NMR spectra for chromium and tungsten carbene

complexes synthesized by Crausel'".

Table 2.3  '3C NMR data of uncoordinated heteroarenes

i
S .8 5 s 2 5 o 2 5 N 2
Assignment 5\ / \ /5 Assignment 4\@ Q Q
4 32,2'3- 4 thiopheae[24] furan® | N-methyl
bithiophene!'" pyrrole®®!
Carbon Chemical shift Carbon Chemical shift (8, ppm)
(5, ppm)
Cz, c2 137.4 C2,C5 127.6 143.0 124.3
Cs3, C3 128.7 C3, C4 125.8 109.9 111.2
C4, C4' 127.7 N-CH3 - - 38.1
C5, C5' 124.3 - - - -

Fischer carbene carbon atoms are defined as being electron-deficient sp*-
hybridized carbons stabilized by dative 1-bonding from the heteroatom in the
alkoxy substituent and from the metal combined with inductive release from the
heteroaromatic substituent. Spectroscopic data supports this model as metal
carbene carbon shifts can be found very downfield in a broad range of 2007 to
400 ppm and the chemical shift of the carbene ligands decrease as a function

of the donor properties of the heterocyclic substituent® as follows:
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2,2'-bithienyl > 2-thienyl > 2-furyl. This trend was observed on comparing the
spectra of complexes 1, 2 and 3.

The carbene carbon resonances depend both on the carbene substituents and
on the metal, and are more sensitive to changes in the electronic environment

than the carbonyl ligands.

Table 2.4  '3C NMR data of complexes 1 - 5 recorded in CDCl3
Complexes
Assignment
1 2 3 5
Carbon* S (ppm) S (ppm) S (ppm) S (ppm)
C1 309.9 306.5 301.0 283.2
Cc2 162.1 155.4 163.9 165.5
C3 140.9 133.9 112.8 114.7
C4 125.3 128.9 110.1 113.9
C5 146.8 138.9 149.5 151.6
C6 134.4 - - -
C7 127.8 - - -
C8 128.8 - - -
C9 126.6 - - -
M(CO)4 222.7 224.6 223.9 1938.9
M(CO)s 211.0, n.o. 221.0, 208.9 219.5,221.4 190.4, 188.5
-OCH,CHj3 74.4 74.6 74.2 77.6
-OCH,CHs 15.5 15.1 15.1 14.7

*

See Table 2.2 for numbering of carbons

Chemical shifts for terminal metal carbonyls lie in the range of 150 to 240 ppm!*°!
with shielding of the carbonyl nucleus increasing with increasing atomic number
of the metal, as shown by the carbonyl resonances of complex 3 (223.9, 221.4
and 219.5 ppm), the manganese analogue of the dirhenium complex 5 (193.9,
190.4 and 188.5 ppm). On the other hand, the carbonyl groups are fairly
insensitive to changes of substituents on ligands, e.g. replacing a 2,2'-bithienyl
substituent with either a 2-thienyl or a 2-furyl substituent. Three carbonyl signals
are observed in each spectrum. The most downfield shift can be assigned to the
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M(CO)4-fragment, while the other two signals can be attributed to the cis and
trans carbonyl ligands of the M(CO)s-fragment.

As in the case of the '"H NMR spectra, slow decomposition of the complexes
were observed in the '*C NMR spectra, as indicated by the repetition of the
heteroarene signals. The decomposition products could be the ester
analogues®" of the carbene complexes, although no further investigation into
these decompostion products were carried out.

301.0235

223.8355
f221.3974
——219.5658

——163.8692
——149.5376
15.2139

—112.7990
T-110.1706
——77.0000

742169

R SR I : : : : o
300 280 260 240 220 200 180 160 140 120 100 80 60 40 20
(ppm)

Figure 2.7 '3C NMR spectrum of complex 3

2.3.2 IR Spectroscopy

The stretching vibrational frequency of a free CO group is 2143 cm™, but lies
between 1850 and 2120 cm™ for terminal carbonyl ligands®?. In contrast to M-C
stretching frequencies, the C-O stretching vibrational frequencies can be seen
as being independent from other vibrations in the molecule, thus a qualitative

24



Chapter 2: Dim=Y¥RESE0h REpieHa &IF sreBgzuidenhout D | 2006

correlation between CO stretching vibrational frequencies and the bond order of
the C-O bond can be made.

As backbonding from the metal to the carbonyl ligand increases, the M-C bond
becomes stronger and thus shorter. The C-O bond weakens accordingly and
becomes longer, and the carbonyl stretching frequency shifts to a lower wave
number on the IR spectrum. Carbene ligands have weaker Ttr-acceptor
properties compared to carbonyl groups, which means back bonding from the
metal to the carbonyl ligand increases. This is shown by the lower wave
numbers of the bands caused by vco vibrations in carbene carbonyl complexes
compared to the corresponding metal carbonyl complexes.

The number and intensities of carbonyl stretching frequencies are dependent on
the local symmetry of the carbonyl ligands around the central atom. The
carbonyl stretching modes of equatorially and axially substituted bimetal
nonacarbonyl complexes were summarized by Ziegler et af®®. The eq-
[M2(CO)oL] displays a nine band pattern in the IR spectrum, corresponding to Cs
symmetry (Figure 2.8). These bands include six A" bands and three degenerate
A" bands. On the other hand, the IR spectrum of ax-[M.(CO)qL] is observed to
have only five bands: the three A' bands and two E bands which corresponds
with C4, symmetry (Figure 2.9).

T SF

(1) A'2) A'(3) A'(4)
_ L~ _ 4_ —
A % e
O
A"(2) A'(5) A'(6)

Figure 2.8 |R-active normal modes observed for eg-[M2(CO)gL]
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Figure 2.9 IR-active normal modes observed for ax-[ Ma(CO)gl]
\/fComplex 3
Complex 5

1900 1950 2000 2050 2100 2150

Wavenumber / cm™

Figure 2.10 Stacked IR spectra of complexes 3 and 5 in the carbonyl region

The [Rex(CO)o{C(OEL)(2-furyl)}] complex 5 displayed the expected typical nine
band pattern for an equatorially substituted bimetal nonacarbonyl complex with
Cs symmetry®®¥ (Table 2.6, Figure 2.10). However, the IR spectra of all the
dimanganese monocarbene complexes 1 - 4 displayed only five carbonyl
stretching bands in the carbonyl region (Table 2.5, Figure 2.10). This five band
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pattern indicates C, symmetry, but needs to be examined carefully as the

number of bands in eg-[Mny(CO)osL] may be less than nine because of band

overlap. C4 symmetry places the carbene ligand in an axial position relative to

the Mn-Mn bond. A search of the Cambridge Structural Database revealed that

only one other axially substituted carbene complex of

dimanganese

nonacarbonyl has been structurally characterized. This complex has the unusual
carbene ligand, (M)=C(NMe2)OAl,(NMey)s®*.

Table 2.5 IR data in the carbonyl region of complex 1 - 42

Carbonyl stretching frequencies (vco, cm™) for pseudo-Cy,
Complex symmetry of ax-[Mn,(CO)q(carbene)]
A1 (1) A1 (2) E(1) A1 (3) E(2)
1 2089 (m) | 2009 (m) 1996 (vs) 1975 (m) 1945 (m)
2 2090 (m) | 2010 (m) 1996 (vs) 1975 (m) 1946 (m)
3 2087 (m) | 2006 (m) 1992 (vs) 1971 (m) 1936 (m)
4 2089 (m) | 2009 (m) 1996 (vs) 1975 (m) 1944 (m)

a) Hexane as solvent

Table 2.6 IR data in the carbonyl region of complex 5%

Carbonyl stretching frequencies (vco, cm™) for Cs- symmetry of

Complex eq-[Rex(CO)q(carbene)]
A1) | A@) | A@B) | A'(1) | A'(4) | A"(2) | A'(5) | A'6) | A"(3)
5 2102 | 2045 | 2016 | 2002 | 1992 | 1974 | 1955 | 1945 | 1923
(w) | (m) (s) | (vs) | (s) | (m) | (m) | (m) | (w)

a) Hexane as solvent

27




Chapter 2: Dim=Y¥RESE0h REpieHa &IF sreBgzuidenhout D | 2006

2.3.3 Mass Spectrometry

A molecular ion peak, M*, was observed in the mass spectra for complexes 1, 2,
3 and 5, although with a low intensity.

Table 2.7  Mass spectral data of binuclear monocarbene complexes

Complex m/z Intensity (%) Fragment ion

584 7 [M]*
556 4 [M - COJ*
511 12 [M—-CO - OFEt]"

1 500 4 [M - 3COJ*
472 13 [M — 4COJ*
195 9 [Mn(CO)s]*
502 5 [M]*

2 390 15 [M —4COJ*
279 2 [M —Mn —6CQOJ*
486 9 [M]*
413 8 [M — CO — OEt]*
374 7 [M — 4COJ*

3 263 35 [M —Mn —-6COJ*
235 45 [M — Mn — 7COJ*
207 30 [M — Mn — 8COJ*
749 28 [M]*
721 5 [M - COJ*

5
681 5 [M - (2-furyl)]*
423 19 [M - Re - 5COJ*

The identified fragment ions (m/z) are summarized in Table 2.7. The general
initial fragmentation pattern in which the carbonyl ligands were lost sequentially,
followed by the loss of an ethyl/methyl group and carbene ligand were observed,
although not as consistently as reported by Crause!'” and Landman!'? for
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monocarbene complexes with similar ligands, but with chromium, tungsten and
molybdenum metal centres. This fact could be ascribed due to interaction of the
compounds with the FAB matrix of nitrobenzyl alcohol.

234 X-Ray Crystallography

Single crystal X-ray diffraction studies confirmed the molecular structure of
complexes 2, 3 and 5, but no suitable diffraction quality crystals of complex 1
and 4 were obtained. The crystal structures supported the information obtained
from the infrared data that the dimanganese monocarbene complexes have an
axially substituted carbene ligand while the dirhenium monocarbene has the
expected equatorial configuration. The complexes crystallized from a
dichloromethane:hexane (1:1) solution by layering of the solvents, yielding
orange-red crystals for 2 and 3 and red crystals for 5 of good quality. Figures
2.11, 212 and 2.13 represent the ORTEP®! + POV-Ray®! plots of the
geometry of the structures 2, 3 and 5, and also indicate the atom numbering

system used for the structural data.

The crystal structure of free thiophene was determined by Harshbarger and
Bauer® while Liescheski and Rankin®® determined the molecular structure of
furan by using various combinations of data from gas-phase electron diffraction,
rotational spectroscopy and liquid crystal NMR spectroscopy. The geometrical
parameters of these two free heteroarenes are summarized in Table 2.8.

Both complex 2 and 3 crystallized in the monoclinic system, space group P2:/c
with four molecules in the unit cell. Complex 5 crystallized in the orthorhombic
system, space group Pbca with eight molecules in the unit cell. Selected bond
lengths and angles determined for the complexes are tabulated in Table 2.9,
whilst the most important torsion angles are listed in Table 2.10. The complete
set of crystallographic data of 2, 3 and 5 are listed in Appendices 1, 2 and 3

respectively.
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Figure 2.11 ORTEP + POV-Ray plot of the geometry of complex 2

Figure 2.12 ORTEP + POV-Ray plot of the geometry of complex 3
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Figure 2.13 ORTEP + POV-Ray plot of the geometry of complex 5

Table 2.8  Geometrical parameters of free thiophene and furan

Thiophene

Atoms Bond Lengths (A) Atoms Bond Angles (°)

SC2) 1.718(2) C(2)-5-C(5) 92.03)
C(2)-Cd) 1.370(4) S-C(2-C(3) 111.23)
C3)-C(@) 1.442(2) C(2)-C(3)C4) 112.5(3)

Furan

Atoms Bond Lengths (A) Atoms Bond Angles (°)

0C2) 1.3641(7) C(2)-0-C(5) 106.74(7)
C2)-C(3) 1.3640(9) 0-C(2)C(3) 110.49(7)
C3)-C(@) 1.4303(19) C2)-C(3)-C(@) 106.14(6)

For complexes 2 and 3, the coordination of each manganese atom is
approximately octahedral with the two sets of the equatorial carbonyl ligands

being staggered. The carbene ligand is in the axial position and is therefore
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trans to the metal-metal bond. Both the thienyl and the furyl rings are close to
being coplanar with the plane of the bonding geometry about the carbene
carbon. For 2, the dihedral angle between the least-squares planes through
{S(1), C(11), C(12), C(13) and C(14)} and through {C(10), C(11), O(10) and
Mn(2)} is 7.6(9)°. The plane of the carbene carbon, thienyl/furyl ring and oxygen
is approximately perpendicular to the equatorial plane of carbonyl ligands
{C(10)-Mn(2)-CO (91 - 96°)} and is in an intermediate position between the
carbonyl ligands around Mn(2), as is evident from the torsion angles of 45.5(10)°
and -44.9(10)° (complex 2) and -41.0(2)° and 48.7(2)° (complex 3) for C(6)-
Mn(2)-C(10)-O(10) and C(7)-Mn(2)-C(10)-O(10) respectively.

Table 2.9  Selected bond lengths and angles of 2, 3 and 5

T

Bond Lengths (A) Bond Angles (°)
Atoms Atoms
2(Y=S) [3(Y=0) 2 (Y= 3(Y=0)
Mn(2)-C(10)-
Mn(1)-C(1) 1.798(7) | 1.813(2) 131.1(6) | 131.79(16)
0O(10)
Mean
0O(10)-C(10)-
Mn(1)-C(x) 1.841(9) | 1.846(3) ci11) 103.8(5) | 103.25(18)
(x=2,3,4,5)
2.9238 C(11)-C(10)-
Mn(1)-Mn(2) 2.9316(5) 125.1(6) | 124.96(15)
(14) Mn(2)
Mean

Mn(2)-C(x) | 1.833(7) | 1.858(2) | CUNY- | 90535 | 107.02)

C(14)
(x=6,7,8,9)
Mn(2)-C(10) | 1.933(7) | 1832) | y.ci11).
C(10-0(10) | 1.312(7) | 1.3323) | C(12) 109.0(6) | 107.4(2)
C(101-C(11) | 1.470(11) [ 1.446@) | y.cra).
C1-C(A2) | 1.38410) | 1.3523) | c@3) | 11286 | 110.8(3)
C(12)C(13) | 1390(12) | 1403() | ¢12).c1a).
C(13)-C(14) | 1313(19) | 1.3174) | cpa) | 11400 | 1066(2)

] C(11)-C(12)-
C(11)-Y 1.715(10) | 1.379(3) c(13) 112.3(9) | 108.2(2)
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Table 2.9 contd.  Selected bond lengths and angles of 5

Bond Lengths
Atoms 3 Atoms Bond Angles (°)
(A)
Re(2)-C(5) 1.934(4) Re(1)-C(10)-O(10) 130.2(3)
Mean Re(2)-C(x)
(x=6.7.8.9) 1.989(5) O(10)-C(10)-C(11) 103.1(3)
Re(1)-Re(2) 3.0809(3) C(11)-C(10)-Re(1) 126.6(3)
Re(1)-C(1) 1.923(5)
Re(1)-C(3) 1.992(5)
Mean Re(1)-C(x) C(11)-0(11)-C(14) 106.6(4)
(x=2.4) 1.990(4)
Re(D-c19) 21290 O(11)-C(11)-C(12) |  108.9(4)
C(10)-0(10) 1.323(5)
C(10)-C(11) 1.457(5)
ci1)ci2) 1.355(6) O(11)-C(14)-C(13) 111.2(4)
C(12)-C(13) 1.418(7)
C(13).C(14) 1331(8) C(12)-C(13)-C(14) 105.9(5)

Some disorder of the ethoxy-thien-2-yl-methylidene ligand was observed with a
minor component rotated approximately 180° about the Mn-C(carbene) bond
with respect to the orientation of the major component, such that the C(11)A,
C(12)A and C(13)A atoms of the thienyl ring of the minor component nearly
coincide with the O(10), C(15) and C(16) atoms, respectively, of the ethoxy
group of the major component (O(10)A, C(15)A and C(16)A also nearly coincide
with C(11), C(12) and C(13) respectively). This disorder is shown in Figure 2.14.
Figure 2.11 shows the major orientation (88.2(4)%).

The carbene ligand is in the trans-configuration about the C-O bond (C(11)-
C(10)-O(10)-C(15) 177.2(8)° (complex 2) and -178.9(3) ° (complex 3). The metal-
carbon(carbonyl) bond distance trans to the Mn-Mn bond is significantly shorter
than the mean distance of the Mn-C(carbonyl) bond lengths in the equatorial
planes (Table 2.9) to compensate for the weaker 1-acceptor properties of the
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carbene carbon compared to a carbonyl carbon on the other side of the metal-

metal bond.

Figure 2.14 The major (88.3(5)%) and minor (11.7(5)%) orientations of the
disordered (C4H3S)-C-OEt ligand of 2

The Mn(1)-Mn(2) distance is longer and the trans Mn-C(carbonyl) distance is of
the same order magnitude when comparing the corresponding Mn-Mn
(2.90381(6)A) and trans Mn-C(carbonyl) (1.811(3)A) distances reported for
[Mn2(CO)10]*?. The Mn-C(carbene), Mn-Mn and M-C(carbonyl) distances are
similar in the dimanganese nonacarbonyl carbene complex eg-
[Mn,(CO)o{C(OEt)Ph}] where the carbene ligand is in an equatorial position and
the carbene substituents are in the cis-configuration about the carbene C-O
bond. The Mn-C(carbene)-C angles are identical for the axial and equatorial
carbene ligands, however, the other bond angles about the carbene carbon are
significantly different with Mn-C(carbene)-O 119.4(3)° and C-C(carbene)-O
115.5(3)° in [Mnz(CO)o{C(OEt)Ph}". The large Mn(2)-C(10)-O(10) angle in 2
and 3 (131.1(6)° and 131.79(16)° respectively) can be ascribed to the steric
interactions between the -CH, of the ethyl group and the adjacent equatorial

carbonyl ligands.

The bond C(11)-C(12) (1.384(10) and 1.352(3) A for 2 and 3, respectively) is
slightly longer than a double C=C bond, and than the corresponding C(2)-C(3)
bonds (1.370(4)A for thiophene, 1.3640(9)A for furan) of the free heteroarenes.
The C(12)-C(13) bond (1.390(12) and 1.403(4) A for 2 and 3, respectively), on
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the other hand, is significantly shorter than a single C-C bond, and the same
bond (1.442(2)A for thiophene, 1.4303(19)A for furan) in the free heteroarene,
indicating more electron delocalization in the ring. For all three complexes, the
bond angles of the thienyl or furyl rings differ from the angles in uncoordinated
thiophene and furan (Table 2.8), indicating ring involvement in stabilizing the

carbene carbon.

Table 2.10 Selected torsion angles of 2, 3 and 5

Torsion Angle (°)

Bond
2(Y=Y9) 3(Y=0)
C(6)-Mn(2)-C(10)-O(10) 45.5(10) 139.0(2)
C(7)-Mn(2)-C(10)-O(10) 135.1(10) 48.7(2)
Mn(2)-C(10)-C(11)-Y 171.0(10) 174.4(2)
Mn(2)-C(10)-C(11)-C(12) -6.4(11) 173.3(3)
C(3)-Mn(1)-Mn(2)-C(6) -46.0(3) 45.97(10)
Bond Torsion Angle (°)
5
C(4)-Re(1)-C(10)-O(10) 3.5(4)
C(2)-Re(1)-C(10)-O(10) 177.7(3)
Re(1)-C(10)-C(11)-O(11) -5.4(5)
Re(1)-C(10)-C(11)-C(12) 175.6(4)
Re(2)-Re(1)-C(10)-C(11) -87.2(3)
C(3)-Re(1)-Re(2)-C(8) -30.93(19)

The staggered conformation of the carbonyls are shown by the dihedral angle
C(3)-Mn(1)-Mn(2)-C(6) of -46.0(3)° for 2, and 45.97(10)° for 3 (Table 2.10). The
rhenium complex shows a smaller dihedral angle (C(3)-Re(1)-Re(2)-C(8) -
30.93(19) °) which indicates a less symmetric staggered conformation, due to the
longer Re-Re bond length.
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o

For complex 5, the Re(1)-Re(2) bond distance (3.0809(3)A) is longer than the
Re-Re bond (3.0413(11)A) reported for Rex(CO)1o** and is considerably longer
than the Mn-Mn bond distance of 2 and 3 by approximately 0.15 A . The bulky
carbene ligand can therefore be accommodated in the equatorial position. Most
eq-[Mny(CO)g(carbene)] complexes studied crystallographically have cyclic
carbene ligands that display less steric hindrance compared to carbene

complexes with two separate substituents*®*'!.

2.4 Conclusions

This study indicated that there may still be a lot to be discovered in the area of
carbene complexes of manganese and rhenium; an area that has been
neglected. The bulkiness of an Mn(CO)s-fragment can affect the coordination
site of a carbene ligand. It is clear that although the equatorial position is the
electronically favoured position for the carbene ligand, steric effects can force
the carbene ligand to occupy an axial position. It was assumed that the carbene
would have taken up an equatorial position based on the many reported studies
of cyclic carbene ligands which are not very bulky*®*. The steric constraints
are much more pronounced for the manganese complexes compared to the
rhenium complexes, because of the much shorter Mn-Mn bond length compared
to the Re-Re bond length. Complex 5 has its carbene ligand in the electronically

favourable equatorial position.

It is possible to use infrared spectra to deduce the site of coordination of the
carbene ligand, provided the spectra are carefully examined and possible band
overlap is taken into account. This is useful if X-ray crystallography cannot be
utilized for structure elucidation.

The possible manipulation of the position of the carbene ligand is planned in
future work. This could be attempted by substitution of carbonyl ligands with
bulky phosphine ligands!*®, known to substitute axially, to force the carbene
ligand to adopt an equatorial position for the dimanganese complexes.
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Cleaving of Metal-Metal
Bonds: Monomanganese

Monocarbene Complexes

3.1 Background

3.1.1 Overview

In 1998, the Schrock-type carbene complex, the so-called Grubbs carbene
[Ru(PRs)2(carbene)Cl;] was awarded the title "reagent of the year" for the
success it exhibited as ring-closing metathesis catalyst!'. Such was the
impact of this work that Schrock, Grubbs and Chauvin were awarded the
Nobel Prize for Chemistry in 2005.

Figure 3.1 Assembly of the second generation Grubbs ruthenium catalyst
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The catalyst system (Figure 3.1) consists of a ruthenium metal centre, bulky
ligands to protect the reaction centre (A), X-type halide ligands to support alkyl
binding (B), and the carbene ligand (C) to initiate metathesis.

For Group VII transition metals, specifically manganese, low oxidation state
catalysts are fairly unknown. Perhaps the best known example of this

transition metal as high-valent catalyst is the Mn(lll)-salen complexes
catalysing epoxidation reactions 2,

e

Figure 3.2 General structure of the Mn(lll)-salen complexes

The chemistry of Group VII transition metal carbonyl complexes containing
both Fischer carbene and halogen ligands, [Mn(CO)s(carbene)X] (X

halogens), has been neglected due to the difficulties associated with the

synthesis of such compounds®®.

The King compound, [an(CO)g(goCH2CH2&H2)], that was initially assigned
an incorrect structure without a carbene ligand [Mnx(CO)1o(CHa)s]'"), sparked
interest in the challenges associated with the synthesis of [M(CO)4(carbene)X]
(M = Mn, Re; X = halogens) complexes. The isolation of binuclear
monocarbene complexes of Group VIl transition metals, [Mnz(CO)o{C(OR)R}],
(R = alkyl) prepared from Na[Mn(CO)s] and 1,3-dihaloalkanes was
reinvestigated and resulted in detailed mechanistic studies of the reactions of
Na[M(CO)s] (M = Mn, Re) with dihaloalkanes®'". By using different
dihaloalkanes, a number of complexes similar to the King compound
containing a cyclic carbene ligand were synthesized and characterized!'%'%!,

In a few instances, with more sophisticated chloro precursors, cationic
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mononuclear carbene complexes [Mn(CO)s(L)2(carbene)]” (L = phosphine or
CO) could be obtained, which after subsequent treatment with halides,
afforded the desired neutral halo-carbene complexes [M(CO)4(carbene)X]'* ™
(Scheme 3.1, (a)). However, the complexes [Mn(CO)s(L)2(carbene)]” (L = PR3
or CO) could be afforded by employing the alkylation of [Mn(CO)3(L)2{C(O)R}]
with the strong alkylating agent MeOSO,F?® (Scheme 3.1, (b)). These
contributions to this field of the carbene chemistry of Group VII transition

metals are illustrated in Scheme 3.1.

1010) 1010)
CO CO

(@) Na[Mn(CO)s] + g~ ">p —>— OC—/Mn—Mn—CO
c|:oOC |
0

MeOSO,F
—_—

()  [Mn(CO)3(L)={C(O)R}] [Mn(CO)3(L)o(carbene)]”

(L = PR, CO; R =alkyl)

() [Mn(CO)sBr] + A — |/
o /| —<xj
(X = NMe, O) co

Scheme 3.1 Preparatory pathways of manganese carbene complexes
A major contribution came from the work done by Angelici and his group!?'#?,
Strained 3-membered heterocyclic substrates (oxirane, aziridine) with
[M(CO)sX] (M = Mn, Re; X = Br, Cl) afforded neutral cyclic aminoxy and dioxy
carbene complexes also containing a halogen ligand (Scheme 3.1, (c)). This
reaction could also be applied to [M2(CO)1] (M = Mn, Re) for oxirane!??.

Reaction of the lithiated [(n°-thiophene)Cr(CO)s] or the analogous lithiated
[(n®-benzene)Cr(CO);] with [Mn(CO)sBr] involved attack either on the metal
centre or on a carbonyl ligand with elimination of bromide and yielded for the
thiophene  precursor the binuclear complexes [{n', n’-thienyl-
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Mn(CO)s}Cr(CO)s] and [{n', n°-thienyl-C(O)Mn(CO)s}Cr(CO)s] (Scheme
3_2)[24-28]_

o)
|
S Mn(CO)s s C— (o)
DAY S
(OC)sCH

Mn(CO)sBr P
S (OC)sCf Nelad
Li
/ (|)Li C|)Et
(OC),Cr \ S
Re(CO)sBr Cx S G

(OC)Cr” (0C)sCi"

Scheme 3.2 Different reaction routes of [M(CO)sBr] with lithiated [(n°-
thiophene)Cr(CO)3] (M = Mn, Re)

By contrast, the corresponding reaction with [Re(CO)sBr] involved attack on a
carbonyl ligand without the elimination of bromide. Subsequent alkylation of
the latter with [EtsOBF,4] yielded the binuclear carbene complex [{n', n°-
thienyl-C(OEt)Re(CO)4Br}Cr(CO)s] (Scheme 3.2).

This prompted the investigation of the reaction of [Re(CO)sBr] with lithiated
thiophene to assess the role, if any, of the Cr(CO)s-fragment. Although not
reacting smoothly, it was possible, after subsequent alkylation with [Et;OBF,],
to isolate and characterize the monocarbene dirhenium nonacarbonyl
complex, [Re2(CO)g{C(OEt)thieny}]?*®. This reaction showed that it was
possible to eliminate a bromide from [Re(CO)sBr] during a Fischer carbene
synthesis procedure (Li-thienyl/EtsOBF4) and replace it with the isolobal
fragment Re(CO)s5 to give [Re2(CO)o{ C(OEt)thienyl}].

In contrast, reactions of lithiated thiophene with [Mn(CO)sBr] afforded a
number of unstable compounds that could not be characterized

unambiguously'?.
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We envisaged that the reverse reaction of cleaving the manganese-
manganese bond in the binuclear carbene complexes could be applied,
provided the carbene ligand would not be affected by the oxidant.

3.1.2 Cleaving of metal-metal bonds

The metal-metal bond in [Mn(CO)4] can easily be cleaved reductively by
sodium, affording the anionic sodium salt Na[Mn(CO)s]**”. On the other hand
the metal-metal bond can also be cleaved oxidatively with halogens to give
neutral metal carbonyl halides, [Mn(CO)sX] (X = halogens)®". The reductive
cleavage of the Mn-Mn bond of [Mny(CO)o{C(OR)Me}] with sodium in THF
was attempted by Fischer and co-workers, but only Mny(CO);, and

Na[Mn(CO)sX] were observed to have formed?®?.

Oxidation of the metal results either in the loss of the carbene ligand or the
coordination of the products of the oxidizing agent to the metal. Biscarbene
complexes of Group VII transition metals are readily oxidized by trace
amounts of oxygen to give monocarbene-ester products*** while
diaminocarbene complexes of tungsten could be oxidized with iodine to yield
[W(CO)4(l)2(carbene)]®. Although largely unnoticed in later work, the
cleavage of the metal-metal bond of the dioxy carbene by bromine was

reported by Angelicil??

. Nevertheless, very few examples exist where the
ligand in [M(CO)4(carbene)X] (M = Mn, X = halogen) complexes is not a cyclic

alkoxy carbene.

3.1.3 Focus of this study

The object of this chapter was to synthesize low valent mononuclear
manganese carbene complexes. After some modification these complexes
could serve as precursors with potential catalytic properties. The assembly of
the complexes should contain both an X-type ligand to support alkyl-binding,
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bulky ligands to protect the reaction site, and carbene ligands, which could

initiate carbon-carbon coupling and carbonyl insertion reactions.

6 X=Br, R=thienyl

7 X=I, R=H
Figure 3.3 Mononuclear manganese carbene complexes

The synthesis of these complexes was afforded by the oxidative metal-metal
bond cleavage by halogens of the binuclear monocarbene precursor
complexes synthesized in Chapter 2.

3.2 Synthesis

The bimetallic carbene complex is dissolved in a small volume hexane and a
stoichiometric amount of halogen, also dissolved in a minimum volume of
hexane, was added dropwise under vigorous stirring. A red-orange precipitate
immediately started forming and stirring was continued until the solution
became clear. The solvent and unreacted halogen were removed under
reduced pressure and the products were purified by column chromatography

on silica gel for 6 and aluminium oxide for 7.

The reaction of the bithiophene monocarbene complex and bromine did not
proceed smoothly and only 21% of complex 6 (dark red) and 41% of
[Mn(CO)sBr] could be isolated. By changing the solvent to CS,, a solvent
generally used to cleave [Mny(CO)10]?®, only reactions leading to the

45



Chapter 3: Cleai3IYEIRILY Rideligionia etd — Bezuidenhout D | 2006

decomposition of the complex and elimination of the carbene ligand with the
formation of Mny(CQO)o9 were observed. Replacing the bromine with iodine and
using the minimum amount of hexane as solvent, gave 43% of complex 7

(red) after purification.

[Mn(CO)5 Br ]

Cco \CO +
co

/‘ S hexane ‘\\\\CO OEt
oC % OC—Mn S
Lr Ly
6 A

cO $O o | +
y 2 cO

oc /‘ /‘ —C S hexane ‘\\\\\CO OEt
4
I

Scheme 3.3 Synthesis of 6 and 7

Substitution kinetics of carbonyl ligands in [Mn(CO)shalides] revealed that
rates increased with decreasing atomic number for the halides!*®.. Based on
this result it can be concluded that the bromo-carbene complex of manganese
is less stable in the reaction medium compared to the analogous iodo-carbene

complex of manganese.

During the synthesis of the [Mn(CO)4(carbene)X] complexes, 50% of the
transition metal manganese is lost as [Mn(CO)sX]. In an effort to increase the
yields of the desired mononuclear manganese carbene complexes with halide
ligands, the synthesis of binuclear biscarbenes were attempted as illustrated
in Scheme 3.4. If synthesis of biscarbene complexes proved possible, then
subsequent cleaving of the Mn-Mn bond would double yields of the halo-
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carbene complex. The synthesis of biscarbene was attempted by addition of
two equivalents of lithiated heteroarene in a one-pot Fischer reaction, as well
as the stepwise addition of two equivalents of lithiated reagent as described
by Brandsma®’. However, it was not possible to isolate biscarbene

complexes prepared by either method.

EtO 0 cof® OFt P co Ot
1. 2RLi | 0 w0 S X, | &
Mny(CO)yg —————— > C—Mri—Mr——C 2, 2 oc—Mr—C
2 2EGOBN R/ o | o’ | \R ol | R
CcO cOo X

Scheme 3.4 Proposed synthesis of biscarbene complexes

3.3 Characterisation

Compositions of products were established by spectroscopic methods and
mass spectrometry and final confirmation of the structures came from a single

crystal X-ray diffraction study of 7.

3.3.1 NMR Spectroscopy

The NMR spectra of complex 6 were recorded in CDClIs, but better resolution
was achieved by recording the spectra of 7 in deuterated acetone. The same
system of numbering of the carbon atoms and protons of the heteroarene
substituents used in Chapter 2 was applied.

3.3.1.1 'H NMR Spectroscopy

The 'H NMR data of 6 and 7 are summarized in Table 3.1. When comparing
chemical shift values of 6 and 7 with that of 1 and 2 in Chapter 2, a downfield
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shift of Ad > 0.2 ppm is observed for the methylene protons, and the ring
protons show a downfield shift varying between Ad = 0.1 - 0.3 ppm. This can
be ascribed to the change of oxidation state of the manganese metal centre:
the oxidative cleavage causes the binuclear Mn(0) carbene complexes to be
oxidized to the monocuclear Mn(l) carbene complexes containing a halide
ligand. The manganese atom therefore has less electron density for back
donation to the electrophilic carbene carbon. The electrophilic carbene carbon
then has to be stabilized by even more electron donation from the ethoxy and
heteroarene substituents, as illustrated in Figure 3.4.

Table 3.1  'H NMR data of complexes 6 and 7

Complexes
Chemical shifts (8, ppm) and coupling constants (J, Hz)
CcO co
O ot SO ot
' OC——Mn——C 0C——Mn—C
Assignment OC/‘ 1 2\ s/56 . OC/‘ 1\2[i>5
Br 3 4 7[ L | I
8
6 7
Proton 5° J 5° J
H3 8.53 n.o. 8.74 (dd) 41,11
H4 7.72 n.o. 7.49 (dd) 4.9, 4.1
H5 - - 8.29 (dd) 4.9,1.1
H7 7.80 n.o. - -
H8 7.49 n.o. - -
H9 7.90 n.o. - -
-OCH2CHj3 5.53 (q) 7.0 5.67 (q) 7.0
-OCH2CH3; 2.02 () 7.0 1.72 (1) 7.0

a) Spectrum recorded in CDClj

b) Spectrum recorded in acetone-dg
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M]

-

St

Figure 3.4 Electron donation by carbene substituents

3.3.1.2 3C NMR Spectroscopy

The "*C NMR data of 6 and 7 are reported in Table 3.2. In the spectrum of 6
recorded in CDCl3, the signals of the carbene carbon and the carbonyl ligands
were not observed. An improved spectrum was obtained for 7 in acetone-de.
In contrast with the data obtained for 'H NMR, no consistent downfield shift of
the signals was observed in the '*C NMR spectra.

Table 3.2  '®C NMR data of complexes 6 and 7

_ Complexes
Assignment
6 7
Carbon 5% (ppm) 3° (ppm)
C1 n.o. 296.4
Cc2 162.3 144.9
C3 134.4 138.0
C4 124.4 129.4
C5 134.6 143.6
Cé6 133.5 -
C7 127.3 -
C8 131.3 -
C9 125.6 -
CO (trans) n.o. 217.6
CO (cis) n.o. 211.9
-OCH>CHgs 76.2 79.6
-OCH,CHj3 14.7 14.9

a) Spectrum recorded in CDClj
b) Spectrum recorded in acetone-dg
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3.3.2 Infrared Spectroscopy

For an octahedral [M(CO)4L.] complex, the two non-carbonyl ligands, L, can
either be cis or trans substituted. To distinguish between these two
possibilities, the infrared spectrum of the carbonyl stretching region can be
inspected. For a trans-[M(CO)4L2] complex, a single intense band can be

%l In some cases,

observed, which is assigned to the IR-active E,-mode!
much weaker high-frequency satellites have been observed which could be
assigned to the Raman-active Ay and By modes (Figure 3.5). The order of

the frequencies for this symmetry must be A1g > Byg > E,.

Figure 3.5 |IR- and Raman -active modes observed for trans-[M(CO)4L,]

On the other hand, there are four IR-active normal modes (Figure 3.6) for the
cis-substituted [M(CO)4L,] complexes, with the following order: A¢(1) > A¢(2) >
B; > B, The characteristic v(CO) pattern is a sharp A;(1) mode of medium
intensity followed by the intense A¢(2) band, and then the B1 and B, bands.

When the infrared spectra of 6 and 7 were recorded in hexane, four bands
were seen in the carbonyl region, as seen in Figure 3.7. The infrared data is
summarized and the assignments of the observed bands are given in Table
3.4. It was therefore concluded that the cleaved product is cis-substituted,
even although the binuclear precursor was axially substituted. When
comparing these manganese complexes with their rhenium analogues

recently synthesized in our laboratories!??, it is clear that the cleaved product
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is always cis-[M(CO)4(carbene)X], regardless of whether or not the starting
material was the equatorially coordinated dirhenium monocarbene or the
axially coordinated dimanganese monocarbene. This information would
suggest a dissociative reaction mechanism, although no further studies were
done in this project on the reaction mechanism of the cleaving of the binuclear

monocarbene complexes with halogens.

Figure 3.6 IR-active normal modes for cis-[M(CO)4L,]

Complex 7

1920 2020 \Navenumber /cm™ 2120

Figure 3.7 Infrared spectrum of 7 in the carbonyl region
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Table 3.3  IR-data in the carbonyl region of complex 6 and 72

Carbonyl stretching frequencies (vco, cm™) for
Complex cis-[Mn(CQ)4(carbene)(halogen)]
A (1) A¢ (2) B B>
2089 (m) 2009 (m) 1996 (vs) 1975 (m)
2090 (m) 2010 (m) 1996 (vs) 1975 (m)
a) Spectra recorded in hexane
3.33 Mass Spectrometry

A molecular ion peak, M*, was observed in the mass spectra for complexes 6
and 7, and in contrast to the mass spectral data observed for complexes 1 - 5
in Chapter 2, a more consistent fragmentation pattern was observed. The

identified fragment ions are summarized in Table 3.4.

Table 3.4  Mass spectral data of cleaved monocarbene halide complexes

Complex m/z Intensity (%) Fragment ion

469 o [M]*
441 9 [M-COJ*

6 385 15 [M —3COJ*
357 4 [M - 4COJ*
247 11 [M - (carbene)]”
434 36 [M]*
350 4 [M - 3COJ*

. 322 21 [M - 4COJ*
294 7 [M - (carbene)]”
138 69 [M - CO - (carbene) - I ]*
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The fragmentation pattern deduced from the fragment ions observed (and
tabulated in Table 3.4) indicates that two routes exist (Scheme 3.4). In the
first, the carbonyl ligands were lost sequentially, followed by the loss of the
carbene ligand and then the halide ligand. In the second unexpected route,

the carbene ligand is fragmented before stepwise loss of carbonyl ligands.

-4C0O

[Mn(CO)4(carbene)X]” ———— »  [Mn(carbene)X]*
stepwise
- carbene - carbene
-4CO
—_— MnX]*
[Mn(CO)4X] stepwise [MnX]

Scheme 3.4 Fragmentation routes for [Mn(CO)4(carbene)X]

3.34 X-Ray Crystallography

No suitable crystals could be obtained for complex 6, but solvent layering of
hexane:dichloromethane (3:1) yielded dark-red crystals of good quality for
complex 7, and final confirmation of the molecular structure of this complex
was obtained using X-ray crystallography. Figure 3.8 represents the
ORTEP® + POV-Ray"*? plot of the geometry of 7, while Table 3.5 gives a
summation of the most important bond lengths, angles and torsion angles.

The complete set of crystallographic information of 7 is given in Appendix 4.

Complex 7 crystallized in the tetragonal system, space group /M4/a with
sixteen molecules in the unit cell. The coordination of the manganese atom is
octahedral and a cis-arrangement of non-carbonyl ligands, already deduced

from the infrared spectrum of the molecule, was confirmed.
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Figure 3.8 ORTEP + POV-Ray plot of the geometry of complex 7 with atom

numbering

The dihedral angle between the least-squares planes through (S(1), C(6),
C(7), C(8) and C(9)) and through (C(5), C(6), O(5) and Mn(1)) is 8.0(6)°. The
plane of the carbene carbon, thienyl ring and oxygen atom is again
approximately perpendicular to the equatorial plane of the cis carbonyl; this is
demonstrated by the angles (C(5)-Mn(1)-C(carbonyl) 90 - 93°, C(5)-Mn(1)-1(1)
95.4(3)°) and is positioned approximately intermediately between the
equatorial ligands around Mn(1), as is evident from the torsion angles of -
38.9(7)° and 51.4(7)° for C(2)-Mn(1)-C(5)-O(5) and I(1)-Mn(1)-C(5)-O(5),
respectively (Table 3.5).

The same disorder of the ethoxy-thien-2-yl-methylidene ligand as that
described for 2 (Chapter 2) was also observed in 7. Figure 3.8 shows the
major orientation (85.9(5)%).

The carbene ligand is again in the trans-configuration about the C-O bond
(C(6)-C(5)-O(5)-C(10) -173.8(6)°) - as expected when the thienyl ring is close
to being coplanar with the plane of the bonding geometry about the carbene
carbon as this prevents a cis-configuration being adopted. The metal carbon
bond distance trans to the iodide ligand is significantly shorter than the Mn-CO
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distances opposite carbonyl ligands, reflecting the poor 1T-acceptor properties

of an iodide ligand. The Mn-carbon distances observed for the carbene and

the carbonyl ligand frans to the carbene are almost the same corresponding to

a very long metal-carbonyl bond distance.

The bond angles of the thienyl ring (Table 3.5) are distorted even more

severely than that of 2 compared to the bond angles of free thiophene!*",

indicating an even greater ring involvement in stabilizing the carbene carbon

atom of the oxidized manganese carbene complex than was exhibited by 2

(Chapter 2).

Table 3.5

Selected bond lengths, bond angles and torsion angles of 7

Bond Bond
Atoms Lengths (A) Atoms Angles (°)
Mn(1)-C(1) 1.949(10) Mn(1)-C(5)-O(5) 132.8(6)
Mean(xl\ing-C(X) 1.857(6) 0(5)-C(5)-C(6) 105.2(6)
Mn(1)-C(5) 1.986(8) C(6)-C(5)-Mn(1) 122.0(6)
C(5)-O(5) 1.318(8) S(1)-C(6)-C(7) 130.7(7)
C(5)-C(6) 1.437(9) C(6)-S(1)-C(9) 92.5(5)
C(6)-C(7) 1.411(10) C(7)-C(8)-C(9) 116.0(9)
C(7)-C(8) 1.414(13) Torsion
Atoms o
C(8)-C(9) 1.364(15) Angles (°)
Mn(1)-C(3) 1.784(6) I(1)-Mn(1)-C(5)-O(5) 51.4(7)
Mn(1)-1(1) 2.709(1) | C(2)-Mn(1)-C(5)-O(5) | -38.9(7)
A comparison of the structure of 7 with the complex

cis-

[Mn(CO)4((]SOCH20H28))CI], synthesized by Moss and co-workers!'®, can be
done. For both these complexes, the manganese atom is in a slightly distorted
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octahedral environment (angles at Mn 87 - 93°), although the angle (49°)
between the mean plane of the carbene carbon atom and the two oxygen
atoms in the ring, and which encompassed Mn(1), C(1), C(5), C(4) and C(2) is
distinctly different from the almost planar arrangement found for 7 (8.0(6)°).
The Mn-C(carbene) bond lengths are very similar (1.986(8)A for 7 and 1.96A
for the chloro-carbene). The arrangement around the central manganese
atom is therefore similar in both cases, but the cyclic carbene of the chloro-
carbene complex is not co-planar as is found for the carbene ligand of 7 with
the ethoxy- and thienyl-substituents.

3.4 Conclusions

The oxidative cleavage of the manganese-manganese bond in binuclear
monocarbene complexes with halogens, without affecting the carbene ligand,
proved successful. The resulting products had manganese metal centres in
oxidation state +1, which means that less back bonding from the metal to the
electrophilic carbene carbon atom is evident. The change in oxidation state is
compensated for by the electron donation of the ethoxy and heteroarene
substituents on the carbene ligand, as seen by the downfield shift of these
protons in the '"H NMR spectra and the distortion of the thienyl ring in the
crystal structure obtained for 7. The cleaved products exhibit a cis-
configuration, even although the binuclear carbene precursors were axially

substituted.

Future work would include investigating the modification of the carbene by
replacing the alkoxy substituent. This would transform the Fischer carbene
complexes to Schrock carbenes. A possible route to achieve this is by
reacting the carbene ligand with a Lewis acid such as a BX3 reagent to form a
carbyne with elimination of the ethoxy group, followed by an attack of a
hydride to insert a hydrogen as substituent on the carbene ligand!*?. Schrock
carbene complexes show higher reactivity as catalysts towards carbon-carbon
coupling reactions.
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Modification of
Carbene Ligands:

Aminolysis

4.1 Background

411 Overview

Aminocarbene complexes of transition metals are being increasingly seen as
versatile starting materials for the synthesis of nitrogen-containing

heterocycles!''%

. Their behaviour has been found to be fundamentally
different from that of related alkoxycarbene complexes since nitrogen ylides,
derived from ketene intermediates, have been isolated and shown to
rearrange upon thermolysis to give pyrrolinones by 1,2 and 1,4 nitrogen to

carbon migrations of alkyl groups.

4.1.2 Synthesis of aminocarbene complexes

Due to the electrophilic nature of the carbene carbon of Fischer carbene
complexes, nucleophilic attack on the carbene carbon is possible. Connor and
Fischer first investigated the nucleophilic substitution reactions of Fischer
carbene complexes with amines!' after the synthesis of the first
aminocarbene complexes by Klabunde!'?. It was found that the nucleophilic
attack of the nitrogen lone pair on the carbene carbon atom leads to the
elimination of alcohol and the formation of the aminocarbene product. This
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outcome was rationalised by the view that the M(CO)s-moiety is electronically
similar to a carbonyl oxygen atom, so that the reaction is similar to the

aminolysis of esters to form amides.

OR' NR",
(CO)M=CZ" + HNR, —>=  (CO)M=C + ROH
~N ~
R R
Scheme 4.1 Aminolysis of Fischer carbene complexes

As with the synthesis of alkoxycarbene complexes, alternative synthetic
methods were developed. Platinum complexes containing an isocyanide
ligand easily undergo attack by protic nucleophiles such as amines or alcohols
to yield metal-carbene derivatives (Scheme 4.2) through attack at the terminal

carbon atom 34,

NHR

-,
4
’

—PRt—CNR + HY  —— “‘T““C‘~

AN
Y
Scheme 4.2 Nucleophilic attack on isocyanide ligand of platinum complexes

Another example is the very efficient method for the preparation of chromium
aminocarbene complexes introduced by Hegedus!"™ (Scheme 4.3). It involves
the reaction of Cr(CO)s> with tertiary amides in the presence of
chlorotrimethylsilane. The reaction proceeds via nucleophilic addition of
Cr(CO)s* to the carbonyl group of an amide followed by the O-silylation of the
adduct. Addition of excess chlorotrimethylsilane then affords the elimination of

hexamethyldisiloxane and the formation of product aminocarbene ensues.
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SiMe
) ~ 3
o 0 “c O
. Me3SiCl
M(CO),>  + )k — F{—~—NR'2 — R—~—NR'2
R NR'2 M(CO),, M(CO),,
Me,SiCl
- (Me3Si),0
M=Cr, n=5
M=Fe, n=4
NR',
n(OC)M
R
Scheme 4.3 Hedgedus synthesis of aminocarbene complexes

Since the synthesis of the first aminocarbene complexes, it was recognized
that these complexes are more stable than their alkoxy analogues. This was
ascribed to greater participation of the nitrogen lone pair compared to oxygen
in stabilizing the electrophilic carbene carbon atom. The observations of
Kreissl that [W(=CCgH4Me-4)Cp(CO),] reacts with hydrogen chloride to form
the acyl complex [W(n?-C(O)CH:>CsHsMe-4)Cp(CO)Clo]!"®, but the same
reagent with [W(ECNEt,)Cp(CO),] affords the aminomethylene complex
[W(=CHNEt,)CpCI(CO),]!""! confirmed the indications that amino substituents
could stabilize carbene ligands bound to mid-valent Group VI metal centres.

41.3 Binuclear aminocarbene complexes

After Fischer's first paper'® reporting the synthesis of several binuclear
alkoxycarbenes of the type [M2(CO)o{C(OR")R}] (M = Mn, Tc, Re; R = alkyl or
aryl; R' = alky)!'?, there was some uncertainty as to whether the carbene
ligand was in the equatorial or the axial position (Cs or C4 symmetry) relative
to the Mn-Mn bond when the carbene was bulky. X-ray crystal structure
determination of [Mny(CQO)s{C(OCH3)CeHs}] proved the carbene occupies the
equatorial position'?”.
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Post and Watters were the first to report the preparation and characterization
of methylaminocarbene of binuclear metal carbonyl complexes?'. From the
infrared and Raman data they obtained, they concluded that both complexes
[Mn2(CO)o{C(NHCH3)CHj3}] and [Re2(CO)o{C(NHCH3)CH3}] were equatorially
substituted. While the dirhenium aminocarbene could be isomerized into a cis-
trans mixture about the C-N bond, no trans dimanganese aminocarbene
complex could be isolated.

4.1.4 Focus of this study

In order to investigate the possibility of manipulating the orientation of carbene
ligands of the dimanganese carbene complexes synthesized in Chapter 2, the
aminolysis of these compounds were carried out.

After successful aminolysis with ammonia gas, the reactions were repeated
with the more bulky secondary amines, diethylamine and diisopropylamine.
These attempts did not prove possible, and could be explained by the
observation made by Werner®®. The mechanism proposed by Werner for
aminolysis involves more than one amine to activate the carbene carbon
atom. This implies that only small amines will affect this type of reaction in
already hindered carbene complexes. The reaction of the primary amine,
propylamine, more bulky than ammonia but small enough to be
accommodated as substituent on the carbene ligand of the binuclear
complexes, was then attempted and proved successful.

Once again, the rhenium analogues of the dimanganese monocarbene
complexes were also synthesized and characterized for comparison of the
steric and electronic properties of the amino-substituted carbene ligands.

Figure 4.1 illustrates the complexes synthesized in this chapter.
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S
oc /.wr} _ Y
OC/co oc io \@
co co
‘\\\\CO ‘\\\\co 10 v_s
C /‘ / C 11 Y=0
oc” L od Icl;
AN
Y \ NH,
N co co
Lo | co
8 M=Mn, Y=S S
9 M=Mn, Y =0 OoC /R‘e /Re CcO
12 M=Re, Y=S oc” L, oc ll
13 M=Re, Y=0 C\
Y \ NH
\ \/\
14 Y=5
15 Y=0

Figure 4.1 Binuclear aminocarbene complexes synthesized

4.2 Synthesis

Synthesis of the aminocarbene complexes was carried out as described by
Klabunde and Fischer!'?. A slow stream of ammonia was bubbled through a
solution of the binuclear ethoxycarbene complexes dissolved in diethyl ether
at room temperature. The colour of the solution changed rapidly from red to
orange. After thin layer chromatography confirmed that all the ethoxycarbene
complex had been converted, the solvent was removed and the
aminocarbene complexes were purified by column chromatography on
aluminium oxide, and complexes 8, 9, 12 and 13 were obtained in yields
greater than 85%.
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OEt NHR
J/ H,NR /
(OC)gMy——=C ——> (OC)gM,——C + EtOH
Y DEE Y
M = Mn, Re
Y=S§,0
R = H, propyl
Scheme 4.4 Aminolysis of binuclear ethoxycarbene complexes

The procedure was repeated, but instead of bubbling ammonia gas through
the solution, excess propylamine was added to the reaction mixture in ether,
to obtain the propylamine-substituted carbene complexes 10, 11, 14 and 15 in

yields ranging from 75 to 87%.

4.3 Characterisation

The aminocarbene complexes 8 - 15 were characterized spectroscopically in
solution and in the solid state by mass spectrometry and X-ray

crystallography.

4.3.1 NMR Spectroscopy

In the "H NMR spectra of the manganese complexes 8 - 11, the heteroarene
and amine protons are duplicated in a major and minor isomer. The same
duplication of carbon resonances was observed in the '*C NMR spectra for

these four complexes. We suspect that in solution, a mixture of the equatorial
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and axial isomers exists. However, it is unclear which set of signals belongs to

which isomer.

Both the 'H and *C NMR spectra of complex 8 and 9 were recorded in
acetone-dg, as no clearly resolved spectra could be obtained in CDCl;. The
rest of the complexes were analysed in the deuterated chloroform, and better
resolution was achieved than for 8 and 9. The same numbering system of the
carbon atoms and protons of the heteroarene substituents was used as

before.

4.3.1.1 '"H NMR Spectroscopy

The 'H NMR data of 8 - 15 are summarized in Table 4.1. For 8 and 9, the
major and minor isomers (duplication of signals) were easily distinguishable,
but the signals in the spectrum of 10 and 11 respectively were too broadened,
so that no J couplings, nor the duplication of the proton resonances of the

isomers were observed.

Figure 4.2 is an expansion of the aromatic region in the '"H NMR spectrum
recorded for 8, showing the duplication of the thienyl ring protons, the major
and minor isomer having different signal intensities. The N-H proton signals
overlap, so that assignment of the N-H protons of both isomers cannot be
done.

The broadening of signals in the spectra of 8 - 11 might be due to the
paramagnetic nature of Mn(0), possibly present as a decomposition product.
No consistent upfield or downfield shift of the chemical shift values of the ring
protons could be observed.
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Table 4.1 '"H NMR data of complexes 8 - 15
Complexes
Chemical shifts (8, ppm) and coupling constants (J, Hz)
CO CO Cco CO
\\\\\CO \\\\\CO ‘ \\\\\CO ‘ \\\\\CO
Assi t 0C—Mn Mh——CO 0C—Mn- Mh——CO
ssignmen
J oc/ io oc’ | oc (‘;O oc/l‘
C C
S—4 1\NH2 0—4 1\NH2
LN, LV,
4 4
8° 92
Proton Isomer a Isomer b Isomer a Isomer b
H3 7.81d (4.2) 7.95 7.50 6.79
H4 7.24d (4.4) 7.31 6.78 n.o.
H5 7.59d (2.1) 7.74 7.96 7.54
9.95, n.o. 10.49, 9.48, n.o.
-NH, 10.57,9.78 _ ,
signal overlap 9.90 signal overlap
/ CcO CcO /—
CO\\\CO TO\\\CO NH ‘~°\\\CO \\\ i / a
S s OC—Mn Mn——=C o
OC——NMn Mn _C1) s / ‘ /‘ Ty
Assignment oc/|oo oc/lo \ZD °¢ o ¢ co AW
10°
11°
Proton Peaks too broad to distinguish between isomers
H3 7.47 7.41
H4 6.82 6.75
H5 7.05 7.64
'NCH20H20H3 1.67 1.74
-NCHgCHzCHs 1.24 1.00
-NCH>CH>CHj5 0.96 0.84
-NH n.o. n.o.
a) Spectra recorded in acetone-dg b) Spectra recorded in CDCl;
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Table 4.1 contd.

'"H NMR data of complexes 8 - 15

Complexes
Chemical shifts (8, ppm) and coupling constants (J, Hz)
cO CO co CO
‘ &0 ‘\\\\\CO Lo | Lo
0C—Ré- Re——CO ‘ ——C
Assignment /‘ ‘
oc” L, od |C od” L, of
S—4 1\NH2 0—% 1\NH2
5 \ 3 5 \
4 4
122 13°
Proton o J o J
H3 7.60 (dd) 5.2,0.9 7.53 (dd) 5.0,1.6
H4 7.19 (dd) 5.0, 3.9 6.62 (dd) 5.0, 3.9
H5 7.58 (dd) 4.0,1.0 7.62 (dd) 3.8,1.8
8.32,8.14 8.87, 8.03
-NH, - -
(s, 8) (s, s)
CO CO CO CO
‘ $00 ‘ £O S0 | o
0C—Ré- Ré——CO C—Ré Re—C
OC/ C‘)O OC/l OC/ C‘)O OC/l(‘;
Assignment s—2/ "Ny o—2/ "Ny
5 \ 3 5 \ 3
4 4
14° 15°
Proton o J o J
H3 7.64 (dd) 5.0, 1.0 7.65 n.o.
H4 6.90 (dd) 5.0, 3.7 6.89 n.o.
H5 7.07 (dd) 3.6, 1.1 7.65 n.o.
-NCH2CH,CHj 1.18 (1) 7.0 1.24 n.o.
-NCH2CH,CHs | 166 (tt) 72,75 1.08 n.o.
-NCH2CH.CHs | 0.94 (1) 7.4 0.99 n.o.
-NH 8.52 (s) - 8.60 n.o.
a) Spectra recorded in CDCl;
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Figure 42 Expansion of the 'H NMR spectrum of 8 in acetone-ds

illustrating the presence of a major and minor isomer
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Figure 4.3 An expansion of the "H NMR spectrum of 13 in CDCl,

69



Chapter 4: Modifd SRS BYRdnEqtgHREtd — Bezuidenhout D | 2006

4.3.1.1  '3C NMR Spectroscopy

The C NMR data of 8 - 15 are reported in Table 4.2 and 4.3. Better
resolution of the signals was attained than for the '"H NMR spectra, with the
presence of a major and a minor isomer of the manganese complexes in
solution clearly visible in the spectra. No *C NMR spectra could be obtained
for 10 and 15 due to the decomposition of these complexes during spectrum
recording.

Figure 4.4 shows the mixture of isomers present in solution for 11, while the
absence of a duplicated set of signals is apparent when looking at Figure 4.5,
the "3C NMR spectrum of the dirhenium aminocarbene 14.
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Figure 4.4 '3C NMR spectrum of 11 in CDCls, displaying duplication of

carbon resonances for the two isomers
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Table 4.2 '3C NMR data of complexes 8, 9, 11 and 14
Complexes
Assignment 8° 9°
Isomer a Isomer b Isomer a Isomer b
Carbon 0 (ppm) 0 (ppm) 0 (ppm) 0 (ppm)
C1 269.6 262.6 275.4 267.6
Cc2 157.5 156.3 150.8 150.2
C3 133.8 135.9 121.0 117.3
C4 132.0 131.1 1171 116.9
C5 132.1 131.1 123.5 120.9
M(CO)4 227.8 226.4 233.6 229.1
M(CO)s 2257,223.9 | 224.7,222.8 222286'_45 Sigﬁ:fé\gﬁép
11°
Assignment 14°
Isomer a Isomer b
C1 255.1 241.8 239.3
Cc2 157.4 155.5 150.4
C3 122.7 115.7 127.0
C4 113.6 112.3 124.2
C5 145.4 143.5 128.2
M(CO)4 225.3 223.8 199.9
MCO) | gnal overap | signal overlap | 193911902
-NCH,CH>CHg; 55.0 53.3 56.5
-NCH>CH>CHj; 23.0 22.7 29.7
-NCH>CH>CHj; 11.1 10.8 10.9

a) Spectra recorded in acetone-dg
b) Spectra recorded in CDClj
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Table 4.3 '*C NMR data of complexes 12 and 13

Complexes?
Assignment
12 13

Carbon o (ppm) O (ppm)

C1 268.8 238.0

C2 166.7 n.o.

C3 131.6 126.0

C4 128.9 114.3

C5 130.8 145.8
M(CO)4 198.8 200.5
M(CO)s 196.2, 184.0 197.9, 184.8

a) Spectra recorded in CDCl;

239.2612
—199.8466
—193.8761

—190.2011

150.3702

—127.0473
—124.1810

1282129

!

240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90

(ppm)

Figure 4.5 '3C NMR spectrum of 14 in CDCl;
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A significant upfield shift of the chemical shift value of the C1 carbene carbon
atom resonance of Ad = 20 - 50 ppm is observed in all recorded spectra
(Table 4.2, 4.3), when compared to the ethoxycarbene analogues, although a
smaller upfield shift for the arene carbon atoms are seen. This is ascribed to
the greater ability of the nitrogen lone pair (compared to oxygen as
heteroatom in these Fischer carbene complexes) to donate electrondensity to
the electrophilic carbene carbon atom, stabilizing and shielding the nucleus.

On the other hand, a downfield shift of the terminal carbonyls is observed in
the case of 8 and 9, but for 10 - 14 the chemical shift values for the metal
carbonyls are comparable with their ethoxy analogues characterized in
Chapter 2, or previously reported in the case of the dirhenium compounds®.
A possible explanation could be found when looking at the X-ray structures of
8 and 9: the configuration of these complexes changed from axial
ethoxycarbenes to equatorial aminocarbene complexes. Complexes 10 - 15
retain the configuration shown originally in the ethoxy precursors, and their
carbonyl groups are fairly insensitive to changes of substituents on ligands.

4.3.2 IR Spectroscopy

The infrared spectra of 8 - 15 were recorded in dichloromethane, instead of
the usual hexane, due to the insolubility of these aminocarbene complexes in
hexane. The theory of the v¢o vibrations of bimetal nonacarbonyl compounds
was discussed in Chapter 2. For the eg-[My(CO)oL] complexes with Cs
symmetry, a nine band pattern is expected in the IR spectrum, while five
bands are expected for the ax-[M2(CO)¢L] displaying C,, symmetry. The five
band pattern was observed for both 10 and 11, the propylamine-substituted
carbene complexes of dimanganese (Table 4.4). This indicated that the
complexes retained their axial configuration during the nucleophilic

substitution reaction.
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Table 4.4 IR data in the carbonyl region of 10, 112

Carbonyl stretching frequencies (vco, cm™) for pseudo-Cy,
Complex symmetry of ax-[Mn,(CO)q(carbene)]
A1 (1) A1 (2) E(1) A1 (3) E(2)
10 2083 (w) 2029 (m) 1985 (vs) 1975 (s) 1926 (m)
11 2082 (m) 2012 (s) 1984 (vs) 1957 (s) 1928 (m)

a) DCM as solvent

In the case of 8, 9, 12 - 15, the IR spectrum displayed only six bands, two of
which are strong (Table 4.5). The observation of only six bands instead of the
expected nine pattern for the Cs symmetry of an equatorially substituted
[M2(CO)oL], can be explained by the following factors. In the first case, band
overlap of the bands could have occurred due to solvent interaction. The
assignments of the carbonyl stretching frequencies made in Table 4.5 are
done as if this was the case. On the other hand, the solvent hexane is more
inert towards the vibrational modes of the compounds and displays a greater
resolution power in the spectra. In a non-polar hexane solution, the
degeneracy of the band can be lifted, leading to the splitting of bands into two
separate bands of different vibrational frequencies®¥. Therefore, in the polar
dichloromethane solvent fewer bands will be seen as when the spectrum is
recorded in hexane. According to the rules specified by Nakamoto, if the A’
and A" vibrational modes become degenerate in dichloromethane, the
resulting band can be assigned as an A" mode. The same scenario was
observed recently in our laboratories’®, when the IR spectrum of a [M(CO)sL]
complex was recorded in dichloromethane. Recording the spectrum of the
same compound in hexane led to the splitting of the E-band observed in
dichloromethane into two separate bands as the degeneracy associated with
the E-band was lifted.
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Table 4.5 IR data in the carbonyl region of 8, 9, 12 - 152

Carbonyl stretching frequencies (vco, cm™) for Cs- symmetry of
eq-[M2(CO)g(carbene)]
Complex

A1) A'(A2')( ;nd A"(Alz:;nd A"(2) A'(5) A'SS')( g)nd
8 2084 (s) | 2013 (s) | 1987 (s) | 1979 (s) | 1960 (m) | 1937 (m)
9 2082 (m) | 2012 (s) | 1984 (vs) | 1977 (s) | 1956 (m) | 1935 (s)
12 2099 (w) | 2035 (m) | 1992 (vs) | 1984 (s) | 1961 (m) | 1932 (s)
13 2098 (w) | 2034 (m) | 1990 (vs) | 1983 (s) | 1958 (m) | 1931 (s)
14 2098 (w) | 2034 (m) | 1992 (vs) | 1982 (s) | 1959 (m) | 1928 (m)
15 2098 (w) | 2033 (m) | 1990 (s) | 1982 (s) | 1958 (m) | 1930 (s)

a) DCM as solvent

In the case of the dirhenium monocarbenes, all complexes show an
equatorial configuration, but the amino-substituted dimanganese
monocarbenes display equatorial configuration while the propylamine-
substituted complexes are seen to be axially substituted.

Post and Watters reported the N-H vibrational frequencies obtained in the
solid state’®'!. For their dimanganese and dirhenium aminomonocarbene
complexes, two N-H stretch bands were observed in the region 3330 -
3405 cm’', assigned to a cis and trans configuration respectively, with the
cis N-H stretch occurring at a higher wavenumber. Also observed were the
N-H bend vibrational frequencies in the region 1530 - 1575 cm™. When
inspecting the IR spectra recorded in solution for 8 - 15, very weak N-H
stretch bands were seen for 8, 9, 11 and 13 as listed in Table 4.6, but the
N-H bands of the rest of the synthesized compounds were too weak to be
observed in solution. No signal for the N-H bend was observed.
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Table 4.6 N-H vibrational frequencies in the IR spectra of binuclear

aminocarbene complexes?

N-H stretch

(cm™) 8 9 11 13

cis N-H 3453 | 3473 | 3393 | 3479

fransN-H | 3328 | 3348 | 3316 | 3351

a) DCM as solvent

@

NHR NHR NHR
© J S / /
M]——C D [M]— > M]l—C
M—c ‘N M=c_

R 8 R

| 1 1l
Figure 4.6 Limiting structures for carbene complexes

The structure of carbene complexes may be understood in terms of three
limiting forms (I, Il and lll) that contribute to the stabilization of the formally
electron-deficient carbene carbon (Figure 4.6). In limiting structure | the
substituent R serves as a m-donor, while in limiting structure Il substituent Y
serves as a 1-donor. Limiting structure lll is stabilized by 1-donation from the
metal. Structural evidence®®?! led to the assumption that amine substituents
are better 1T-donors than ethoxy substituents. Therefore the contribution of
limiting structure | becomes more important where amine substituents are
concerned, while metal 1T-donation is a larger contributing factor in the case of
ethoxy substituents. Aryl substituents are generally poor 1r-donors to the
carbene carbon and as a result carbene complexes with aryl substituents
must either have substantial 1-donation from the other substituent or a

substantial contribution from limiting form Ill. Carbene complexes with -
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donor substituents (structures | and II) will have low M-C(carbene) bond
orders and longer M-C(carbene) bond distances. The opposite is true for
complexes with poor m-donor substituents (structure lil).

Transition metal carbonyl bonds can be described as two resonance
structures (Figure 4.7). In the case of the ethoxycarbene complex, metal 1-
donation is necessary to stabilize the electrophilic carbene carbon.
Backbonding from the metal to the carbonyl carbon decreases, hence
decreasing the M-C(carbonyl) bond order and simultaneously increasing the
C(carbonyl)-O bond order. For aminocarbene complexes, less metal -
donation to the carbene carbon is necessary since the amine substituent
stabilizes the carbene carbon. Backbonding from the metal to the carbonyl
carbon increases resulting in a higher M-C(carbonyl) bond order and a
decrease in the C(carbonyl)-O bond order. This explains the lower stretching
frequencies observed on the spectra of complexes 10 and 11 compared to
those of the ethoxycarbene complexes 2 and 3, which is especially

pronounced in the vibration wave number for the E(1) and E(2) bands.

@) @
M=—C=—7—=0O - M—C=0

Figure 4.7 Resonance structures for M-C-O bonds

4.3.3 Mass Spectrometry

The mass spectral data of the aminocarbenes are summarized in Table 4.7
for the dirhenium compounds, and in Table 4.8 for the dimanganese
complexes. In the case of 14 and 15, no molecular ion peak was observed,
and little information about the fragmentation pattern could be obtained. For
the rest of the complexes, however, clear fragmentation patterns can be
distinguished (Scheme 4.5, 4.6).
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Table 4.7 Mass spectral data of the dirhenium aminocarbene complexes®

Complex m/z Intensity (%) Fragment ion

736 7 [M]*

12 409 52 [M — Re(CO)s]™
381 13 [M - Re - 6CQOJ]"
719 19 [M]*
664 7 [M - 2COJ*

13 636 6 [M - 3COJ*
393 94 [M — Re(CO)s]*™
365 24 [M — Re - 6CQO]"
337 6 [M - Re -7CQOJ"

a) No [M*] was observed for 14 and 15

The dirhenium aminocarbene complexes (12, 13) lose the [Re(CO)s]*-
fragment by Re-Re bond cleavage first, followed by the loss of two further
carbonyl ligands. This is the preferred fragmentation route, as seen by the
intensities of the [M — Re(CO)s]™" fragment ion observed. The second route is
the stepwise loss of carbonyl ligands after which the [Re(CO)s;"-fragment is
lost. The unusual fragmentation of the carbene ligand was not observed for

the manganese analogues.

For the dimanganese aminocarbene complexes, no Mn-Mn bond breaking
and loss of the Mn(CO)s*-fragment ion can be seen. This can be ascribed to
the much shorter Mn-Mn bondlength due to the smaller atomic radii of the
manganese atoms when compared to rhenium. Instead, carbonyl ligands are
lost first, followed by the carbene ligand. Subsequent loss of carbonyl ligands
then continue until only a Mny(CO)s-fragment remains. The other possible
route is the fragmentation of the carbene ligand first, and then the stepwise
fragmentation of carbonyl ligands. This early loss of the complete carbene
ligand is an unusual feature in the mass spectrometry of carbene complexes.
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Table 4.8 Mass spectral data of the dimanganese aminocarbene
complexes
Complex m/z Intensity (%) Fragment ion

473 4 MI*
429 59 [M — CO — NHJ*

8 362 192 [M — (carbene)]”
278 44 [M —3CO — (carbene)]”
222 9 [M —5CO — (carbene)]”
457 22 [M]
401 14 [M-2COJ*
345 10 [M —4COJ*

° 306 15 [M — 2CO — (carbene)]*
278 o7 [M — 3CO — (carbene)]”
250 37 [M — 4CO — (carbene)]*
222 26 [M —5CO — (carbene)]*
194 26 [M — 6CO — (carbene)]*
515 - [M]* n.o.

10 459 38 [M - 2COJ*
306 19 [M — 2CO — (carbene)]*
499 12 [M]"
304 100 [M — 2CO — (carbene)]*

. 278 32 [M — 3CO — (carbene)]*
250 42 [M — 4CO — (carbene)]*
222 29 [M — 5CO - (carbene)]”
194 31 [M —6CO — (carbene)]"*
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N - Re(CO
[Re,(CO)q(carbene)] e(CO)s [Re(CO),4(carbene)]*
-4CO -4CO
stepwise stepwise
—_— [Re(carbene)]”
[Rex(CO)s(carbene)] Re(CO)s
Scheme 4.5 Fragmentation routes for [Re>(CO)q(carbene)]

[Mn,(CO)gy(carbene)]”

4CO
Carby Nﬁmse

[Mn,(CO)s(carbene)]”

[Mn,(CO)q
l l - carbene

- 6CO

stepwise [Mn2(CO)s]*

SN /200
stepwise
[Mn,(CO),]"
Scheme 4.6 Fragmentation pattern for [Mn,(CO)q(carbene)]

4.3.4 X-Ray Crystallography

Single crystal X-ray diffraction studies confirmed the molecular structure of
complexes 8, 9 and 11. The X-ray structures corroborated the observations
made from the infrared data: the dimanganese propylaminecarbene
complexes have an axially substituted carbene ligand, while the dimanganese
aminocarbene has an equatorial configuration. The complexes crystallized
from a dichloromethane:hexane (1:1) solution by layering of the solvents,
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yielding light orange crystals for 8, 9 and 11 of good quality. Figures 4.8, 4.9
and 4.10 represent the ORTEP®! + POV-Ray® plots of the geometry of
these complexes. Once again, the same atom numbering system is used as
employed in the previous chapters.

All three complexes crystallize in the monoclinic system, space group P2/c
with four molecules in the unit cell. Selected bond lengths and angles
determined for the complexes are tabulated in Table 4.9 and 4.10
respectively, whilst the most important torsion angles are listed in Table 4.11.
The complete crystallographic data of 8, 9 and 11 are listed in Appendices 5,
6 and 7 respectively.

The average Mn-CO and Mn-Mn bond lengths of all three complexes are very
similar to that of the ethoxycarbene precursors (Table 4.9). The Mn-
C(carbene) bond length for 8 (2.019(3)A), 9 (2.0275(16)A) and 11 (1.994(5)A)

°

is significantly longer than the corresponding distance in 2 (1.933(7)A) and 3
(1.932(2)A), indicating a weaker Mn-C(carbene) bond due to less back
bonding from the Mn metal centre to the carbene carbon. A very short
C(carbene)-N bond length [ 8 (1.315(4)A); 9 (1.310(2)A; 11 (1.351(12)A)]
indicates double bond character and implies a high degree of electron
donation from the nitrogen lone pair to the electrophilic carbene carbon®.
This is also evident from the chemical shift of the carbene carbon atom at 269
ppm for 8, 275 ppm for 9 and 255 ppm for 11 compared to 307 ppm for 2 and

301 ppm for 3.

The Mn-C(carbene) bond is also slightly shorter for the axial carbene ligand in
11 compared to the equatorial carbene ligands of 8 and 9. This means that
the carbene carbon in the axial position must participate more in TI-
backbonding, due to the metal-metal bond frans to it, compared to when
carbonyl ligands are trans to the carbene ligand in the equatorial position. As
a result of this, the nitrogen atom in the axial carbene ligand shows less
participation in the stabilization of the carbene carbon, as indicated by the

slightly longer C(carbene)-N bond length of 11 than for 8 or 9.
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Figure 4.8 ORTEP + POV-Ray plot of the geometry of complex 8

Figure 4.9 ORTEP + POV-Ray plot of the geometry of complex 9
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Figure 4.10 ORTEP + POV-Ray plot of the geometry of complex 11

In contrast to the dimanganese ethoxycarbene 2 and the cleaved iodo-
monomanganese carbene complex 7, the thienyl ring of 8 is not close to being
coplanar with the plane of the bonding geometry about the carbene carbon.
The dihedral angle between the least-squares planes through (S(1), C(11),
C(12), C(13) and C(14)) and through (C(10), C(11), N(1) and Mn(2)) is
39.7(1)°.The carbene ligand is in the preferred equatorial position, but to
occupy this position, a deviation out of the plane is necessary to fit the thienyl
S between the two closest carbonyl ligands C(6)-O(6) and C(7)-O(7). This
deviation was also seen for the phenyl ring reported by Huttner and Regler for
the eg-[Mn,(CO)s{C(OMe)Ph}] complex?®l. The same is true for the furyl ring
of complex 9, but not 11. The axial carbene ligand of the latter complex has

enough space to adopt the preferred planar conformation.

From the X-ray crystal structure of 11, a major and minor component was
observed due to rotation of the propylamino-substituent around the N(1)-C(15)
bond, such that the torsion angles of {C(9)-Mn(2)-C(10)-N(1) and C(8)-Mn(2)-
C(10)-N(1)} for the two components are {26.5(11) and -64.8(11)°% and
{67.2(11) and -24.1(11)} respectively. The dihedral angles between the least-
squares plane through (O(10), C(11), C(12), C(13) and C(14)), through
(C(10), C(11), N(1), or Mn(2)) and (C(10), C(11), N(1a) and Mn(2)) are
12.9(5)° and 9.5(6)° respectively. This means that the furyl ring is close to
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being coplanar with the plane of the bonding geometry about the carbene
carbon, similar to the axial complexes 2 and 3. The plane of the carbene
carbon, furyl ring and nitrogen is approximately perpendicular to the equatorial
plane of carbonyl ligands [C(10-Mn(2)-CO (92 - 95°)] and is in an intermediate
position between the carbonyl ligands around Mn(2), as is evident from the
torsion angles of -47.3(5)° and 42.5(5)° for C(6)-Mn(2)-C(10)-C(11) and C(7)-
Mn(2)-C(10)-C(11) respectively. As seen for the other axial binuclear carbene
complexes (Chapter 2), the carbene ligand is in the cis configuration about the
C(carbene)-N bond in 11.

Table 4.9  Selected bond lengths of 8, 9 and 11

Bond Lengths (A)
Atoms
8(Y=9) 9(Y=0) 11 (Y=0)
Mn(1)-C(1 1.820(4) 1.8106(9) 1.798(5)
Mean Mn(1)-C(x)
1.843(4) 1.847(2) 1.844(6)
(x=2,3,4,5)
Mn(1)-Mn(2) 2.9280(6) 2.9331(4) 2.9190(9)
Mean Mn(2)-C(x)
(x=7,9) for 8,9 1.845(3) 1.8435(18) 1.834(6)
(x=6,7,8,9) for 11
Mn(2)-C(10) 2.019(3) 2.0275(16) 1.994(5)
C(10)-N(1) 1.315(4) 1.310(2) 1.351(12)
C(10)-C(11) 1.464(4) 1.452(2) 1.454(6)
C(11)-C(12) 1.496(4) 1.344(3) 1.329(7)
C(12)-C(13) 1.431(5) 1.414(3) 1.424(8)
C(13)-C(14) 1.321(7) 1.304(4) 1.312(9)
Mn(2)-C(6) 1.790(3) 1.7928(19) -
Mn(2)-C(8) 1.836(3) 1.8355(19) -
Y-C(11) 1.690(3) 1.376(2) 1.376(6)
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Table 4.10 Selected bond angles of 8, 9 and 11

Bond Angles (°)
Atoms
8(Y=9) 9(Y=0) 11 (Y=0)

Mn(2)-C(10)-N(1) 125.7(2) 124.59(14) 124.1(7)
N(1)-C(10)-C(11) 109.8(3) 111.20(15) 111.9(6)
C(11)-C(10)-Mn(2) 124.4(2) 124.10(11) 122.2(3)
C(11)-Y-C(14) 93.09(19) 106.72(17) 107.0(5)
Y-C(11)-C(12) 111.5(2) 107.91(16) 108.2(4)
Y-C(14)-C(13) 113.2(3) 111.0(2) 110.3(6)
Y-C(11)-C(10) 122.8(2) 116.64(15) 118.0(4)
C(12)-C(13)-C(14) 116.8(4) 106.7(2) 106.4(6)
C(11)-C(12)-C(13) 105.4(3) 107.7(2) 108.0(5)

Complex 8 did not display major and minor components with the carbene
ligand differing in orientation, unlike the disorder observed for 2 and 7. This
can be ascribed to the fact that the spatial similarity between the nearly
coplanar ethoxy group and thienyl ring in the carbene ligand in both 2 and 7 is
not present in the carbene ligand of 8. The small NHz-group of 8 and 9 can be
accommodated adjacent to the carbonyl ligands C(2)-O(2), C(3)-O(3) and
C(9)-O(9) in the equatorial plane. In 2 and 3, with the carbene ligand adopting
a trans-configuration about the C-O bond, the ethoxy group is too bulky to be
accommodated and the carbene ligand is forced to occupy the axial position.
This is also true in the case of 11: the steric hindrance caused by the bulkier
propylamine group forces the carbene ligand in the axial position, as it cannot
be accommodated between the carbonyl ligands of the neighbouring metal
centre. This is illustrated by the space-filling model of 9 in Figure 4.11 and 11
in Figure 4.12. Figure 4.11 shows the NH. group (N(1), H(1a), H(1b)) in
relation to the adjacent carbonyl (C(9), O(9)) on Mn(2) and the adjacent
carbonyl (C(2), O(2)) on Mn(1).
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Table 4.11 Selected torsion angles of 8, 9 and 11
Aloms Torsion Angles (°)
8(Y=9) 9(Y=0)
Mn(2)-C(10)-C(11) -142.7(2) 12.3(3)
Mn(2)-C(10)-C(11)-Y 38.8(3) -171.13(12)
C(9)-Mn(2)-C(10)-N(1) 10.4(3) 9.92(16)
C(7)-Mn(2)-C(10)-N(1) - 160.4(3) -161.13(16)
Mn(1)-Mn(2)-C(10)-C(11) 106.7(2) -70.79(14)
C(8)-Mn(2)-Mn(1)-C(5) -40.16(16) - 40.64(9)
C(9)-Mn(2)-Mn(1)-C(5) 49.18(15) 47.46(9)
Atoms 11 (Y=0)
C(9)-Mn(2)-C(10)-N(1) 26.5(11)
C(8)-Mn(2)-C(10)-N(1) - 64.8(11)
Mn(2)-C(10)-C(11)-C(12) 4.5(10)
Mn(2)-C(10)-C(11)-Y -174.4(4)
C(8)-Mn(1)-Mn(2)-C(6) 44.6(2)
C(6)-Mn(2)-C(10)-C(11) - 47.3(5)
C(7)-Mn(2)-C(10)-C(11) 42.5(5)

As can be seen from Figure 4.10, the nitrogen atom is orientated away from
the adjacent carbonyl ligands. Steric hindrance is caused by the CH.-group
bonded to the nitrogen. Figure 4.12 illustrates the major component (C(15),
H(15a), H(15b)) of the CH. of the disordered propylamine group in relation to
the adjacent carbonyls (C(6),0(6) and C(7), O(7)) on Mn(2). The carbonyl
(C(3), O(3)) is also shown space filled.
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Mn(2)
staggered l
carbonyl
ligands

NH>

Mn(1)

Figure 4.11 Space-filling model of 9 illustrating position of substituent NH,-
group on eg-carbene ligand

Mn(2)

/

CHa-group of

staggered propylamine

carbonyl
ligands

!

Mn(1)

Figure 4.12 Space-filling model of 11 illustrating position of substituent

propylamine on ax-carbene ligand

The torsion angles C(3)-Mn(1)-Mn(2)-C(6) for 11 is 44.6(2)°, similar to that of
2 and 3 (46.0(3)° and 45.97(10)°). For 8 and 9 the analogous C(8)-Mn(2)-
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Mn(1)-C(5) torsion angles are -40.16(16)° and -40.64(9)° respectively. This
indicates that the carbonyl ligands on adjacent manganese atoms are more
staggered in 11, the axially substituted binuclear carbene. 8 and 9 have a
more eclipsed carbonyl conformation, but it is still significantly more staggered
than the dirhenium monocarbene complex 5 (Chapter 2), with C(3)-Re(1)-
Re(2)-C(8) -30.93(19)°, due to the shorter Mn-Mn bond length.

When looking at the bonding geometry of the free thiophene and furan, and
comparing it with the thienyl and furyl rings of 2, 3, 8, 9 and 11, it can be seen
that the bond lengths of the aminocarbene complexes 8 and 9, and especially
11, more closely resemble that of the free heteroaryls (Table 2.8, 2.9 and 4.9).
However, the bond angles of 2 and 3 are closer to the angles of the
uncoordinated rings than 8, 9 or 11 (Table 4.10). The high degree of electron
donation from the nitrogen lone pair to the electrophilic carbene carbon means
that there is less need for ring involvement in stabilizing the carbene carbon,
so that the bonding lengths of the aminocarbene aryl rings are closer to that of
the free rings. However, carbene ligands of these aminocarbene complexes
are not coplanar with the plane of the bonding geometry about the carbene
carbon, and the rings are twisted to fit in between the carbonyl ligands on the
adjacent manganese atom. Presumably, that explains the unusually long
C(11)-C(12) bond length (1.496(4)A) observed for 8. This means that the
bonding angles in these heteroaryl substituents will differ more significantly
from the uncoordinated heteroaryls than the ethoxycarbene complexes.

4.4 Conclusions

Complexes 8 - 15 were synthesized and characterized spectroscopically, and
final confirmation of the structures of these complexes in the solid state
determined by X-ray diffraction. All the dirhenium aminocarbene complexes
(12 - 15) were found to have the carbene ligand in an equatorial position, the
Re-Re bond long enough to allow even bulky substituents on the carbene to

be accommodated between the carbonyl ligands on the adjacent rhenium
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atom. The dimanganese aminocarbenes (8, 9) with an NH.-group also have
equatorial carbene ligands, but the bulky NH(CzH;)-substituted complexes
(10, 11) retain the axial configuration of their ethoxy precursors.

As proposed in Chapter 2, the position of the carbene ligand in
[Mn,(CO)g(carbene)] complexes are determined by steric factors, due to the
limitation of the short Mn-Mn bond. Bulky -OEt and -NH(CsH7) cannot be
accommodated in an intermediate position between the adjacent carbonyl

ligands, and therefore force the carbene ligand in an axial position.

The aminocarbene ligand is a weak Ttr-acceptor with the electrophilic carbene
carbon atom stabilized predominantly by electron donation from the nitrogen
lone pair. The aminocarbene ligand would therefore preferentially occur at an
equatorial position trans to a carbonyl ligand (a better m-acceptor ligand) in
the electronically favourable position, unless forced by steric reasons into the
axial position. On the other hand, the ethoxycarbene ligand is a better -
acceptor ligand in [Mny(CO)g(carbene)] complexes, and can be better
stabilized in an axial position. It is therefore possible to manipulate the
position of the carbene ligand merely by varying the steric effects of the
substituent on the carbene ligand. An attempt at aminolysis with an
diethylamine and diisopropylamine did not prove successful, and it seems
sterically not possible to accommodate a secondary amine substituent on the
carbene ligand, even in the axial position.
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Kinetic Investigation
of Aminolysis
Reaction

5.1 Background

5.1.1 Overview

The carbene carbon of Fischer type carbene complexes is electrophilic in
nature!! and undergoes facile substitution of the alkoxy group with
nucleophiles such as OH", water, MeO~, amines, thiolate ions, carbanion and
otherst? 9,

The first extensive kinetic investigation of the aminolysis of alkoxycarbene
complexes was carried out by Werner and Fischer®. They studied the
reaction of [Cr(CO)s{C(OMe)Ph}] with the primary amines RNH, (R = n-C4Ho,
CsH11, CH2Ph), and followed the reaction by UV-visible spectrophotometry in
n-decane, dioxane, methanol and dioxane:methanol (1:1) solvent systems at
various temperatures. They found that the formation of the aminocarbene
complexes [Cr(CO)s{C(NHR)Ph}] follows the fourth-order rate law:

d[aminocarbene]
dt

= k4 [alkoxycarbene] [RNH5] [HX] [Y]
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where HX and Y represent proton-donating and accepting agents,

respectively. The specific species HX and Y within a given solvent system,
along with the postulated mechanism are shown in Scheme 5.1. The

activation of the amine by way of an external proton accepting agent Y was
assumed to be the cause of the negative entropy of activation.

H-X
,/O-CH3 .+ HX ® /O-CH3
(CO)sCr=C, (CO)sCr—C
Ph Ph
+ (RHNH---Y)
Y
4
H-X
R\’L/H ;
" a0 CHa
(CO)sCr—_C.
o
Yo o “ Y
o | H
H H H-x
R\\N/ I’I R\\N/ ,
®| O -CHjg ) ®| <O-CHg
(CO)sCr—C. (CO)sCr—-C.,
“Ven o
vy
I
H H |'_|
Ny M
@| ,0-CHj, - (COBCr=—=C,
e 1 Ph
(CO)Cr—C,
Ph

+CH3O0H + HX + Y

Scheme 5.1 The mechanism of the aminolysis of [Cr(CO)s{C(OMe)Ph}] in
polar and nonpolar solvents (n-decane, HX and Y = RNHy;

dioxane, HX = RNH,, Y = C4HsO> or RNH5; methanol, HX =
MeOH or RNH,, Y = RNH, or MeOH).
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More recent kinetic studies on aminolysis of alkoxycarbene complexes are
included in the work of Bernasconi and Ali®?°?2]. They found that the second-
order rate constant (ks, m's™) increases with amine concentration, giving a
linear dependence with a tendency towards levelling off at higher amine
concentration. They proposed that the reaction undergoes base catalysis, with
a mechanism very similar to those for ester reactions, involving a nucleophilic
addition of amine to the substrate to yield a zwitterionic tetrahedral
intermediate in the first step, followed by deprotonation. In the third step, the
intermediate is converted to product by water and/or conjugate acid of the

base.

5.1.2 Focus of this study

The aminolysis reaction of the ethoxycarbene complexes synthesized in
Chapter 2, with the amines ammonia and propylamine, was investigated.

0C—Mn———Mh——C

/S °
EESE(Q)/ ¢ co * o \E} NH;CH,CH,CHs
DEE
3 \

CcO coO
CcO cO CcO CO I
’ | O L0
R R Y

Mh——CO 4+ EtOH

OC—Min: Nin

—C o
o L, of | v/
e
/ + EtOH
9 11

Figure 5.1 Reactions to be studied kinetically via UV-visible

spectrophotometry
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The aim was to elucidate the reaction mechanism of the nucleophilic
substitution of -OEt by -NHR in the reaction solvent diethyl ether, as well as to
identify intermediates formed, which could then possibly explain the axial-
equatorial isomerization observed during reaction with the very small amine
NHs.

5.2 Electronic Spectra

Three intense bands are present on the UV-spectrum of thiophene in the gas
phase at 240 nm, 207 nm and 188 nm. Two bands, at 215 nm and 231 nm,
are observed on the spectrum of thiophene in solution®®!. Substituents on the
ring have an influence on the position of these bands, depending on the ring
position of the substituent. Furan also exhibits two bands in solvent
dichloromethane (232 nm, 283 nm) and hexane (244 nm, 277 nm)***!, but only

one band is observed in ethanol (208 nm)?#°!,

The UV-visible spectra of the complexes 2, 3, 8 - 11 were recorded in diethyl
ether, the solvent employed in the aminolysis reaction. The electronic data of
these complexes are summarized in Table 5.1, and the electronic spectrum of

complex 3 is presented in Figure 5.2.

Table 5.1 UV-visible data of complexes 2, 3, 8 - 11 recorded in diethyl

ether
Complex Colour Ligand - m* Metal-ligand
transition (A, nm) | transition (A, nm)
2 orange-red 276, 350 414
3 orange-red 300, 350 396
8 yellow-orange 308, 346 436
9 yellow-orange 292, 346 442
10 yellow-orange 278, 354 436
11 yellow-orange 282, 354 442
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Figure 5.2 UV-spectrum of 3

All complexes exhibit strong ligand-based absorption bands between 242 -
253 nm. Two intense characteristic absorption bands with Anax in the range
276 - 354 nm are the thiophene/furan-based m-1* transitions. Coordination to
metal fragments shift these bands to higher wavelengths, indicating
interaction of the metal carbene -system with that of the heteroaryl
substituent®*?®. The energies of the T-T* transitions in the heteroarenes are

reduced.

The absorption band at lower energy is assigned to a d-p metal-to-ligand

211 The metal donates electrons to the

charge transfer (MLCT) transition!
empty p-orbital of the carbene carbon in the excited state whilst the
heteroatom bonded to the carbene carbon atom acts as a m-donor towards
the metal in the ground state (Figure 5.3). Since the colours of these
complexes are characteristic to the number of metal moieties coordinated to
the ligand the values of this transition are very similar for different
monocarbene complexes of Cr, W and Mo of an orange-red colour®*2®! with
absorption energy ranging from 460 - 493 nm in these complexes. In the case

of the dimanganese monocarbene complexes synthesized, these bands are
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slightly overlapped by the - m* transition bands, but can be distinguished as
distinct shoulders.

@

X X
- S Ground
(0C)sM—= (OC)sM state
R R

hv
MLCT\\ X
(OC)S%% Excited
R state

Figure 5.3 Ground and excited states in Fischer carbene complexes

5.3 Kinetic Investigation

The aminolysis reaction of 2 converted into 8, 10 and 3 into 9, 11 can be
studied by spectroscopic techniques, as conversions are associated with
major spectral changes. In essence, no differences in the general kinetic
behaviour of 2 and 3 were observed. Since the same reaction occurs for both
complexes 2 and 3, our kinetic investigations focused on 3 and its converted
products. Aminolysis reactions of 3 were studied, employing two different
amines: ammonia, which yields equatorially substitued 9, and propylamine,

which yields 11, an axially substituted complex.

The UV-vis spectrum of 3 in diethyl ether display maxima at 300, 350 and 396
nm, and minima at 270, 318 and 384 nm. For 9 and 11, the maxima are 292,
346, 442 nm and 282, 354, 442 nm respectively, while the minima are 272,
318, 408 nm and 286, 320, 412 nm respectively. The nucleophilic substitution
of the ethoxy group by an amine group during the conversion of 3 into 9, 11 is
accompanied by characteristic changes in the spectra, as indicated by a
decrease in the intensity of the band at 350 nm, shift of the shoulder
maximum at 396 nm to 442 nm, and the shift of the maximum at 300 nm to
292 nm and 282 nm for 9 and 11, respectively.
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Figure 5.4 Repetitive scan spectra recorded for the conversion of 3 to 9 at
25°C, experimental conditions [3] = 5.70x10°M, tior = 10200 s
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Figure 5.5 Repetitive scan spectra recorded for the conversion of 3 to 11 at
25°C, experimental conditions [3] = 4.50x10°M, tioa = 14400 s
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The progress of the reaction was therefore monitored by the increase and
decrease of the -1* ligand transitions and MLCT bands over the range 220 -
600 nm. The repetitive scan spectra recorded for the conversion of 3 to 9 is

shown in Figure 5.4, and in Figure 5.5 for the propylamino-analogue 11.

The spectra exhibit two initial isosbestic points at 288 nm and 452 nm, and
286 nm and 458 nm for 3 converted to 9 and 11 respectively. No calculations
of the isosbestic points were done, due to the decomposition that occurred
after approximately 4000 s, causing a drift of the isosbestic points.

For both reactions studied, the concentration of the amine reagent was always
in great excess compared to that of the parent ethoxycarbene reagent, so that
the kinetic experiments were conducted under pseudo-first order conditions,
with the carbene complex as the minor component at 25°C. Typical substrate
concentrations were (3.0 - 6.0) x 10° mol.L™" while the amine concentrations
varied for [NHs] = (1.08 - 10.8) x 102 mol.L™ and [propylamine] = (3.04 -
12.20) x 102 mol.L". The pseudo-first-order rate constants (Kops, S') were
obtained by fitting the kinetic absorbance-time traces (measured at
wavelengths 348 nm for 9 and 354 nm for 11) with a suitable computer-fit

program (See Section 6.2.6 in Chapter 6).

Table 5.2 lists data obtained for the reaction of 3 converted to 9 in ether at
different concentrations of ammonia, and for the analogous conversion into 11
at different concentrations of propylamine. The values listed in Table 5.2 are
the average values obtained of at least four kinetic traces, but the
irreproducibility of these measurements, caused by the decomposition of the
complexes, rendered fitting of the kqps vs [amine] graphs difficult.

In both cases, the observed pseudo-first order rate constants, kqps, Showed a
non-linear dependence on amine concentration (Figure 5.6 and 5.7),
indicating a change in the order of the reaction from second- or mixed order to
first-order in amine concentration®®. When plotting the values of ks Obtained

for these reactions against [amine]?, a seemingly linear dependence was
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obtained (Figure 5.8, 5.9). This indicated that k.ps is the second-order rate
constant. In all graphs, a zero point was added for aiding the fitting of the

plotted data points.

Table 5.2 Kinetic data for the influence of the concentration of the amines

on the aminolysis reaction in diethyl ether at 25°C.

Conversion of 3t0 9 Conversion of 3 to 11
[3] = 5.70x10°M [3] = 4.50x10°M
[NH3] (mol.L'" Kobs (S™) [propylamine] (mol.L™) Kobs (S™)
1.08x102 3.26x10™ 3.04x1072 5.79x10™
2.16x1072 6.89x10™ 6.08x1072 2.35x10°
5.40x1072 2.09x10° 9.12x1072 5.98x10°
7.20x1072 6.92x10°° 1.22x10"" 1.18x1072
8.64x1072 1.00x1072 - -
1.08x10" 2.10x1072 - -
0,024
L
0,019
00141
_;‘3 0,009 - ¢
0,004 -
*
0001 £ ‘ | | |
0 0,02 0,04 0,06 0,08 0,1 0,12
[NH;] (M)

Plot of kops Vs [NH3] for the reaction between ammonia and 3 in
diethyl ether at 25°C

Figure 5.6
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Figure 5.7 Plot of keps vs [propylamine] for the reaction between

propylamine and 3 in diethyl ether at 25°C
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Figure 5.8 Plot of ks vs [NH3]? for the reaction between ammonia and 3 in
diethyl ether at 25°C
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Figure 5.9 Plot of kos Vs [propylamine]? for the reaction between

propylamine and 3 in diethyl ether at 25°C

5.4 Conclusions

These results would indicate a second-order reaction, involving at least two
amine molecules during the aminolysis reaction. It was not possible to study
the temperature or pressure dependence of these reactions, due to
experimental difficulties associated with diethyl ether as solvent. The low
boiling point and vapour pressure of ether, as well as its reaction with the
plastic chambers within the high-pressure stopped-flow spectrophotometer,
rendered the results obtained irreproducible. Another very important
contributing factor to the irreproducibility of the results is the competing
decomposition of the carbene complexes, as seen in Figure 5.4, 5.5. This
meant that neither the Arrhenius activation energy, nor the reaction activation

enthalpy or entropy could be calculated.

102



Chapter 5: KinetidNi¥@EsHYRhH Pretoria etd — Bezuidenhout D | 2006

No significant differences were observed for the reactions of 3 with ammonia,
compared with propylamine, except for the larger kops values determined for
the reaction with ammonia. Therefore, no absolute information could be
obtained about the axial-equatorial isomerisation. The two cases appear
similar, which could mean that the axial-to-equatorial conversion only occurs
later, to yield the thermodynamically favoured product, and not during the
initial aminolysis reaction. Another indication that this might be a possibility is
seen by the mixture of isomers seen in the NMR spectra of the manganese

aminocarbene complexes (Chapter 4).

A probable reaction route could be postulated, as illustrated in Scheme 5.2,
where at high concentrations of amine, kos = k[amine], and at low

concentrations of amine, kops = k.K[amine]?.

+
[ethoxycarbene] + NHyR [complex-NH5R]

NH,R l Kk

[aminocarbene] + NH,R + H' + EtO

Kovs = kK [NH,R]”
1+ K [NH,R]

Scheme 5.2 Postulated reaction mechanism

No further information about intermediates could be deduced, but the results
obtained can be explained by the mechanisms proposed by Werner, and
Bernasconi and Ali discussed in Section 5.1. The second-order rate constant
determined agrees with the findings of Ali®® but not with the results of
Werner®, where the aminolysis reaction of [Cr(CO)s{C(OMe)Ph}] follows the
fourth-order rate law.
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Experimental

6.1 Standard Operating Procedure

All operations were carried out under an inert atmosphere of nitrogen or argon
gas using standard Schlenk techniques. Solvents were dried and distilled
under an atmosphere of nitrogen. Ether and THF were distilled from sodium
metal, with benzophenone as indicator. Dichloromethane and hexane were
distilled from phosphorous pentoxide. Most chemicals were used without prior
purification, unless stated otherwise. Column chromatography, using Kieselgel
60 (particle size 0.0063 - 0.200mm) or neutral aluminium oxide 90 was used
as resin for all separations. The column was cooled with isopropanol (-30°C)
in the column jacket.

6.2 Characterization Techniques

6.2.1 Nuclear Magnetic Resonance Spectroscopy

NMR spectra were recorded on a Bruker ARX-300 spectrometer and on an
AVANCE 500 spectrometer. '"H NMR spectra were recorded at 300.135 and
500.139 MHz and *C NMR spectra at 75.469 and 125.75 MHz respectively.
The signal of the deuterated solvent was used as reference: 'H CDCl3 7.24
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ppm, acetone-dg 2.09 ppm and '*C CDCl; 77.00 ppm, acetone-dg 205.87
ppm. For resolution enhancement of the manganese complexes, longer
acquisition times were achieved by manual shimming and manipulation of the

sweep width.

6.2.2 Infrared Spectroscopy

IR spectra were recorded on a Perkin-ElImer Spectrum RXI FT-IR
spectrophotometer with a NaCl cell. All spectra were recorded using either
dicloromethane or hexane as solvent. The vibrational stretching bands in the
carbonyl region (ca. 1500 - 2200 cm™) were recorded for all complexes, as
well as the N-H vibrational frequencies in the range of 3300 - 3500 cm™ for

the aminocarbene complexes in Chapter 4.

6.2.3 Fast Atom Bombardment Mass Spectrometry

FAB-MS spectra were recorded on a VG 70SEQ Mass Spectrometer, with the
resolution for FAB = 1000 in a field of 8 kV. Nitrobenzyl alcohol was used as
solvent and internal standard. The spectra were recorded by Mr T. van der

Merwe at the University of the Witwatersrand.

6.2.4 X-Ray Crystallography

Data collection and structure determinations were done by Mr Dave Liles,
University of Pretoria. X-ray crystal structure analysis was done from data
collected at 20°C on a Siemens P4 Bruker 1K CCK diffractometer using
graphite-monochromated, Mo-Ka radiation. Data were corrected for Lorenz
polarization effects and structures were solved by direct methods (SHELXS)
and refined by full-matrix least squares techniques. In the structure
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refinements all hydrogen atoms were added in calculated positions and
treated as riding on the atom to which they are attached. All non-hydrogen
atoms (except those refined as rigid groups) were refined with anisotropic
displacement parameters, all isotropic displacement parameters for hydrogen
atoms were calculated as X x Ugq Of the atom to which they are attached, X =
1.5 for the methyl hydrogens and 1.2 for all other hydrogens. In structures 2, 7
and 11 some disorder was observed. The parameters for the major
orientations were refined freely. The minor orientations were refined as rigid
bodies with geometries derived from those of the major orientations. Site
occupation factors for the major and minor orientations were refined but

constrained to sum to 1.0.

6.2.5 UV-Visible Spectroscopy

All the complexes were referenced to diethyl ether and spectra measured in a
range of 200.0 - 800.0 nm in a quartz sample cell. A Hewlett-Packard 8452A
Diode Array spectrophotometer and a Shimadzu UV-2101 PC UV-Vis

scanning spectrophotometer were used.

6.2.6 Kinetic Measurements

The kinetics of the aminolysis reactions were followed at ambient pressure in
the thermostated cell compartment (quartz sample cell) of a Shimadzu UV-
2101 PC UV-Vis scanning spectrophotometer. Reported rate constants are
the average of at least four kinetic runs. OLIS KINFIT" software was
employed to calculate kqps values from absorbance vs time traces by fitting

single- or double exponential functions through the data points.
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6.3 Preparation of Compounds
6.3.1 Preparation of Starting Compounds
6.3.1.1 Triethyl oxonium tetrafluoroborate'®

Epichlorohydrin (140.0 g, 119 mL, 1.51 mol) was added dropwise to a solution
of sodium-dried ether (500 mL) and freshly distilled boron fluoride etherate
(284.0 g, 252 mL, 2.00 mol) at a rate sufficient to maintain vigorous boiling
(about 1 hour is needed). The mixture was refluxed and allowed to stand at
RT overnight. Supernatant ether was withdrawn from the crystalline mass of
triethyloxonium tetrafluoroborate under an inert N, atmosphere. Crystals were
washed with ether; yield 244 - 272 g (85 - 95%).

6.3.2 Preparation of Organometallic Complexes

6.3.2.1 General Method of Carbene Formation®®

An excess of 10% butyllithium was used in the syntheses. Complexes 1 - 5
were synthesized according to the general method given below:

Method:

The heteroarene (2.2 mmol) was stirred while adding n-BuLi (2.2 mmol, 1.6 M,
1.4 mL) in 40 mL THF at -20°C under an inert N> atmosphere. Stirring was
continued for 30 minutes. Yellow Mny(CO)ip (2 mmol, 0.78 g) [white
Re»(CO)1p (2 mmol, 1.31 g) in the case of the synthesis of 5] was added to
the reaction mixture at -70°C, resulting in a colour change of the reaction
mixture to orange-red while stirring for 1 h. Stirring was then continued for an
additional 30 min at RT. THF solvent was evaporated under reduced
pressure. EtsOBF4 (2.2 mmol, 0.42 g) in dichloromethane was added to the
reaction mixture at -830°C and stirred until reaction completion. LiBF4 salts

were removed by filtering and reaction products were purified via column
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chromatography  using  hexane/dichloromethane (4:1) as eluent.
Recrystallization of products was done by solvent layering of
hexane/dichloromethane (1:1). Products 1 - 5 were obtained.

Table 6.1 Information of individual complexes synthesized

Product obtained
o | Heteroarene
omplex Molar mass | Mass Yield
(2.2 mmol) Colour mmol
(9/mol) (9) (%)
2,2'-
o orange
1 bithiophene _ 584.30 0.760 | 1.30 65
solid
(0.366 @)
thiophene
orange
2 (0.185 g, _ 502.18 0.723 | 1.44 72
solid
0.175 mL)
furan
orange
3 (0.150 g, _ 486.11 0.661 1.36 68
solid
0.160 mL)
N-methyl
rrole orange
4 Py .g 499.16 0.629 | 1.26 63
(0.178 g, solid
0.196 mL)
furan
orange-
5 (0.150 g, _ 748.66 1.108 | 1.48 74
red solid
0.160 mL)
6.3.2.2 Cleaving of Metal-Metal Bonds'®”

Method:
To a minimum volume of hexane solvent was added the binuclear

monocarbene precursor complex 1 (1 mmol, 0.58 g) and Brz (1.1 mmol, 0.176
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g, 0.056 mL) while stirring at RT under an inert N> atmosphere until reaction
was complete. The unreacted Br, was removed under reduced pressure.
Products 6 and [Mn(CO)sBr] were obtained. Complex 7 was prepared in a
similar fashion from precursor 2 (1 mmol, 0.50 g) and I, (1 mmol, 0.26 g).
Unreacted |, was separated on an aluminium oxide 90 column with a hexane
eluent, and products 7 and [Mn(CO)sl] were purified using silica gel column
chromatography. The complexes were crystallized from a hexane/

dichloromethane (3:1) solution by layering of the solvents.

Table 6.2  Information of cleavage products

Product obtained Product [Mn(CO)sX]
Complex Molar mass | Mass Yield | Mass Yield
Colour mmol mmol
(9/mol) (9) (%) | (9) (%)
6 dark
516.21 0.108 | 0.21 21 0.113 | 0.41 41
(X =Br) red
7
X< red 434.09 0.187 | 0.43 43 ]10.154 | 0.48 48

6.3.2.3 Aminolysis of Ethoxycarbene Complexes!® '’

Method:

The binuclear ethoxycarbene precursor complex (2 mmol) (2 (1.00 g), 3 (0.97
9), 5 (1.50 g) as well as [Re2(CO)o{C(OEt)(2-thieny]l'"! (1.53 g), respectively)
was dissolved in diethyl ether at RT, and a slow stream of NHj3(g) was
bubbled through the reaction solutions until the colour of the reaction mixture
changed from red to orange. After evaporation of the solvent under reduced
pressure and purification on aluminium oxide (for the dimanganese
complexes) or silica gel (for the dirhenium complexes), products 8, 9, 12 and

13 respectively, were obtained.
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The reaction procedure was repeated using the same precursors, in the same
amounts, but instead of bubbling ammonia through the solution, excess
propylamine (5 mmol, 0.30 g, 0.41 mL) was added to the reaction mixture and
products 10, 11, 14 and 15 were obtained from the individual reactions.

Recrystallization of products was done by solvent layering of
hexane/dichloromethane (1:1).

Table 6.3  Information of aminolysis reaction products

Complex Colour Molar mass Mass (9) mmol vield
(g/mol) (%)
orange 473.14 0.84 1.78 89
light orange 457.07 0.87 1.90 95
10 orange-yellow 515.22 0.77 1.50 75
1 orange-yellow 499.15 0.78 1.56 78
12 orange 735.68 1.25 1.70 85
13 orange 719.62 1.24 1.72 86
14 orange-yellow 777.76 1.26 1.62 81
15 orange-yellow 761.70 1.33 1.74 87

6.4 Analytical Data of Complexes 1 - 15

Melting points were recorded on a hot stage Gallenkamp melting apparatus
and are uncorrected. Most complexes decomposed during heating, and only
melting points for complexes 1 - 3, 5 - 9 could be determined, as listed in
Table 6.4, as well as the elemental analyses done for the carbon and
hydrogen atoms of the complexes. The C and H elemental analyses were
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performed by the analytical laboratories of ARC-LNR Institute for Soil, Climate

and Water.
Table 6.4  Analytical data of 1 - 15
Molecular Calculated (%) Found (%)
Complex Mp (°C)
formula C H C H

1 Mn2C2oH19010S2 | 103-106 | 41.11 | 1.73 | 41.56 | 1.81
2 Mn2C16HsO10S 85-87 | 38.27 | 1.61 | 38.51 | 1.74
3 Mn2C16HgO11 123-125 | 39.53 | 1.66 | 40.23 | 1.65
4 Mn2C17H11O1oN - 40.91 | 2.22 | 40.90 | 2.32
5 Re2C1sHsO11 57-60 | 25.67 | 1.08 | 26.12 | 1.12
6 MnC1s5H100sS.Br | 103-106 | 34.90 | 1.96 | 35.08 | 2.08
7 MnC11HgOsSI 103-106 | 30.43 | 1.86 | 30.81 | 1.98
8 MnoC14HsOsSN | 116-117 | 35.54 | 1.07 | 35.46 | 1.11
9 Mn2C14HsO1oN | 116-117 | 36.79 | 1.10 | 35.98 | 1.06
10 Mn2C17H11OgSN - 39.63 | 2.15 | 40.24 | 2.20
11 Mn,C17H11O1oN - 40.91 | 222 | 4135 | 243
12 Re2C14H509SN - 22.86 | 0.69 | 23.12 | 1.01
13 Re2C14H5010N - 23.37 | 0.70 | 23.42 | 0.98
14 Re>C17H110gSN - 26.25 | 143 | 26.24 | 1.48
15 Re2C17H1101oN - 26.81 | 1.46 | 27.07 | 1.48
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Appendix 1

Crystallographic data of Complex 2

Table 1. Crystal data and structure refinement

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

db15

Cisg Hg M, O40 S
502.16

293(2) K
0.71073 A
Monoclinic

P 2i/c

o

a =7.920(4) A o= 90°.

o

b = 22.236(11) A B= 95.591(7)°.

°

¢ = 11.548(5) A y = 90°,

2024.0(16) A3

4

1.648 Mg/m3

1.400 mm-1

1000

0.40 x 0.30 x 0.18 mm3
2.55 to 26.30°.

-5<=h<=9, -24<=k<=27, -10<=I<=13

6741

3324 [R(int) = 0.0390]

89.3 %

Semi-empirical from equivalents
0.777 and 0.476

Full-matrix least-squares on F2
3324/0/271

1.106

R1 =0.0582, wR2 = 0.1338

R1 =0.0792, wR2 = 0.1431

0

0.425 and -0.365 e.A3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (i\zx 103)

U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.
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Table 4. Anisotropic displacement parameters (i\zx 103)

+2hka*b*U12]

The anisotropic displacement factor exponent takes the form: -252[ h2a*2ull 4+ ...

yl2

yls

u23

u33

u22

yll

—

- - @ —

]
]
-28(3)

11(1)
1
-37(4)

—

~

13

—

~

P

— ~— ~—

19(3)

~ o~ o~ o~ o~ o~ o~ —~

—_ — — T = =~ —~— ~—

76(1)
52(1)

46(1)
39(1)

Mn(1)
n

82(3)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103)
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Appendix 2
Crystallographic data of Complex 3

Table 1. Crystal data and structure refinement

Identification code DBMCO2

Empirical formula Ci6 Hg Mn3 O

Formula weight 486.10

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P 2,/c

Unit cell dimensions a=12.4868(14) A a=90°
b =12.3976(14) A B =92.723(2)°.
c = 12.5593(14) A y = 90°.

Volume 1942.1(4) A3

z 4

Density (calculated) 1.663 Mg/m3

Absorption coefficient 1.357 mm~1

F(000) 968

Crystal size 0.36 x 0.23 x 0.18 mm3

Theta range for data collection 2.31 10 26.47°.

Index ranges -15<=h<=15, -15<=k<=14, -4<=I<=15

Reflections collected 10177

Independent reflections 3652 [R(int) = 0.0216]

Completeness to theta = 25.00° 99.4 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.783 and 0.715

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3652 /0/294

Goodness-of-fit on F2 1.083

Final R indices [I>2sigma(l)] R1 =0.0303, wR2 = 0.0771

R indices (all data) R1 = 0.0385, wR2 = 0.0846

Extinction coefficient 0

Largest diff. peak and hole 0.307 and -0.191 e.A"3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx 103)

U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.
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Bond lengths [A] and angles []

Table 3.

)
)
)
)
)
0)
)
0)
)
)

— o o — —~
- O ~ O O »~ v~ Y~ - T 8)))))\0/11)\0/))0)))))7

F F T T T T Z NP = £ =& £ 2 2T 22T 2 = = ==
= I 22 © © © O F O O N I N 0O I N & v N 0 0O N N AN O F A O < 0~
N q q DN T OO 0GB TONNO S ®HONTNH 0000
© 9 9 A S O 0 O BN OO NO®OLW O~ ~MNNKNOOO®M®T® W W © F M~
o o o D O W O O +~ O v+ 0 0 ~ O O 0 B O ® ~ ~ O O O 6 O 6 0B 0V O © +
—~ o~~~ — o m  —~ o~~~ —
~ e~~~ —~ ~ _ ¥ N N NN~ -~ ~ ~ ~OO0OOo0O0O - - - =~ ¥~
OIFIT IT PN ANDL LWL &g ¢ 200 - - g€ € €S
) O OO OO 000 LL=22=2=2=2 =2 0000000000 ===2=~7°
© © © ~ AN A A A A A A A A AN A AN A A A A A A A A A A A A A A A A
- - = T Z Tz Dz @ @dgadgydgagygagyg ey oy oo
T T T C £ £ £ £ £ £E £ £E E£E £ E £E E E £ E S £ £ £ £ £ £ £ € £ € € =
o = =2 =2 =2 2 2 2 2 =2 2 =2 =2 =2 2 =22 =2 2=2=2=2=2=2=2=2=2=2=22=2 T
© © © ~ e~ A~ A~ A A A A A A A A A A A A A A A A A A A A A~ ~ ~©
A T2 I 2T A0 F AL OO0 Q00000 C
o O O o O o O o O O O O O OO OO OLL L L L L L L L O OO

~ o~ o~ o~ =~ 0~~~ o~ o~ o~~~ o~ o~ o~~~ o~~~ o~ o~~~ — — —
A0 NN O T AANONNDO 0D D0 000000000 I3 o025
O ¥ LK - A JTKAOOMBODOKAINANOFT N OFT A O o & xKITQFO
- O S T OOO T OO OO0 m T T OO T TONDOODF - OO O O
@@ ®W © @ © & @W VO Q W O v~ v « oMY YOm0 o000 o0 o Y 0 ©
11111 AN - Y Y Y Y~ Y~ Y~ Y~ Y~ - Y- - Y- - "= "= "™ "™ - - O - - - - O O
o o m/\/\_.mwm/_/ﬂ/ﬂm@/n\/_/m./mwm./mmww
H\B\M\Q@N\@@\W\@\“)mﬂ&mﬂ\&/@/\_ﬂ&mﬂﬁﬂH\1H\H\ 11111111
OO0 O0OO0O=00o0o0o0zTdeIITLLLrE®2200000TO0ITITOTT
AL L L L L L L L L L 000000000 I A AL X M XXX oLooooIxoTooTo
111111 A N NN N L L L LA A0 00 - T NN OO 0w
E E E EE E e e YT LON® - c T D D DD oo oo
= = =2 =2 =2 =2 =2 =2 =2 =2 =2 000000000 o0o oo O O O O O O O O

124



University of Pretoria etd — Bezuidenhout D | 2006

—_ e — — D —  — O~~~ —~

T~ — ~— ~—

- = Y Y Y Y oY oY oY Y Y= oy

—_~ o~ o~ o~~~

P

- - - - - - - - - - Y
~— S Y Y S~ S~ ~— ~— ~—

______
A~ N A~ A~~~ N N AN~~~

- - - - - - - - - - Y
~— ~— Y~ ~— ~— ~— S~ ~— ~— ~— ~— ~—

A~ o~ o~ o~ o~~~ N N~~~

—_~ o~ o~ o~ o~ o~

o T = o~ ~—

N O O 1 ~ O™
- O ~ v~ O O
111111
—_~ ~m -~ O O
< m © QO © ©
© © = © = ¢
T T T T T T
I T - I -
A L o L o o©
© © T © T =T
T T 0O T O 0O
AN << N << 0
N v © v O© O

- - - - - - Y - Y - - - - ™ ™ ™ 7™ 7™ T
Y Y Y Y Y Y e e e Y e Y— Y S S Y S Y —

C
C
C
C
C
C

~ o~ o~ o~ o~ o~ o~ o~ o~ T T T o~ o~ o~ T~ o~

— = — — Y~ ~ ~—~ ~~—~ ~—

C
@)
C

— ™ ™ ™ Y Y ot o T v o oy o v oy oy = = =

—_ =

~

—_ o~ o~ ~ ~ ~ ~ ~ ~ T

—_— = — — — ~—~ ~—~ ~—~ ~—

~—_— e e — — — ~— ~—~ ~—

~ o~ o~ o~ o~ o~ o~ o~ —~

)
)

—

~

—

~—
~

A~ N o~ N~~~ A~~~

— v Y o~ ' S— S ~— ~—

[ [
A~ N o~~~ o~~~ o~ —~

- - - - - - - T - 7T
— = = = = = = = — = = — — — ~— = ~— ~ ~—

)
)

C

C
C
C

Table 4. Anisotropic displacement parameters (Azx 103)
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The anisotropic displacement factor exponent takes the form: -2p2[ h2a*2ul1 + ...
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103)
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Table 6. Torsion angles []

45.97(10) C(4)-Mn(1)-Mn(2)-C(6) 135.84(11)

C(3)-Mn(1)-Mn(2)-C(6)
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Appendix 3

Crystallographic data of Complex 5

Table 1. Crystal data and structure refinement

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

dbmc12_abs
Ci6 Hg O11 Rez
748.62

293(2) K
0.71073 A
Orthorhombic
Pbca

o

a = 12.9646(8) A a = 902,

°

b = 15.6580(9) A B =902

o

c =19.3844(11) A y = 902,

3935.0(4) A3
8
2.527 Mg/m3

12.350 mm-1
2736

0.34 x 0.22 x 0.20 mm3
2.60 to 26.58°.

-16<=h<=16, -14<=k<=18, -24<=I<=12

20120

3784 [R(int) = 0.0346]

99.9 %

Semi-empirical from equivalents
0.085 and 0.045

Full-matrix least-squares on F2

3784/0/263

1.134
R1 = 0.0205, wR2 = 0.0506
R1 = 0.0229, wR2 = 0.0520
0.00093(4)

0.927 and -0.651 e.A-3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx 103)

U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.
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Table 3. Bond lengths [A] and angles [9]
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103)
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Table 6. Torsion angles [9]
C(2)-Re(1)-Re(2)-C(8)
C(4)-Re(1)-Re(2)-C(8)
C(3)-Re(1)-Re(2)-C(8)

147.34(16)
144.64(16)

C(10)-Re(1)-Re(2)-C(8)
C(2)-Re(1)-Re(2)-C(9)
C(4)-Re(1)-Re(2)-C(9)

53.22(17)

-115.18(17)

-23.76(16)

-30.93(19)
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Appendix 4

Crystallographic data of Complex 7

Table 1. Crystal data and structure refinement

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

db14d_absd
Ci1HgIMn Os S
434.07

293(2) K
0.71073 A
Tetragonal

| 44/a

o

a=21.438(8) A o = 90°.

o

b = 21.438(8) A B = 90°.

o

¢ =12.895(10) A y = 90°.

5926(5) A3

16

1.946 Mg/m3

3.125 mm-1

3328

0.58 x 0.54 x 0.42 mm3
2.65 t0 26.43°.

-25<=h<=21, -20<=k<=25, -15<=I<=10

11926

2678 [R(int) = 0.0339]

93.1 %

Semi-empirical from equivalents
0.269 and 0.188

Full-matrix least-squares on F2
2678/0/181

1.170

R1 = 0.0409, wR2 = 0.1039

R1 =0.0537, wR2 = 0.1147

0

0.821 and -0.596 e.A3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (i\zx 103)

U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

U(eq)
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Bond lengths [A] and angles []
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Table 4. Anisotropic displacement parameters (Azx 103).

+2hka*b*U12]

The anisotropic displacement factor exponent takes the form: -2[2[ h2a*2ull 4 ...
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103).
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Table 6. Torsion angles [°].
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Appendix 5
Crystallographic data of Complex 8

Table 1. Crystal data and structure refinement

Identification code dbamco2

Empirical formula Cis Hs Mn, N Og S

Formula weight 473.13

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P 24/n

Unit cell dimensions a=14.4298(8) A a=90°
b =9.1653(5) A B = 113.7790(10)°.
c=14.7785(8) A y = 90°.

Volume 1788.58(17) A3

z 4

Density (calculated) 1.757 Mg/m3

Absorption coefficient 1.576 mm-!

F(000) 936

Crystal size 0.32 x 0.28 x 0.20 mm3

Theta range for data collection 2.68 t0 26.54°.

Index ranges -13<=h<=17, -11<=k<=11, -14<=l<=17

Reflections collected 9351

Independent reflections 3345 [R(int) = 0.0260]

Completeness to theta = 25.00° 99.2 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.730 and 0.549

Refinement method Full-matrix least-squares on F?2

Data / restraints / parameters 3345/0/256

Goodness-of-fit on F2 1.060

Final R indices [I>2sigma(l)] R1=0.0397, wR2 = 0.1198

R indices (all data) R1 = 0.0440, wR2 = 0.1263

Extinction coefficient 0

Largest diff. peak and hole 0.840 and -0.806 e.A3
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103)

U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.
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Table 3. Bond lengths [A] and angles [9]

1.843(4)
1.845(3)

Mn(1)-C(4)
Mn(1)-C(3)

1.820(4)
1.836(4)

Mn(1)-C(1)

Mn(1)-C(2)
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Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103)
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Appendix 6

Crystallographic data of Complex 9

Table 1. Crystal data and structure refinement

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
V4

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

dbamco3a_abs
C14 Hs Mnz N Oy
457.07

293(2) K
0.71073 A
Monoclinic

P 21/c

°

a=12.0713(9) A o = 90°.

o

b =9.0817(7) A B = 92.5930(10)%.

o

¢ = 15.8406(12) A y = 90°.

1734.8(2) A3
4

1.750 Mg/m3

1.510 mm-1
904

0.36 x 0.34 x 0.24 mm3
2.57 to 26.49°.

-14<=h<=11, -11<=k<=5, -19<=I<=19

9176

3301 [R(int) = 0.0224]

99.8 %

Semi-empirical from equivalents
0.696 and 0.587

Full-matrix least-squares on F2
3301/0/265

1.091

R1 =0.0274, wR2 = 0.0727

R1 = 0.0299, wR2 = 0.0760
0.0014(5)

0.258 and -0.233 e.A-3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (i\zx 103)

U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.
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Table 3. Bond lengths [A] and angles [9]
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Table 4. Anisotropic displacement parameters (Azx 103)

+2hka*b*U12]

The anisotropic displacement factor exponent takes the form: -2p2[ h2a*2ull + ...
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103)
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Table 6. Torsion angles [9]
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0(10)-C(11)-C(12)-C(13) 1.5(2) C(12)-C(13)-C(14)-0(10)
C(10)-C(11)-C(12)-C(13) 178.3(2) C(11)-0(10)-C(14)-C(13)
C(11)-C(12)-C(13)-C(14) 1.3(3)
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Crystallographic data of Complex 11

Appendix 7

Table 1. Crystal data and structure refinement

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

dbamc08al_abs3
C17H11MnzNO+o
499.15
293(2) K
0.71073 A
monoclinic
P2:/c
a=12.7412(

o
o

°

13
b =12.9836(13) A B =90.0000(10)°.
12

¢ = 12.6967(
2100.4(4) A3
4

1.578 Mg/m3

1.254 mm-1
1000

0.46 x 0.24 x 0.16 mm3
2.76 t0 26.44°.

-15<=h<=15, -15<=k<=16, -15<=l<=5

10635
3943 [R(int) = 0.0272]
99.5 %

Full-matrix least-squares on F2
3943/0/ 311

1.073
R1 =0.0522, wR2 = 0.1418
R1 =0.0703, wR2 = 0.1592

0.505 and -0.337 e.A-3

) A a =902

) A y = 90,
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (i\zx 103)

U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.
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Bond lengths [A] and angles [?]

Table 3.

N o~ =~ ~ —~
— — - o < i~ N —~ o~
o NN ANANFLLogc2smaogTn P as oy
o 0o oo T osg 9o 9 m o 9o 9o o o ©O B o d 0 g QN Y AN G NN®
S © 0 o mo & o o 2o o o o o M M oS ¥ O © © ® O~ T WO W o - NN DA
N © © © VD © O K K O KK © © © O O O O ® ~ ® — O W — 0 W W BV W O ~ — O O O
Qo0 0 ¥ 0o 5 9 08w 9 9 9 R
©O © O O~ O~ OO ~ O O © o o

~ = o~~~ o~~~ =~ NN NN~~~ - ~ O
. Z0B8T008ATr LYY YTDoooTITffILbooooco-
N <mMmO< — 6 LONO O KKNDN P_VP_VP_VP_VP_VCCCCCMMMMMCCCP_VCCC
67775A111111111 A~~~ o~~~ o~~~ N~~~ o~~~ A~~~ o~~~
e e e < e e N8 § N
T - o OoOoIrTITrToITTITTITIT < _ T T O D e
T T T T QI L - L L L L L L <o I R e N T I O R =
L L L L A g g d s s < == =2 =2 =2 =2 =2 =2 =2 =2 2 =2 =2 =2 =22 =2=2=2=2 =2 =2
O N~ NN < <C 0 W0 W0 © © © N~~~ B N T N N N I N P N - O
111111111111111 - - O ~ IO < ~ 0O < N~ 10O S Ao 0 0O 0O OO
N s S T LI I 222
O 0O OO0 zZzzZ2000 0000 oo o O O O O O O O O OO0 OO oo oo o

~ e~~~ o~ D~~~ o~~~ o~~~ o~ o~ o~ o~ N O~~~ —~ —~ — © © ~
bbb oo sbovoinoo~Nbbooinod o - ©ONON® AP ~—~" 6o 60 o™ o

LD 8L L2222 2220 DL oo T2 z z
® O N O A O © O I UL T T A OB ITr- OO ~-NITO O OODT AN oS O O o0 O © © O
O ¥ T ¥ U - A A O F O F F OOO T OO OO WL ANOOANITFT-—N®MOOANIDNODNDIN
N © Q © ® Q@ @ ® 0 — v T 00000 N0 0 0 00N
11111 NN - - - - Y- Y- Y- Y- - Y- - - - - - - - - - - - O - O O~ O~ O o - o
~ = =~ ~ ~ ~ o~ =~ =~ = ~ <o ~<
—_ - - —~ =~ N - - - O ~ < TN O OmTNTFTOTFT ~ © B 0 K ©
eI d e e 2 S eSS oEoRoes oo oo o
O 0O 0O O0O=00000T o222 ZZZZ0o000O0OToTT T Do TTOT
Sc Sttt dEdsgegaeeQeQeo0o000Q L L L L Ll L L QT Lo L L
- - - - - = AL L L L L L L Lo o o NN OO T A AN ib i b o ©
T T T T T T S S S SO0~y o000 0O
c E c e g e ceeee e T2z T T T Tz o
= =2 2 2 2 =2 =2 =2 =2 =2 2000000000 o0o0o O OO OO0z 2zZz20 00 O00o0

154



University of Pretoria etd — Bezuidenhout D | 2006

- - - - - - - - - - - - - - - - - ™ ™ Y Y Y ™ ™ ™ ™ ™ ™ ™™ ™™ ™ ™™ ™ ™ Y™ ™ v = =

— — — —_ = P O I~ = = N I G NG Nl e N e N o e R TT R TT R TR TR T
— — m —_ - -~ —_ 0N - 0~ 00 O ~ —~ < O L O oL LN O © © © ©O N~ NM~MNKNDMNN~
< -0 O T < ODOmDOILCDODNORKNRKNIL IO LC- V- o DD D o o
)5A58”\56666”\77w|\7HI\HI\SAHI\HI\HI\H“HHCHHHHHHHHHHH
T T CocYwWFrFrCoCocoo oIz Iz IITZT T TOCIT T P Lo - AL
ZI LTI S OIIITIT LI I LI L 0TI L L g igdddgcsgcsc<c<ccsLc<cL<
2. LT T o 1 oottt o LN NN AL I << W0 O © © © O O N~NNNMNNDNN
LWL b - © o ovoovo o ~Mo N o LD WO - L D DD DD Do oo oo
TP oL O T T T 2T OZZ O O0OO0ZT DT ZZT T OZTOOOOO0OO0O0O0O0O0O0O0 0o
OO0 0O X L OO0OO0OL0OL L0 L0 L L zZz2zzZ2z L 00 L O L L L LI I I I L I I L I L 1
L L0 L0 g L L Ll Lg L L Lam il AL S A A0 g aCc g <O O OW
© © A O AU NN NLIOD O © O ONMNMNMMOOLL CC O <O LWL W WHLNLWNO O O N~NON~NIDNM~
111111111111111111111111111111111111111
O O Z2 O Z2 IT OO OO UII OOUI OIT TOLOULOULZZOZOOUITooLouoouITovuouTorITTrIT

—~ o~ —~ —~ —_

<t < O 0 - A~ o~ N~ o~~~ o~~~ ~ e~ o~ o~ o~ o~ o~ o~ o~ o~ —_ —_ o

g Tt gL FTOOLIO o0y FTOL O 9O =
YN HFTIITREENDODIT OO OO NA-~-L2Fa -5 AN TTIFTIEITELTATITT S oo
~NOQ OO Y NN O N o 02 - 6 F 0w Mo N O NL©ODONKILDOANNK - < <
Al O M IO U O N MMNNMNNMMMMDMMMMAOAOA™-——-OAN AN N OO COOUWNANOAN AN ~"Y"O - O +~ v
O O OO 0O W W O » - = - - - - *+ M - ~ = = - - - - - - - - - - "= *"- - - - - ¥+

~ = =~ =~ =~ =~ = - - N0 rFmaANNOTO®TOT I ~
© © 0O T T T £ o000 CCffdfdsgYS T d g oo oo O - —
T T D gfgefgggEgesT oo s YN s - g E S 00 0O 0 F FTFoOFTFFaFTITo oo
OO0 032332 EfLfE£EELfEELEZG25222222eFXQF X9 TG FF
2L L L L LI N2 222222220 o 0o 8 T . FT0odAdANAN s SsSss Lnn
NN NANANN S ST oo e T T T
C E L L EEEST DI O0ZTO000000000000000zZ =z =Z
= =2=2=2=2=2=2 000000000 O0CO 0O L X &~ 7 L I X X X X X I X I LI X T
N O © O N O © - m N O F 0 O~ W0 = - = - m - == "+ 1T - =11 - - - 1 = +— +

—_— S = = Y T = Y S S S e e S S S S s s s n—  n—r . v v S v v v . v~ Y~ ~— ~—

C
C
C
C
C
C
C
C
O
O
O
O
O
O
O
O
N
N
N
N
N
C
C
O
C
C
C
C
C
C
C
O
C
C
C

155



+2hka*b*Ul2]

University of Pretoria etd — Bezuidenhout D | 2006

The anisotropic displacement factor exponent takes the form: -2p2[ h2a*2ull 4+ .

Table 4. Anisotropic displacement parameters (Azx 103)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103)
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Table 6. Torsion angles [?]
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