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Abstract

This study involves using methyllithium to synthesize Fischer carbene complexes as precursors for metal
templated a,B-unsaturated complexes with potential as acceptors in the Baylis Hillman reaction as well as in
Détz benzannulation. Fischer carbene complexes contain low oxidation state metal centers, are electrophilic
in nature and are stabilized by m-donating substituents such as alkoxy and amino groups. The increased

electron withdrawing nature of the metal carbonyl moiety was expected to improve the rates of reaction

compared to organic carbonyls.

Four Fischer carbenes were synthesized via nucleophilic addition of MeLi to chromium and tungsten
hexacarbonyl at low temperatures followed by alkylation using either a Meerwein salt (MesOBFa4) to give the
desired Fischer metal methyl methoxy carbenes or EtsaNBr/alkylhalide to make the corresponding ethoxy and
allyloxy carbenes. Characterization was by means of 13C NMR, 'H NMR, and IR. In silico studies were

carried out looking at the effect of substituents on the carbene bond.

Synthesis of a,B-unsaturated complexes was effected via the aldol condensation route and found to be
unfavorable using enolizable aldehydes, although the use of two aryl aldehydes resulted in successful
preparation of two a,B-unsaturated complexes. Difficulty in the purification of these complexes hindered their
full characterization. Computational studies looked at the effect of substituents on the system as well as

variation of the metal from Cr to Mo and W.

Synthesis of Baylis Hillman adducts using a,B3-unsaturated complexes as acceptors was unsuccessful due to
the ease of product oxidization. One potential product was obtained in its crude form although purification
was not possible due to oxidation. Computational studies suggested that the oxygen on the ligand negatively
impacts the stability of these Fischer carbene derived Baylis Hillman adducts promoting intramolecular

oxidation of the metal.

The a,B-unsaturated complexes and Baylis Hillman adducts were considered to be candidates to undergo
D6tz benzannulation methodology. The use of the a,B-unsaturated complexes in this reaction was generally
unsuccessful, both in the microwave and in conventional reflux conditions. Computational studies of these

compounds were carried out to facilitate understanding of their stability and configuration.
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Introduction

On a commuter train to London there were two
passengers who always caught the train at the same
time, and who often sat across from one another. One of
the passengers had a pad of paper and kept throwing a
sheet out the window during the ride. After some days of
seeing this, the other passenger asked, “Why are you
doing this?” His answer was “To keep the lions away.”
The questioner said, “But there are no lions in England,”

and the response was, “Yes, so you see it works.”!

1.1 Carbene complexes — overview of the metal carbon double bond

A direct bond between carbon and a metal comprises the basis of an organometallic complex. Metal carbene
complexes are made with transition metals such as chromium, tungsten and molybdenum and the reactivity
and stability of the various carbenes have been well documented over the years with a number of reviews
being published on this topic.24 The wide range of chemical applications and discoveries involving these
complexes has been fueled by advances in industry especially in the area of catalysis. As well as being good
stereo- and regio-selective agents or important intermediates in olefin metathesis, organometallic complexes
form a bridge between organic and inorganic chemistry bringing with them new techniques and reactions to

each field.2

The discovery of the first metal carbene was recorded by Chugaev and co-workers in 1915. Due to a lack of
spectroscopic techniques available to accurately reveal the structure, the discovery was not confirmed until

much later. In 1973 the structure of the hydrazine-bridged platinum complex that Chugaev’s group

1



synthesized was elucidated by X-ray crystal diffraction and NMR techniques.35 In the meantime, the first
carbene complex to be characterized had been reported by Fischer and Maasbdl in 1964.6 These metal
carbene complexes have opened new opportunities for the metal-carbon double bond and numerous
examples have been documented with different transition metals,” allowing for diversity in the organometallic
complexes that are able to be synthesized. At the same time that Fischer and Maasbdl were looking into
their carbenes, Wanzlick was working on diaminocarbenes which he thought were stabilized due to the
presence of the amino substituents, although he had been unsuccessful in isolating the carbene.8 He later
reported an NHC-metal complex® more than 20 years before the first NHC was isolated and described by
Arduengo.9 All these carbene complexes, incorporating the metal-to-carbon double bond system and having

unique properties, have stimulated the field of organometallic research.

Since the discovery of organometallic carbene complexes, first formally described by Fischer in his Nobel
Prize lecture,’ these derivatives have become widely used as organic synthons. It was observed that
transition metals had the ability to stabilize these carbene systems by coordination, yielding two types of
complexes with contrasting reactivities. These are named 'Fischer-type' carbenes, where the carbene carbon
is electrophilic and 'Schrock-type' carbene complexes where the polarity is reversed.!.12 Typical Fischer
carbene complexes are said to contain a low valent Group VI to VIII transition metal which is stabilized by -
acceptor ligands. Schrock type carbenes are usually identified as having an early transition metal in a high

oxidation state.

1.1.1 Schrock carbene complexes

The Schrock carbenes are named after Richard R. Schrock who first synthesized them in 1974.1213 They are
nucleophilic at the carbene carbon centre since they don't have a heteroatom to stabilize the complex like
Fischer carbenes do (Figure 1). They are poorly stabilized, having a small gap between their singlet and
triplet states, with strong donor and weak acceptor ligands. The most common examples of nucleophilic

Schrock carbenes are represented in Figure 2.

ML,, <<— Electrophilic

JJ\ Nucelophilic

R WR2

R', R2 = alkyl or H
M = transition metal

Figure 1: Structure of a Schrock carbene’3
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Figure 2: Common Schrock carbenes?3-16

In organic synthesis, Schrock carbene complexes play an important role as both reagents and catalysts.
Schrock carbenes are considered to be dinegative ligands and are said to donate four electrons.® The
Schrock carbene is most commonly viewed as an ylide type structure. The metals used to form these
complexes are said to have oxophilicity and as a result the complexes can then be used as synthetic
equivalents in the Wittig reaction where the by product becomes a stable metal oxo species. Besides having
Wittig-like reactivity, these complexes can also form metallacycles with olefins.2 Olefination? (Scheme 2), and
alkene metathesis (Scheme 4) are two good examples of reactions where Schrock carbenes play an

important role in synthetic chemistry.

A classic example, the Tebbe reagent, is prepared by reacting titanocene dichloride with triethylaluminum
(Scheme 1a),” and has been very well studied due to its importance in olefination. The Tebbe reagent is
compatible with a wide range of functional groups, although the aluminum moiety is a problem for more
sensitive groups. In these instances the Petasis reagent can be employed. This reagent is more air stable
and easier to handle than the Tebbe and gives the desired carbene on heating in THF (Scheme 1b). These
active carbenes can olefinate a wide range of substrates including ketones (hindered and enolizible types,
difficult reagents in the Wittig reaction), aldehydes, esters and amides (Scheme 2). The major limitation with
these reagents is, they can only transfer a methylene group. As with the Wittig-like reaction, a key step is the
formation of a betaine-like four centered intermediate (1) by [2+2] cycloaddition. This decomposes by

cycloreversion to give the titanium oxide(3) and alkene (2) (Scheme 2).

& &I pyridine
Tigg + 2AMeg ————» Ti%]AKMZ + CHa+ CIAMe; — > Cp,Ti=CH,

A A

A

R o e &2 oy, THF

—_—

Ti- + Tis
B A= ' CH, T A

Cp,Ti=CH,

Scheme 1 A: Preparation of Petasis reagent'8, B: Preparation of Tebbe reagent'®
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Scheme 2: Mechanism of Carbonyl Olefination using Schrock carbenes

In alkene metathesis, Schrock carbenes are used as catalysts in the process where two alkenes exchange
their alkylidene fragments (Scheme 3). This reaction has been extensively studied and has been used on an
industrial scale. There are two main variations of the reaction, namely Ring-Opening Metathesis
Polymerization (ROMP) and Ring-Closing Metathesis (RCM). The general mechanism associated with

alkene metathesis is seen in Scheme 3.

One of the most common catalysts used in alkene metathesis is the molybdenum based Schrock catalyst
which has good efficiency with terminal and internal alkenes and is stable under inert conditions away from
oxygen and protic solvents.’s The other common family of catalysts is the ruthenium based Grubb’s catalyst
which is said to be less reactive, and is only effective with terminal alkenes. It is observed that internal
alkenes result in little or no reaction. The benefit of Grubb’s catalyst is that it requires less stringent control

over the reaction conditions.15

R L,M=CH,

f = [2+2]
R L,M=CH, \

cyclo-
L ,M=CH, Alkene Metathesis reversion

R\;"\R

LnM’\\
cyclo- I
reversion )

)ﬁ\, LMLR%_/\/_

[2+2]

Scheme 3 : General Mechanism of Alkene Metathesis



1.1.2 Fischer carbene complexes

Several reviews have explored the development of these carbene systems, especially as tools in organic
synthesis involving organometallic transformations.19.2021.23 |t has been noted that the strong electron
withdrawing pentacarbonyl moiety gives these complexes a general reactivity profile similar to that of an
activated carboxylic acid derivative. Fischer carbenes, and specifically a,B-unsaturated carbene systems,
show exceptional versatility. These carbenes are analogous to a,B3-unsaturated esters and it has been shown
that reactions such as substitution?2, and the Diels Alder reaction readily occur under similar conditions to
those used for esters. Scheme 4 highlights the versatility of these systems and include nucleophilic addition
(A)24, ligand replacement (B), oxidation (C), photolysis (D)2°, deprotonation (E) and cycloadditions (F),

including Diels-Alder28, cyclopropanation2’, and benzannulation.30

\_YCr(CO)5 Nu
y
R | OR
R27 RS
Nu\_/
CrL(CO),
R4 A Rl
Nucleophilic OR
R1 addition (A) l
| OR " Cyclopropanation R2” SRS
Re RO } Ligand
L Substitution (B)
Alkene| -~ R4
R3 " R4 Cycloadditions Cr(CO)s o
(F) i "
< Alkyne R l on - =C I on
) idation
R? ///R ‘R2 - xidati ()R2 -
OR /
Annulation Diene R4:—\
Base
y CrCO)s (R3 =H) o
]
/\gj\OR 2
R i Photolysis (D) g _=—Cr(CO)q
R3R2 Deprotonation OR
Diels-Alder (E) \ N | .
Cr(CO
R1 (0 Ketene
R2

Scheme 4: Range of reactions possible with unsaturated carbenes 28

Significant advances in the scope of reactions involving Fischer carbene complexes have been
demonstrated in the area of nucleophilic additions, especially the Michael addition, and in asymmetric
synthesis.28 Barluenga discussed how a series of ketone-derived lithium enolates (5) reacted with chiral
alkenylcarbene complexes (4) in a Michael fashion. This reaction led to the formation of the corresponding

functionalized adducts 6 as single diastereomers in most cases. Scheme 5 illustrates the sequential Michael

5



addition, direct addition and subsequent 4,5,6-dihydropyran (8) formation as explained by Barluenga.28

OLj
5 e
R - -
C (CO)s ) THF O Ph Cr(CO)s
-80 to 25°C
>~ OR’
Ph 5 MeLi, -80°C R
MeOH Cl
4 Silica gel B _
Cr(CO)s
MeLi HQ Me Ar  Cr(CO)s 1) NaOMe
R2’ OR’ > i
R1 2) MeOH Ar\" - I;/Ie
6 65°C i 1
Ar=Ph, R'=Me, R2= p-CI-CgH, 7
- Cr(CO)s
—_—
50-60%
93-98 %e.e.

Scheme 5: Application of Michael addition in Fischer carbene complexes 28

One reaction in particular, benzannulation (discussed later in 1.2.1 p14) of a,B-unsaturated carbene
complexes, has become the most flexible and widely used carbene transformation.30-28 This reaction was
first discovered in the 1970’s by D6tz and is a formal [3+2+1] cycloaddition of Fischer carbene complexes to
alkynes incorporating a CO insertion. The scope and limitations of this reaction have been studied at length,
looking at both the inter- and intramolecular versions using a diverse range of highly functionalized alkynes

and carbene complexes.30-28

The wide range of complex compounds that can be achieved using carbene complexes is significant, and
one feature that is often used in synthetic strategies employing carbenes is the fact that the metal-carbon
bond can be retained in the product while a ligand is modified. Thus, otherwise difficult transformations are
made possible by attaching the ligand to the metal. This moiety can then be modified and later cleaved from

the metal to give the compound of interest. 30-28



1.1.3 Theoretical bonding model

Most carbene complexes can be classified in the conventional method as either Fischer or Schrock-type
carbenes, but there are species that are difficult to assign to these traditional classes. For example,
dihalocarbene complexes may exhibit characteristics of a carbene but are unique in that they can be both
nucleophilic (like Shrock carbenes) or electrophilic (like Fischer carbenes) in their behavior.29.30 With
advances in the power of computational chemistry for theoretical studies, it has been possible to gain new
insight into the nature of the chemical bond in these transition metal carbene compounds as shown by

Frenking and Frélich. 2930

Fischer-type carbene complexes are generally characterized by the formula (CO)sM=C(X)R (where M=Cr,
Mo or W; X=rrdonor substituent; and R=alkyl, aryl, alkenyl or alkynyl). Fischer-type carbene complexes are
characterized by a formal metal-carbon double bond to a low-valent transition metal which is usually
stabilized by m-acceptor substituents. The electronic structure of the metal-carbene bond determines the
reactivity of the complex.3234 Several theoretical studies have been conducted using semiempirical,35
Hartree—Fock (HF)36:37 and density functional theory (DFT) calculations.38-40 Many of these studies have
compared Fischer- and Schrock-type carbenes3336.3741 and the consensus from both experimental and
computational studies is that Fischer-type carbene complexes are formed by the coordination of a singlet
carbene ligand to a transition metal fragment in the singlet state. There is a significant carbene to metal o
donation and metal to carbene ™ back-donation (Figure 3A).33:36.37.41 Schrock-type carbenes can be
characterized by the interaction of a triplet carbene ligand with a transition metal fragment in the triplet state
(Figure 3B).

° o

o ¢
R

A Fischer-type carbene complexes B Schrock-type carbene complexes

|
|

|

|
|

Figure 3 : Dominant orbital interactions in (A) Fischer and (B) Schrock carbene complexes 3341

A study by Frenking38 looked at the influence of the carbene substituents on a pentacarbonyl-chromium
Fischer-type complex. Frenking found that the electronic characteristics of the substituents control the
reactivity of these complexes. The study investigated 25 different chromium carbene complexes having

different o- and r=donor strengths effected by combining different ligands. BP86 calculations together with a



basis set of triple-z quality were used to reproduce the geometries of experimentally known structures of the
pentacarbonyl chromium series very well, underestimating the Cr—Ccarsene bond length by only 0.048 A with
the variance for the Cr—CO and C-O bond lengths even smaller. According to Ziegler and co-workers, the
BP86 functional is especially well suited for Cr(CO)s and its accuracy is comparable to that of CCSD(T)
calculations.#2 The shortest Cr—Cecarvene bond lengths for any given substituent R always correspond to the
complex where X=H, the weakest -electron donor. Increasing the 1t donation, by changing to R=OH or

R=NH, leads to a significant lengthening of the Cr—Cecarene bond length - about 0.05 A.

This can be interpreted in terms of the Dewar—Chatt—-Duncanson (DCD) model*344 as regular behavior
where larger Cr—Ccarvene bond lengths correlate with shorter Cr—COrans and C—Orans bond distances. In
general a larger Cr—Cecarbene bond length relates to a smaller BDE (Bond dissociation energy). The t-electron-
donating character does play a major role; for any substituent X the complex with R=H always shows the

largest BDE while the larger i donation of the amino group reduces the back-donation to the carbene.

Charge decomposition analysis (CDA) looks at chemical systems which are described as donor-acceptor
complexes. The electronic and energetic charges associated with the formation of the complex consisting of
two fragments namely A and B are partitioned in terms of the Dewar-Chatt-Duncanson model.4344 The
energy analysis is then feasible within the HF (Hartree-Fock approximation) while the CDA can also be
carried out at correlated levels such as DFT as looked at in this study. Frenking showed that CDA studies
pointed out a clear dependence of the electrophilicity of the carbene on the m-donor substituents. Strong
donors reduce the electrophilicity because the acceptor orbital of the carbene becomes occupied by 1
donation from the heteroatom substituent. For a given substituent R, back-donation from the metal
decreased in the order H>OH>0OCH3>NH2>NHCH3, becoming less with increasing m-donor character of the

group X.41,43,44,54

Unlike the Fischer carbenes, Schrock carbenes do not have a stabilizing rm-donating substituent at the
carbene ligand. The different chemical behaviour is attributed to a different bonding situation in these
complexes, where higher covalent double bond character was dominant. The nature of this bond was the
subject of several theoretical studies*>-4® using different levels of theory. In a pioneering study, Hall
suggested that the difference in the chemical behaviour results from changes in the electronic configuration
of the transition metal.5° Frenking*' reported accurate ab initio calculations on several low-valent carbene
complexes of the type [(CO)sWCX2] and high-valent alkylidenes of the type [(Hal)aWCXz], the bonding

situation being examined by using the Bader,50.51 NBO53 and CDA%* analyses.

Bader analysis can be considered as a way to divide molecules into atoms and can be called Bader’s
Quantum Theory of Atoms in Molecules (QTAIM). His definition of an atom is based purely on the electronic
charge density and uses what he describes as zero flux surfaces to divide these atoms.5051 A zero flux
surface can be better interpreted as a 2D surface where the charge density is a minimum perpendicular to
the surface. In most molecular systems the charge density reaches a minimum between the atoms and this

is a neutral place to separate atoms from each other. Bader’s QTAIM theory is a useful tool used in charge

8



analysis as the charge enclosed within the Bader volume is a good approximation to the total electronic
charge of an atom. Bader’s analysis can be used to define the hardness of atoms, quantifying the cost of
removing charge from an atom. The theory also provides a definition for chemical bonding that assigns

numerical values for bond strength.50.51

While QTAIM is used to to approximate the total charge of an atom, the concept of Non Bonding Orbitals
(NBO) is used to describe the unique set of orthonormal 1 electron functions that are intrinsic to the N-
electron wave function. NBO is therefore a calculated bonding orbital with maximum electron density. NBO’s
form part of a sequence of natural localized orbital sets including natural atomic orbitals (NAO), natural
hybrid orbitals (NHO) and natural semi-localized molecular orbitals (NLMO).58 These sets form the basis
atomic orbitals (AO) and molecular orbitals (MO). NLMQO’s are used in computational chemistry to calculate
the distribution of electron density in atoms and bonds. They have the “maximum occupancy character” in
localized 1 and 2 center regions of the molecule. NBO’s include the highest possible percentage of electron
density providing the most accurate possible natural Lewis structure of the wave function. A high percentage

of electron density therefore corresponds to an accurate natural Lewis structure.3

Using the Bader, NBO and CDA analyses Frenking*! reported that the bonding situation in the neutral low-
valent and high-valent complexes is significantly different. The Schrock-type carbene complexes have a
much shorter W-Ccavene bond than the low-valent Fischer complexes, which is in agreement with
experimentally reported geometries.2® This can be explained by the smaller radius of the metal atom in a
higher oxidation state or a different type of metal-carbene bonding interaction, which was found to be the
case in the complexes studied. Topological analysis of the electron density distribution (Bader analysis)

clearly shows the differences between Fischer-type and Schrock-type carbene complexes 5252

The Laplacian distributions show that the charge distribution around the carbene carbon atom, i.e. the lone-
pair electrons of the carbene, are independent of the metal fragment in both types of complexes, while the
Laplacian distribution in the p plane of the carbene ligand shows significant differences.®2 Fischer complexes
show an area of charge depletion in the direction of the mi(p) orbitals, leading to holes in the electron
concentration and therefore possible sites of nucleophilic attack, while the Schrock complexes are shielded
by continuous areas of charge concentration. It was found that the Laplacian distribution in Fischer carbenes
is similar to the situation in a singlet (1A') methylene group, while the Laplacian distribution in Schrock

complexes agrees well with a triplet (3B') methylene group.4

Another measure of the double bond character is the calculated ellipticities, which demonstrate that the
Schrock-type complexes show a much higher double bond character.4! This is in agreement with the results
of the NBO calculations, where Fischer-type complexes show a tungsten—carbene bond which is polarized
towards the metal, while the Schrock-type complexes show ¢ and 1 bonds that are both polarized towards
the carbon end. The carbene ligands carry a significant negative partial charge and the population of the mi(p)
carbene orbital is higher in the Schrock-type complexes. The results of the NBO analysis, which focuses on

the orbital structure, are in good agreement with the Bader analysis, which is based on the total electron
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density. The CDA results clearly show that the Schrock carbene complexes should be interpreted as an

interaction between a triplet metal moiety and a (3B?) triplet carbene.*!

The UV-vis spectra of the carbene complexes exhibit three absorption bands; a spin-forbidden metal-ligand
charge transfer (MLCT) absorption around 500 nm, a spin-allowed ligand-field (LF) absorption with a
moderate intensity between 350-450 nm, followed by a more intense LF absorption in the range of 300-350
nm.'22 Previously, the MLCT band had been assigned to the promotion of an electron from the non-bonding
metal-centered HOMO orbital to the carbene carbon p-orbital centered LUMO (Figure 4).122 The ligand field
band has been attributed to the promotion of an electron to the more energetic population of the metal-
centered LUMO+1.122123 However, recent DFT calculations suggest that the MLCT band results from the
promotion of an electron characteristic of the metal-centered HOMO-1 — LUMO transition. This involves a p-
orbital of the carbene carbon. The LF band is characteristic of the HOMO-3 — LUMO which involves the 1

system of the carbene ligand, in this case an aryl group, hence it is a r=rt* transition (Figure 4).12

M (CO)sM= -c-:g:f' . OF!
Ph
4
a(d,2) - _,.261(6)'\\
11~z " R
ot b4(n-Cpx)
bilde) e (M
b2(dyz) ——’—L - = " b2 :\' 4' a1(ﬂ-csp2)
R 1b4(n) .~
aZ(dxy) - ﬁ - .- ‘\,\\ . ‘r 5 4
d 9 .*
[ bt >
' ay(o)

Figure 4: Electron promotion leading to MLCT and LF bands in the UV-vis spectrum

Taylor and Hall'24 examined the theoretical aspects of the bonding found in Fischer carbenes. The use of
several techniques including dissociation energies, molecular orbital diagrams and fragment analysis of
molecular orbitals enabled them to determine the difference in bonding between Fischer carbenes and
Schrock carbenes. This work greatly influenced the theoretical work that followed as they originally
suggested that heteroatom substituents stabilize the singlet Fischer carbene.24125 Many groups, including
Ziegler 199 and co-workers, and Sierra28.25121 and co-workers have continued to use theoretical studies to
achieve a better understanding of the electronic properties of Fischer carbenes and how they influence the

reaction mechanisms Fischer carbenes undergo.
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1.1.4 Typical synthesis routes for Fischer carbenes

In 1964 the first example of a transition metal carbene was prepared by E.O Fischer.6 He accomplished this
by adding an organolithium to hexacarbonyl chromium. Subsequently, this has become a trusted method for
the synthesis of heteroatom stabilized metal carbene complexes. Studies of chromium carbene complexes
within transition metal chemistry have allowed this simple method discovered by Fischer to be extended to

apply to many of the other transition metals.

Two types of Fischer carbenes are synthetically accessible: the alkoxy carbenes and amino carbenes. This
classification of carbenes refers to the stabilizing substituents connected to the carbene carbon. The
synthesis of amino carbenes will be discussed briefly but the primary focus will be on the Fischer synthetic

approach to alkoxy carbenes.

The first method by which carbenes have been synthesized is through the well-known Fischer route.!! This
method leads to the formation of alkoxycarbenes, via organolithium compounds reacting with a metal
carbonyl such as chromium hexacarbonyl (Scheme 6). The resultant product, an acyl metalate 9, then
undergoes alkylation to form the alkoxy carbene complex 10.111.114 This alkoxy carbene 10 can subsequently
be converted into the amino carbene by reaction with an amine nucleophile, to afford the amino carbene
complex 11 (Scheme 7).114 This method, although tried and tested and giving a wide variety of complexes, is
limited by the availability of the organolithium compound. Many alkylating agents have been used in the
alkylation step of the Fischer synthesis route. These include trialkyloxonium tetrafluoroborates, alkyl
fluorosulfonates and alkyl trifluoromethanesulfonates.%.114 Another method of alkylation was described by
Matsuyama et al.'> where alkyldiphenylsulfonium salts were used to deliver a variety of functionalized alkyl

groups.

RLi M(CO)s Mes0BF, M(CO)s R,NH M(CO)5

M(CO)y —— L =2 AL

R™ OLi R™ "OMe R” "NR,
9 1

M= Cr, Mo, W 0 "

R= alkyl, aryl, vinyl

R'=H, alkyl

Scheme 6 : Fischer route to carbenes

The second route to carbenes was developed by Semmelhack and Hegedus (Scheme 7) and involves the
reaction of a pentacarbonylchromate dianion (12) with acyl chlorides or amides. This dianion can be formed
by the reduction of chromium hexacarbonyl with sodium naphthalenide. The reaction with acyl chlorides led
to the formation of alkoxy carbenes (14) following the addition of an alkylating agent to the acyl metalate
(13). Similarly, the tetrahedral intermediate (15) derived from the amide was reacted with TMSCI to afford the

aminocarbene complex (16).112.114
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Cr(CO)s  MezOBF, Cr(CO)s
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Scheme 7 : The Semmelhack-Hegedus method to alkoxy and amino carbenes?!

Other methods used to synthesize aminocarbenes include the use of Vilsmeier salts in the presence of a
tertiary amine, leading to the deprotonation of the iminium salt to form unstable amino carbenes. A stabilized

amino carbene is formed when the Vilsmeier salt is reacted with a metal such as platinum(IV).117

Carbenes can also be formed from diazirines'® or by transmetallation and carbene transfer. Transfer of a
carbene ligand was first reported in 1970.11° Thus Group IV metal complexes have been converted to late
transition metal complexes such as rhodium, palladium, copper and gold carbene complexes.5® A tungsten
Fischer dimethylaminocarbene 17 was reacted with gold(V) tetrachloride hydride with the possible reaction
pathway proceeding via a chloride-bridged dinuclear species 18 (Scheme 8). The formation of the gold(l)

carbene 19 occurs at low temperature (0°C) and it is stable at room temperature.?20

Cl
! Cl
(OC)4W/CI\ C W(CO)4 AU

W(CO)5 HAuCI, I /Au\C Cl—li\u—CI
N cl . -
NMe, ——— = @ Me, O |— e, NMe, +  Cis-{WCIp(CO)]
-HCl, -CO

17 18 19

Scheme 8 : Formation of gold(l) carbenes from tungsten carbenes via transmetallation

Carbene complexes have varied reactivity which is dependent on the substituents - alkoxy and amino groups
- as well as on the metal center involved.'21.122 The electronic characteristics of Fischer carbenes allow for
application of photochemical methods in the preparation of organic compounds.'22 Fischer chromium
carbenes are generally brightly colored, ranging from pale yellow to dark red due to the different substituents
and the associated electronic characteristics of each substituent.’2" Amino groups are strong m-donors and
give rise to pale yellow complexes, while alkoxy groups are weaker m-donors, resulting in a darker yellow
color. Alkyl groups which are m-donors cause a blue shift in the electromagnetic spectrum and m-acceptor
substituents such as phenyl groups cause a red shift in the electromagnetic spectrum and so yield dark red

(or brown) compounds. 2
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1.2 Application of carbenes

The reactions of Fischer carbene complexes are multifaceted and consequently a wide range of products is
accessible. One feature often utilized in synthetic strategies 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 and
the metal is lost. Bearing this in mind, the organic framework attached to the metal through a carbene
carbon, allows this moiety to be modified and then cleaved from the metal to yield the desired product in the

end.3

Many important reactions involving Fischer carbene complexes have been studied and documented, of
which nucleophilic attack on the carbene carbon, carbyne synthesis and modification of carbene substituents
are the most common. Since Fischer-type carbene complexes are characterized by an electrophilic carbene
carbon atom, these carbene complexes show some behavior analogous to that of organic carbonyl

compounds.

CO
OC\ —_CO

\CO
C
H H
i}
A B

Figure 5 : Reaction sites on Fischer carbenes.%?

Alkylcarbene complexes can be deprotonated by bases to form metal carbene anions (A) and nucleophilic
attack can occur at the electrophilic carbene carbon (B). Electrophiles such as Lewis acids can coordinate to
the alkoxy substituent (C), resulting in elimination, leading to the formation of metal-coordinated carbyne
complexes, while carbonyl substitution by other ligands can occur at (D).?3 Figure 5 illustrates the high
degree of versatility possible in reactions. They are also highly compatible with a host of different functional

groups in synthetic routes.

Strong nucleophiles, such as organolithiums can react with an electrophilic carbene 20, (without a-protons )
(Scheme 9a) resulting in a tetrahedral intermediate 21 which collapses to a diphenyl carbene 22 upon
exposure to aqueous acid. Similarly the enhanced acidity of the a-protons facilitates the preparation of
lithium enolate analogs (24) (Scheme 9b). These can be used in aldol type reactions to give 3-hydroxy

carbenes (25).
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Scheme 9: Reactions of Fischer Carbenes

The wide range of synthetic routes available makes reactions involving carbenes valuable. Not only are they
compatible with a wide variety of functional groups, Fischer carbenes have also been seen to accelerate a
reaction in comparison with that of the related carbonyl.'2® This was mainly attributed to the high
electronegatively of the carbene making it more reactive. In order to create synthetically useful compounds
the metal needs to be readily removed from the complex. Heteroatom stabilized Fischer carbenes show a

high degree of stability although demetallation can be achieved by oxidation (Scheme 10).78

M(CO)s o)
o) [C] o)

o~ [O] = CAN, DMSO, air o~

Scheme 10 : Demetallation of carbenes via oxidation7®

Over the decades Fischer carbene complexes have been used as selective reagents in organic synthesis.30
This is mainly due to the electron acceptor nature of these complexes but also due to the the non-classical
cycloaddition reactions that these complexes undergo as a result of the metal carbonyl fragment. The most
useful and well-established of these reactions is the chromium templated benzannulation reaction which
allows for a one pot reaction giving densely functionalized oxygenated arenes with a coordinated Cr(CO)s.130
The reaction is considered superior because it is compatible with a host of different functional groups and

occurs under mild conditions with high chemo-, regio- and diastereoselectivity.'31
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1.2.1 Chromium-templated Dotz benzannulation reactions

The D6tz benzannulation reaction (also called Wulff-Détz reaction) was first reported in 1975 by Karl Heinz
Détz.6' The thermal [3+2+1]-benzannulation reaction of a,B-unsaturated Fischer carbene complexes with
alkynes opened up the potential for an organometallic template allowing a stereo-controlled reaction using
different ligands as well as being able to create C-C bonds using a low-valent metal centre, which had
previously not been possible. This reaction has now proved to be one of the most powerful methods to

generate densely substituted benzenoid compounds - often as a one pot process.”*

Since this reaction can quickly generate complex phenolic compounds, the Wulff-Détz reaction has been
used often in the synthesis of natural products, especially Vitamins E and K.77 The first example of a thermal
[3+2+1] benzannulation reaction involving an a,B-unsaturated carbene complex with an alkyne’® was
reported by Détz in 1975. It was also the first example of a three part coupling involving different ligands
(Scheme 11). This then opened up further research into a potential organometallic template that allowed

stereo-controlled assembly of different ligands around a low valent metal center.

OH
Cr(CO)s (n-Bu),0 Ph
AN
0
OMe + Ph————~Ph 42°C ;WCr(CO)S
OMe

Scheme 11 : First example of a metal templated benzannulation reaction with three ligands?8

In a typical reaction, an aryl pentacarbonyl complex 26 produced a host of different organic molecules,
depending on the reaction conditions (Scheme 12). It was observed that the major product was the 4-

methoxy-1-naphthol derivative (27), although indene products (28) occured as well.62-64

Cr(CO)s

OH R2
X OMe R2C=CR! N R N
R —_— RIL +  Rpe R?
Z = Re N
OMe OMe
27

26 28

Scheme 12 : General benzannulation using chromium carbene

The benzannulation reaction is one of the most powerful strategies in creating functionalized and polycyclic
aromatics. The first reported synthesis using this type of reaction was aromatic annulation incorporating
acetylene in 1866 by Berthelot.”# This reaction used a thermal [2+2+2] cyclotrimerization. Chromium-
mediated benzannulation reactions have, over time, demonstrated the potential for transition metals in novel
reaction pathways. Metals are able to coordinate a variety of organic substrates in a predictable manner
determined by their nature and oxidation state, providing versatile and powerful reaction pathways. They act

as templates which activate and fix ligands in specific orientations and thus allow regio-specific inter-ligand
15



coupling.”® This also allowed very high atom economy in a one pot synthesis. Scheme 13 highlights the atom
9 y hig y y ghlig

connectivity, high atom economy and stereo-control.

Several reviews have been published looking at the applications and mechanism of the reaction. The
consensus is that the D6tz benzannulation can be described as the reaction of an aromatic or vinylic alkoxy
pentacarbonyl chromium carbene complex 29 with an alkyne and carbon monoxide to give a Cr(CO)s-
coordinated substituted phenol 30, (Scheme 13).55 The position of substituents in the product is highly
predictable with the largest alkyne substituent (RL) neighboring the phenol and the smallest alkyne

substituent (Rs) next to X as described in Scheme 13.79

Cr(CO)s OH
X R R o ok
. —— > A e Cr(CO
R + Re s oo R./Rr( )a
S
X
29 30
C4-synthon
0
C

Cs-synthon
Cs-synthon

Cr- template

Scheme 13 : Basic ligand connectivity in the thermal [3+2+1]-benzannulation reaction

Chromium is a good choice as a metal template in that it allows for good chemo- and regio-selectivity under
relatively mild reaction conditions. Studies have investigated the use of other metals in the reaction, but
almost all have have poor to moderate chemoselectivity using harsh conditions.67-69 Chromium has also
been chosen to be the most suitable metal due to the extensive knowledge concerning the benzannulation
reaction conditions, solvent and temperature.”0:7t Chromium Fischer carbenes of the amino type have been

recognized as giving higher yielding reactions compared to their alkoxy counterparts.

In the study which follows (Scheme 14) amino carbenes were not chosen since in the benzannulation it has
been noted that amino(aryl)carbene complexes and amino(alkenyl)carbene complexes react preferentially to
give cyclopentannulation products with very low or non-existent yields of benzannulation product. The

reaction pathway to the benzannulation product was preferred here and therefore alkoxy carbenes were
16



chosen. In natural product synthesis it has been observed that the 4-methoxy-1-naphthol products are
attractive since they can be converted to naphthoquinones via an oxidative step. These are precursor

subunits in several natural product synthetic pathways.6566

Mechanism of Phenol Formation

The benzannulation reaction has been theoretically and experimentally elucidated in detail and a general
consensus has now been reached regarding the mechanism8® of the reaction. Scheme 14 shows that the
first step involves CO dissociation from the initial pentacarbonyl complex 31 to give a coordinatively
unsaturated tetracarbonyl complex 32. This first step has been identified as being the rate determining step
of the reaction. Experimental studies have shown that this step may be induced thermally, photochemically,

sonochemically or via microwave irradiation.

M(CO)5
o~ 18e"
31 OMe
Cal L
ligand dissociation -CO
rate determining step reduced steric
M(CO), hindrance
32 [ ome 16e’

— alkyne
Rs—— ;L—\{ co-ordination

R
S [M] = Cr(CO),

' R
the largest alkyne ' ° RL .
substituent faces away M(CO)s M(CO), M’-vinylcarbene
from carbene BN [2+2] complex
- OMe _ =~ ~ OMe
- | Rs
Sy > n
33 ST
reduced steric  “ %’
hindrence CO
CO insertion
Ml _o
aromatization cyclization R )CA\ l’A\‘q
- -« 1
~A L
RN
35 OMe

n*-vinylcarbene
complex

[M] = Cr(CO)3
Scheme 14 : Mechanism of the benzannulation reaction
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Following the rate determining step, the trapping of the coordinatively unsaturated 16e complex by the
alkyne gives complex 33. This is then immediately followed by the insertion of the alkyne into the metal-
carbene bond to give the (ni:ns)-vinylcarbene complex 34 which may have either a Z or E configured
metallatriene. It has been suggested by Minatti and D6tz8! that this is a branching point in the reaction
mechanism. Different routes are theoretically possible although no consensus has been reached as to
exactly what happens in the last step due to the fact that in order to validate mechanistic details one would
need a benzannulation reaction where each step can be established by characterization of all the relevant
intermediates. This goal has not been reported so far in literature although Barluenga did come close when
investigating what he called "the first stepwise benzannulation reaction". Unfortunately he didn't get the exact

phenol product expected.s2

It is generally accepted that the ns-vinylcarbene complex 34 forms an nsvinylketene 35 by inserting CO into
the chromium-carbene bond. This is followed by electrocyclization to give the ns-cyclohexadienone 36. The
last step of the reaction is the tautomerism of the ns-cyclohexadienone 36 to give the phenol product 37. The
intermediate was cleverly validated by Wulff who managed to synthesize an nscyclohexadienone analogue
starting from a molybdenum carbene complex and 3-hexyne. He established that the complex tautomerises
in THF at 70°C to yield the expected phenol product (Scheme 15).80-82

Et OH
(OC)sMo THF, rt S Et L THF, 700c  Et
o 5% Z>oMe 0
o} 84%  Et
Et O OMe

Scheme 15 : Intermediate validation by Wulff showing tautomerism in THF at 70 °C 80-62

Patterns, trends and general observations

In his 2004 review on the benzannulation reaction, D6tz reported that the reaction can be influenced by a
number of factors, one of which is the allochemical effect.83 This describes how the distribution of products is
influenced by the concentration of the alkyne in the reaction. D6tz reported that, in strongly coordinating
solvents, the ratio of the phenolic benzannulation product (27) increases as opposed to the five membered
ring cyclization (Scheme 13). This so-called allochemical effect has been explained by the increased rate at
which the CO insertion takes place as a result of coordination of the alkyne (Scheme 16). During the CO
insertion it has been noted that the alkyne can act as either a 2e or a 4e donor resulting in saturation of the
metal center in the intermediate (40). When the benzannulation takes place in a non-coordinating solvent the
allochemical effect is greatly reduced or in some cases doesn't occur at all. The allochemical effect is
predictable and thus useful in selective production of the desired product, either the phenol or
cyclopentadiene derivative. In general, ethereal solvents are the solvents of choice due to the fact that they

give cleaner reactions, giving the desired Cr(CO)s coordinated benzannulation products.83
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Scheme 16 : The allochemical effect

Another interesting characteristic of the benzannulation reaction is that the chemoselectivity changes
depending on the substrate used.84 In his 2004 review, D6tz showed that the chemoselectivity of phenol
formation is much higher for alkoxy(alkenyl)carbenes than for alkoxy(aryl)carbene complexes.”® Détz
described this particular trend in his review as being because the formation of the ne-vinylketene complex 35
(Scheme 14) is favored when starting from alkenylcarbene complexes. In the case of the aryl complexes this
transformation doesn't occur readily since this would require dearomatisation of the complex which isn't

favored.84

In the case of amino(aryl)carbene complexes and their alkenyl carbene counterparts, it has been observed
that the aryl complexes prefer to undergo a cyclopentannulation reaction rather than benzannulation.85 The
alkenyl complexes can undergo the cyclopentannulation but with some difficulty. This reactivity is said to be
due to the high electron density that results at the metal center due to the donor nature of the amino groups
compared to the alkoxy substituents, resulting in an increased M-CO bond strength in the aminocarbene
complexes. In the benzannulation reaction this means the that the initial decarboxylation step would require

harsher conditions.

Regioselectivity in benzannulation is mainly attributed to the steric bulk of the alkyne substituents. When the
benzannulation is carried out using unsymmetrical alkynes the major regioisomer will generally bear the
larger alkyne substituent next to the phenolic group. A complete reversal of this regioselectivity is achieved
by either an intramolecular benzannulation or by using stannyl actylenes or alkynyl boronates (Scheme 17).
86 The inverse regioselectivity has been debated and two reasons for this have been postulated: firstly that
the electron rich metal centers (Sn or B) are positioned far away from the electrophilic carbene center; and
secondly that there could be a Lewis acid/base interaction leading to stabilization of the ns-metallatriene
(Scheme 17).
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[M] = Cr(CO),

Scheme 17 : Normal and inverse regioselectivity

1.3 Baylis Hillman Reaction

44 o

45

[M] = Cr(CO)5

The Baylis-Hillman reaction is best described as a three component reaction involving the coupling of an

activated alkene with a carbon electrophile in the presence of a tertiary amine catalyst to produce a highly

functionalized system 4688 (Scheme 18). The high atom economy and highly functionalized products

characteristic of the Baylis-Hillman reaction are favored as a 'green' process in synthetic chemistry. The

reaction was first discovered in the 1960's by Morita, who described the reaction of an aldehyde with an

acrylic compound catalyzed by a phosphine catalyst.8® The reaction was formalized in the 1970's by A.

Baylis and M. Hillman. Since then it has become a popular method with diverse synthetic applications.%0

X EWG

N

R

R = aryl, alkyl, heteroaryl

R =H, COOR, alkyl

EWG = COR, CHO, CN,
COOR, PO(OEt)2

SO2Ph, SO3Ph, SOPh
X =0, NCOOR, NTs, NSO2Ph

Scheme 18 : The Baylis Hillman reaction

XH

3% amine R'N EWG
R

46

A deeper understanding of the mechanism has proved an ongoing challenge. Kaye and co-workers have

made a significant contribution to the methodology and understanding of this reaction.®" The generally



accepted mechanism for this reaction is shown in Scheme 19 where the reaction is illustrated between
methyl vinyl ketone (MVK), as the activated alkene, and benzaldehyde as the electrophilic carbon center,
catalyzed by DABCO (1,4-diazabicyclo[2.2.2]octane). Step one involves a Michael type nucleophilic addition
of the tertiary amine to the activated alkene to give a zwitterionic enolate intermediate 47. This facilitates the
aldol-like nucleophilic attack onto the aldehyde center to generate the second zwitterionic species 48. The

reaction is complete after proton migration and elimination of the catalyst has occurred, giving 50.
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Scheme 19 : The Baylis Hillman reaction mechanism

Aumann and coworkers investigated the application of the Baylis Hillman reaction using Fischer carbenes
instead of the organic carbonyls as electrophiles with great success (Scheme 20).6° In that case a tungsten
carbene 51 was added to the Baylis Hillman zwitterion 52. The resulting intermediate 53 decomposed with
loss of W(CO)4 to give the substituted amide 54.

51

W(CO)s
04 Et0 R
0 +B R) O-E (00)5%0{ ., OEt O
_ ®
(" NRe :/_<NR2 — =/ Nk, — R NR,

BH® 52 53 54

Scheme 20 : Baylis Hillman type addition of a Fischer carbene complex to a a,-unsaturated amide. 6°

Variation of the starting reagents allows for a variety of highly functionalized products to be prepared which
can be useful in further synthetic transformations and contain structural elements (such as B-hydroxy
carbonyl) that are widely present in products of biological and medicinal interest. One of the most significant
challenges of the Baylis Hillman reactions is its slow reaction rate. Typically it can take a few days up to a
few weeks for the reaction to reach completion. Due to the valuable products obtained there has been a
substantial amount of research into improving the reaction rates. Much of this research looked into varying
the three components of the reaction as well as the use of different conditions including ultra sound,
microwave irradiation, pressure and temperature control.8”
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1.4 Aim

The aim of this project was to synthesize novel scaffolds based on chromium carbene templates for use in
the ongoing medicinal chemistry research in our research group. The Fischer method was to be used to
synthesize carbene complexes with a range of substituents. These would then be subjected to an aldol type
condensation reaction giving the desired a,B-unsaturated carbene systems which would then undergo a
benzannulation reaction to form substituted ring systems, or, through the well studied Baylis Hillman pathway

give different ring systems as seen below in Scheme 21.

M(CO)s  M=Cr, W

Synthesis of carbene
by Fischer method
M

CO); R=methyl, ethyl, allyl

Condensation with aldehyde
“aldol”

M(CO)s R'=ethylene, propylene, benzylene

| OR'
Dotz Benzannulation R" a,p-unsaturated carbene
coupling with aldehyde
Q OH
Ry R,
RII R2 R" R2
o OMe
Doétz Benzannulation
OH OH OH O
o /o
RII R2 / R" R2
OMe O

Scheme 21 : Proposed synthetic route
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Results and Discussion

"Unlike history or philosophy, chemistry cannot profitably be
read chapter by chapter but must be vigorously attacked with a
dozen sharp pencils and a ream of inexpensive paper close at
hand. When information is used to solve problems, it rapidly

becomes part of your knowledge." -- Rodger W. Giriffin,

"Griffin was right, but add an eraser to your organic chemistry
study equipment. An eraser is essential because you will
explore, and exploring means taking wrong turns and making
mistakes. Mistakes lead to a deeper understanding of what is
right, what is wrong, why some things work and other don't.
Don't be afraid to make mistakes, and wear out an eraser or

two." --Dr Hardinger.

This discussion is focused on the application of chromium and tungsten Fischer carbenes in the synthesis of

a,B-unsaturated carbenes towards acceptors in the D6tz benzannulation and Baylis-Hillman reactions.

2.1 Synthesis of Carbene complexes

From a review of the relevant literature, it became evident that carbenes are very useful in organic synthesis.
This is primarily due to the good balance between reactivity and relative stability which has enabled a wide
variety of applications involving Fischer carbenes to be exploited.!® Extensive research has been carried out
on these metal complexes revealing some of the associated challenges, such as the sensitivity to light and
oxygen.4 Despite the challenges faced with using carbenes, there are, however, many advantages to using
Fischer carbenes in alkylation,58 aldol and Michael-type reactions, 110 and pericyclic reactions such as the

D6tz benzannulation reaction.17
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2.1.1 Methyl carbene synthesis and NMR characterization

A review of the literature showed that the preferred method of synthesis for Fischer carbenes is the
Semmelhack-Hegedus method105.105 because it is more versatile and does not have the limiting factor of
finding a suitable organolithium. Nonetheless, the original Fischer method is simpler.195-108 |n order to
synthesize the methyl carbene substrate required for this study, a simple variation of this variation devised by

Hoye and co-workers'97 was used, since it allowed variation of the O-alkyl moiety.

Chromium hexacarbonyl was reacted with methyllithium in ether under argon at room temperature, to yield
an acyl metalate which was alkylated by either MesOBF4 or Et4sNBr/alkylhalide to form the expected bright
yellow carbene complexes (Scheme 22). The reaction was then repeated with tungsten hexacarbonyl to give

the corresponding tungsten carbenes.

Me,;OBF
M(CO)6 M(Cici)S 3 4 M(CO)S
OLi Degassed H,O OMe
55 56a-d

Scheme 22: Synthesis of a simple Fischer carbene

Due to the facile oxidation of these complexes'4 and the sensitivity to moisture of the reagents, it was very
important to use Schlenk techniques to eliminate air from the reaction system. In order to achieve the
addition of methyl carbanion to the carbonyl carbon to form an acylpentacarbonyl-chromate salt, the
methyllithium was added drop-wise to a suspension of the hexacarbonyl complexes in dry Et.0.72 The
mixture turned from a pale yellow to dark brown within 30 minutes and so the alkylation step followed using a
range of alkylating agents and degassed water (in order to avoid any accidental oxidation). The yellow
Fischer carbenes 56a-c, (Table 1) were extracted into dry EtoO which turned bright yellow, while the aqueous
layer became pale yellow and then almost colorless in a second extraction. The solvent was removed under
reduced pressure to give the crude carbene product as a yellow solid residue in ca 65% vyield. The
corresponding methoxy stabilized tungsten Fischer carbene was synthesized following the same route giving

the carbene 56d as bright yellow crystals in a slightly higher yield (78%).

Table 1 : Carbenes synthesized using chromium and tungsten

56 M R Alkylating agent | Experimental yield (%) Structure

a Cr Me Me 68

b Cr Et Ets 65 M(CO)s
c Cr Allyl | Etq 62 OR

d w Me Me 78

In the synthesis of these carbenes general observations were made. Some of the chromium or tungsten

hexacarbonyl did not dissolve and a small quantity of white solid observed at the bottom of the Schlenk flask
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was later found by NMR to be the corresponding hexacarbonyl complex. Additional methyllithium was added
to compensate. It was also noted that, in most instances, when the crude mixture was left in the cold room
overnight (0-4°C) a green solid formed at the bottom of the flask in the case of chromium and blue in the
case of tungsten. Since Fischer carbenes are readily oxidized to give carbonyl analogs it was suspected that
the green and blue solids were in fact the metallated fragments of the oxidized analogs of the corresponding
carbenes. Confirmation of the oxidized analogs was attempted using a method adapted from Perdicchia et
al®0 using a sodium hypochlorite solution (NaOCI) with tetrabutylammonium bromide (BusNBr) in an ethyl
acetate/water mixture. Although the mixture turned green indicating the change in the oxidation state of the

chromium, the oxidized organic product could not be isolated or observed.

In an effort to obtain the carbenes in high yield and high purity various purification techniques, including
sublimation and chromatography, were attempted to remove the impurities without decomposition of the
product. Although higher purity compounds were obtained, the overall yield decreased substantially. It was
observed that even immediately after an initial purification, decomposition was already taking place.
Consequently, it was necessary to forego standard purification methods. Instead, the product mixture was
filtered through a column of molecular sieves, anhydrous MgSQO. and celite under Ar pressure. The column
was washed with a column volume of dry pentane. This ensured that the carbene was dry, and that

decomposition products and residual starting material were trapped on the celite.

1-D NMR analysis of the methyl carbene 56a was comparable to that found by Nandi et al. (Table 2).7> The
'H spectrum of the carbene 56a (Figure 6) shows the distinctive methoxy resonance at 3.89 ppm and the
methyl resonance at 2.41 ppm. The methoxy signal is further downfield because of the electronegative effect
of the oxygen, and appears very broad. The broadness of the signal is due to the stabilizing effect of the
methoxy group on the carbene carbon, resulting from delocalization of electrons over the two bonds causing
a partial loss of double bond character in the M-C bond and allowing more free rotation, (Scheme 23). The
broadness of the peaks can possibly be attributed to the relatively slow rotation about the bond, causing the
substituents to occupy changing chemical environments, either eclipsed or staggered with the carbonyls.
There is however a difference in chemical shift observed in the experimental values [400 MHz (9.4 Tesla)],
[600 MHZ (14.1 Tesla)] and values found in literature [500 MHz (11.7 Tesla)] this suggests that CSA

(Chemical Shift Anisotropy) is a possible relaxation mechanism for these centers.

®

OMe & OMe © OMe
(0C)sM= ~<———> (OC)sM—® (0C)sM—<
Me Me Me

Scheme 23 : Bonding in Fischer carbene complexes

24



w N
2 &
Cr(CO)s ° . i
Me OMe — 100
Me
—50
OMe
AAJK‘A " 70
o N~
—= —
‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

ppm (f1)

Figure 6 : '"H NMR spectrum (400 MHz CDCIs ) of carbene 56a

Table 2 : Comparison of experimental and literature 'H chemical shifts of carbene 56a

Experimental (400 MHz Literature (500 MHz Experimental (600 MHz
. chemical shifts) . chemical shifts) . chemical shifts)
O-CH 3.89 4.70 5.11

Cr=C-CH 2.41 2.94 3.92

The 13C spectrum of the synthesized Fischer carbenes (Figure 7) clearly shows the expected resonances of
the five unique carbons. The electron deficient nature of the carbene carbon results in a low field resonance
in 13C NMR which, from literature, is in the range of 350 — 400 ppm. In the case of the chromium carbene,
the resonance at 359.8 ppm confirmed the presence of the carbene carbon and the carbonyl in the trans
position was observed at 223.6 ppm while the remaining four c¢is carbonyls are coincident at 216.8 ppm. The

broad, low intensity signals at 66.9 ppm and 49.3 ppm correspond to the OCHs and CHs respectively.
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Figure 7: 13C NMR spectra (150MHz, C¢Ds) of tungsten and chromium methoxy methyl carbenes (56a,d)
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The 3C NMR spectrum of the tungsten complex showed a similar distribution of signals, although all the
metallated carbon signals were shifted upfield. The chemical shift of the carbene carbon was at 332.7 ppm
while the cis and trans carbonyls were observed at 197.9 and 203.5 ppm respectively. The two methyl
groups were found at 69.7 ppm (OCHs) and 51.6 ppm (CHs). The chemical shifts associated with 56d also

correlate with those available in literature (Table 3) confirming that the product was successfully synthesized.

Table 3: Experimental and literature '3C chemical shifts of 56a,d

Metal Carbon Experimental Literature
| Cr=C | 359.8 | 360.5
trans CO A 223.6 A 223.5
Chromium | cis CO’s A 216.8 A 216.5
| -OCH ‘ 66.9 ‘ 67.3
-CH A 49.3 A 49.6
Ww=C A 332.7 A 333.3
trans CO A 203.5 A 203.5
Tungsten | cis CO’s A 197.9 A 197.2
| -OCH ‘ 69.7 ‘ 70.3

-CH 51.6 52.1

The instability of these simple carbenes can best be seen at room temperature with decomposition occurring
after a short period of time (as little as 6 hours). The decomposition is attributed to the loss of a carbonyl
which then promotes further fragmentation of the complex at the carbene carbon as described by Lotz et al.
73 This can be seen experimentally by the apparent decrease in size of the frans carbonyl signal around
225.0 ppm and the appearance of an ester signal around 167 ppm (Figure 8) corresponding to the
decomposition product. Meyer7 observed that adding an oxidizing agent to the carbene products resulted in
the appearance of a similar ester carbonyl signal around 167 ppm. Experimentally it was seen that this
process could be slowed down by storing the carbene under argon in the cold room (< 5°C). There was,
however, always a small amount of green solid precipitate, depending on storage conditions, which was a
clear indicator of decomposition through oxidation as the chromium changes from colorless chromium(0) to

green chromium(lll).
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Figure 8: 150MHz 3C NMR spectrum of chromium carbene solution (CsDs) with evidence of ester decomposition

product

Although there were many synthetic challenges, it was possible to generate the carbenes, albeit in lower
yields than expected (65-70%). The main cause for the mediocre in yield was the unreacted metal
hexacarbonyl present due to the low concentration of the MeLi solution we received (6 month shipping).
Precautions were taken to exclude water and trace amounts of oxygen from all solvents since these could

also affect the organolithium and reduce its ability to participate in the reaction.

The carbenes generated decomposed much more slowly over time when stored in dark, air free conditions in
a cold room, although oxidized products still formed if not used within a week. This proved a challenge as a
clean product could never be ensured for use in subsequent reaction steps. In order to avoid this problem
the crude product was dissolved in dichloromethane and rinsed through a column of celite, molecular sieves

and anhydrous magnesium sulfate immediately prior to a subsequent reaction.
2.2 Condensation of carbenes with aldehydes

2.2.1 The aldol reaction

Due to the ester-like nature of the Fischer carbenes, the preparation of the a,B-unsaturated carbene
complexes could be effected via a condensation reaction. Aldol condensation methodology was the chosen
means of synthesizing a,B-unsaturated products retaining the metal-carbon double bond. The conditions
required include either a strong or mild base, and an appropriate aldehyde. The reaction, even with esters, is
known to generate a B-hydroxy carbonyl compound as an intermediate which may subsequently undergo

facile dehydration.64
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2.2.2 Synthesis of a,p-unsaturated complexes and NMR characterization

The methyl carbene complexes 56a-c were reacted with aldehydes in the presence of a tertiary amine base
following the method by Barluenga et al.2* Methane sulfonylchloride (MsCl) was added to the system to
enhance the leaving group potential of the resultant hydroxyl group, and so facilitate elimination to give the

desired complexes 57 (Scheme 24).

i) DBU MR
Et,0 0°C alCr[Me
)“]/500)5 . j])\ Ar, molecular seives /\)'\ﬂco)s b|Cr| Et
> NN
1 ¢ |Cr| Phenyl
OMe HoRY i) EtgN, MsCl R OMe  4|Cr| 2-(HO)PR
DCM,00C e|W | Me
56 a,d Ar 57 f lw | 2-(HO)Ph
Scheme 24: Aldol condensation with Fischer carbenes
i B 1B
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Figure 9: TH NMR spectrum (600 MHz, CsDg) of 57a

'H NMR (Figure 9) was used to confirm the synthesis of 57a. The signals at 7.76 and 7.03 ppm were
attributed to the protons on either end of the double bond. The signal at 3.03 ppm is due to the methoxy

hydrogens. The remaining terminal methyl protons resonate as the signal at 2.19 ppm. The NMR is of a
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crude reaction mixture since attempts at purification resulted in the rapid oxidation of the the compound. It

was difficult to isolate a pure fraction even via air free silica column chromatography or re-crystallization.

Formaldehyde would have been a good candidate due to its small size, and because it contains no enolizible
protons. Although formaldehyde was not used it was thought that acetaldehyde and propionaldehyde had a
sufficiently small size suitable for our proposed application of these complexes in the Baylis Hillman reaction
(Section 2.3). Previous research done in our research group, where enolizible acetaldehyde and
propionaldehyde were used to synthesize the same a,B3-unsaturated carbene complexes in “good yields
(55-70%)” suggested that our choice of aldehydes would be suitable.”* Unfortunately, we were not able to

replicate these reactions using propionaldehyde.

After limited success, further investigation of the literature was carried out in order to understand why this
simple reaction didn’t yield the products as expected. Although it is well-known that the aldol reaction is less
efficient with enolizable aldehydes, it was hoped that the use of the relatively weak amine base would
circumvent enolization. The aldol reaction of alkyl carbenes has been investigated by Wulff and coworkers
and others 86:67.111,116,117,118 gnd found to have predictable chemistry mirroring the aldol reaction in general.
This reaction was first looked into by Casey'2® and it was discovered that generally the carbene anion would
not add to a carbonyl compound. Addition products were obtained only when elimination occurred. The
forced elimination drives the equilibrium towards the formation of the unsaturated products. This was as
expected and the reason for adding DBU in the first step was to accelerate the elimination. More
interestingly, it was noted by Wulff103.104 that the formation of products via this ‘aldol condensation method’

was limited to aryl aldehydes and non-enolizable aldehydes as with esters.122

Since the mixed results of the above reactions can be accounted for by the choice of aldehyde, the same
method was used going forward using benzaldehyde and salicylaldehyde, neither of which contained a-
hydrogens. In reaction with benzaldehyde, the product was not easily observed. However, an approximate
yield of 10% was obtained with salicylaldehyde following reaction with both chromium and tungsten
carbenes. Figure 10 shows the 'H NMR spectrum of 57d. The six multiplets between 6 and 8 ppm
correspond to the four aromatic protons and the two alkene protons - confirming the formation of the
condensed complex. These have been tentatively assigned based on 57a. It was not possible to acquire the
necessary 2D spectra due to the relatively short life times of these complexes. The methoxy group was
shifted downfield to 4.32 ppm, possibly as a result of the now extended conjugation. This was further
illustrated by a substantial color change from yellow to deep purple suggesting the formation of a highly
conjugated system. These results are summarized in Table 4. The presence of a very large signal for the
aldehyde (10.14 ppm) suggests that there is still a significant proportion of unused aldehyde in the system.
Overlap in signals at 7.62 and 7,08 ppm correspond to the alkene protons of 57d and overlap at signals
6.80, 6,72 and 6.46 ppm correspond to aryl protons of complex 57d. No signals corresponding to carbene
starting material (57a) were seen, indicating it was completely consumed in the reaction. This indicates that

product 57d was formed albeit in a small quantity.
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Figure 10: 'H NMR spectrum (600MHz, CsDs) of 57d (chromium Fischer carbene 56a condensed with
salicylaldehyde).

Table 4: Summary of W and Cr condensation products synthesized

57 M R R ExT)ieell'?an:l)tal Structure
a Cr Me Me 60%*
b Cr Me Et -
c Cr Me Phenyl 30%* /\)I\J/I\(CO)S
d Cr Me | 2-(HO)Ph 10%" R2 X OR
e w Me Me -
f w Me 2-(HO)Ph 17%*

- reaction did not yield product

* based on crude mass (calculated from NMR) *
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Inspection of the 13C NMR spectrum 57f (Figure 11A) clearly showed that the distinguishing carbene signal
was not observed around 360 ppm but rather 395 ppm. This substantial shift could be due to the highly
conjugated system which results from this condensation reaction. This would suggest that the product has
been formed, albeit in low quantities. There are no signals corresponding to the methyl carbene suggesting
that it has been completely transformed into the unsaturated carbene. Again, due the unstable nature of the
product, separation proved difficult and resulted in the disappearance of the carbene carbon signal at 395

ppm after work up.
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Figure 11A: 13C NMR spectrum (150MHz, CsDs) of 57f

The 13C NMR spectrum of 57f (Figure 11B) also showed a substantial shift of the carbene signal from around
360 ppm to around 390 ppm in relation to the corresponding chromium Fischer carbene starting material.
The change in chemical shift can be attributed to the extension in the conjugated system however the
magnitude of this change is dependent on the metal. When using chromium as the metal the change in
chemical shift observed was about 35 ppm while the use of tungsten resulted in a 55 ppm change in

chemical shift.
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Figure 11B: 13C NMR spectrum (150MHz, CsDs) of 57d

General stability of the a,B-unsaturated complexes was low, often resulting in complete decomposition of the
products within a few hours. Storage of these systems was often not possible even after following the same
precautions as the Fischer carbenes discussed in Section 2.1. Oxidized product was still formed, as in the
case of the methyl carbenes, and all attempts at isolation of the product resulted in a high degree of
oxidation. In order to alleviate this problem, the crude product was stored immediately under argon in the
cold room (<5°C) after evaporating the solvent under reduced pressure. Just before using the product in
further reactions it was rinsed through a column of celite, molecular sieves and anhydrous magnesium

sulfate.

Thus, the synthesis of a,B-unsaturated carbenes proved to be a challenge as it was not possible to purify the
condensation products of type 57d and 57f in sufficient quantities for detailed further studies and subsequent

reactions were carried out on the crude condensation products.

2.3 Baylis Hillman type reaction

2.3.1 Synthesis of Baylis Hillman adducts using o,p-unsaturated carbene
complexes as acceptors

The Baylis Hillman (BH) reaction is a slow C-C bond forming reaction, often taking several days to complete.
The major benefit of this reaction is the highly functionalized system that results. It was hoped that using the
metal-carbene moiety instead of the organic carbonyl would improve the reaction rate of the BH reaction and

subsequent reactions due to the metal-pentacarbonyl fragment being more electron withdrawing than a
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simple carbonyl. This is due to the chromium metal being directly attached to five carbonyls bearing electron
deficient oxygen atoms. These groups tend to attract electron density away from the carbene double bond,

resulting in a more reactive carbene carbon and consequently, a faster reaction should be possible.

The BH reactions under investigation here were carried out according to the procedure following Kaye et al.
109,128 Three different aldehydes were reacted with each of the a,B-unsaturated carbene complexes 57a and
57f (crude mixtures) in the presence of DBU using DCM as a solvent (Scheme 25)b. Although DABCO is the
most commonly used catalyst, in this reaction we chose DBU which has been used previously and also

proved effective.109.128 DBU was preferred for this study because, as a liquid, it was easier to introduce to the
reaction flask without oxygen being introduced. The other reason why DBU was preferred is due to ease of

purification because it evaporates under reduced pressure along with the solvent.

Aldehyde 55a-c OH M(CO)s M R1 R2
M(CO)s I%BU a|Cr| Me H
OMe DCM | OMe b |Cr|2-(HO)Ph|2-(HO)Ph
| > c |W |2-(HO)Ph|H
R Ar/CO R2 "R?
2-3 days
58a-c
57a R'= Me
M = Cr
57d R'=2-(HO)Ph
M = Cr
57f R' = 2-(HO)Ph
M=W

Scheme 25: Baylis Hillman reaction using a,B-unsaturated carbene complexes as acceptors

It was noted by Kaye et al. that acrylate precursors with no substitution at Rz (Scheme 18) gave the best
results in the Baylis Hillman reaction. In order to use the metal carbonyl condensation products as Michael
acceptors in the Baylis Hillman reaction it would have been ideal to synthesize systems where R2=H.This
raised the concern of the effect of using a larye Rz fragment which would possibly slow down or even inhibit

the Baylis Hillman reaction by obstructing the attack by the tertiary amines such as DABCO (Figure 12).

{ Cr(CO)s
D OR

N\

Figure 12: Steric effects in aryl substituted aldol products as Baylis Hillman acceptors
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Synthesis of the Baylis Hillman adducts proved very difficult (Table 5). In almost all cases no product could
be obtained in any reasonable quantity. A large amount of green oxidized chromium Il was obtained when
using the chromium based a,B-unsaturated adduct 57d. In the case of 57a, which was carried out under a
reducing atmosphere of CO instead of argon and with 4A molecular sieves, some success was achieved,

albeit only on a very small scale. A tiny amount of product was detected.

A microwave assisted version of the Baylis Hillman reaction has been reported to give slightly higher yields
with significantly reduced reaction time.64 It was therefore decided to attempt a microwave synthesis on two
of the condensation products (57a and 57d) using the method as described: microwave irradiation at 25°C
with continuous cooling in 15 min intervals for up to 8 cycles. These attempts were unsuccessful since after
3 cycles most of the reaction mixture appeared to be a green oxidation product, as seen before. It was
decided not to pursue attempts using the microwave reactor as this appeared to accelerate the rate of

decomposition, rather than facilitating the desired reaction.

Table 5: Baylis Hillman adducts synthesis and attempts

From |58 M| R R R | Atmosphere Cofsleigfzal MYii:'Igvé?v)e Structure

57a | a |Cr|Me Me H CcO 8% n.o OH M(CO)s
OMe

57d | b |Cr|Me| 2-(HO)Ph | OH Ar n.o n.a R2 | R

57f | ¢ |W|Me| 2-(HO)Ph | H Ar n.o n.a

n.o - not observed
n.a - not attempted

Even though the reactions in both the conventional and microwave methods were under an inert atmosphere
it appeared that, as the reaction continued, the product was in fact being oxidized. Although no Baylis
Hillman product was isolated, 'TH NMR of 58a did show some indication of the diagnostic signals for the
expected internal double bond protons, shifted ~1 ppm downfield relative to the analogous methyl acrylate
product (6.05 and 6.65 ppm).102-104 This substantial shift is due to the effect of the electron withdrawing

nature of the chromium pentacarbonyl (Figure 13)
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Figure 13: '"H NMR spectrum of (600MHz, CsDs) 58a

Similarly, a 'TH NMR spectrum of 58b showed significant changes from the corresponding spectrum of 57d.
Although all signals are shifted relative to the starting material, since the product was no longer soluble in
deuterated benzene, it was assumed that the most likely origin of the additional signals was the appearance
of the corresponding ester. ChemDraw® was used to predict the 'TH NMR spectrum of the ester (Scheme 14,
black). To our surprise it showed no correspondence with the experimentally observed spectrum, suggesting

the likelihood of an alternative decomposition pathway.
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Figure 14: '"H NMR (600MHz, CsDs) spectrum of 58b (red) and ChemDraw® prediction of possible oxidized

product (black)

Purification was difficult since any attempts to separate the mixture resulted in further oxidation. The addition
of molecular sieves to the reaction did help in decreasing the amount of oxidized product being formed,
allowing for storage of the compounds for up to a week. We then decided to investigate these complexes

through computational chemistry in order to understand the susceptibility to oxidation. This is discussed in

Section 2.5.3
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2.4 The Dotz Benzannulation Reaction

Traditionally the D6tz benzannulation has been carried out under thermal conditions in a donor solvent. This
has been accompanied by the inconvenience of long reaction times with low yields depending on the alkyne
being used. Following work by Hutchinson83 and co workers it was decided in this study to use a microwave
reactor, because this approach was expected to be highly efficient. Benzannulated products were to have
been achieved by using either a,B-unsaturated carbene complexes as acceptors or the Baylis Hillman

adducts derived from these complexes (Scheme 26).

O
Re 1% hmore R Ot
I OMe S oan
R R! OEt
(0]
oy
R' = Me, ©/\
OH
PhOH
R2 = Me,
OH

Scheme 26: Routes to proposed benzannulated product

The approach suggested by Hutchinson® was to add 0.15 mmol of the metal complex to 0.3 mmol of an
(unsymmetrical) alkyne (optimal ratio), resulting in yields as high as 91%. The solvent of choice was nBu20
but for this study Et2O was used as it also gave favorable yields according to Hutchinson and coworkers.124
The reaction was to be carried out in a sealed vessel at a set temperature of 130°C for 300 seconds followed

by an oxidative work up using ceric ammonium nitrate (CAN).

Due to safety concerns it was decided not to use a sealed vessel for this reaction due our microwave not
being a high pressure controlled microwave. It was decided to conduct the reaction under a positive pressure
of carbon monoxide attached to a reflux condenser over a round bottomed flask within the microwave reactor
cavity. Due to the limited success in preparing the Baylis Hillman precursors needed for this reaction it was
decided to use only the aryl derived a,B-unsaturated carbene complexes as substrates since they proved

more stable with regards to storage and purification in addition to being easier to prepare.

The reaction set-up did not allow for efficient temperature modulation to 130°C due to the low boiling point of
the solvent. It was then decided to try a range of higher boiling solvents in an attempt to raise the
temperature high enough for the reaction to take place (Table 6). In all cases where microwave heating was
used the temperature of the solution could not be raised above 80°C and even after increasing the reaction

time four-fold in the microwave reactor, no product was obtained. Using conventional methods
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benzannulation takes place at reflux at 66°C.63 Even though it was possible to raise the temperature

sufficiently high (around 66°C), again none of the desired product was isolated (Table 7).

Table 6: Solvents used in D6tz Benzannulation reaction reported in literature

Solvent Boiling Point/ Temperature achieved/
Eto 34 34
THF 66 66
Toluene 110 80
Ethylene glycol monoethylether 134 80

It was decided that due to the system not being a closed vessel reaction, no product would be obtainable
using the microwave as suggested by the Hutchinson.63 So the microwave heating was replaced by
conventional heating and the reaction was repeated using toluene at 100°C. The reaction still yielded a

quantitative amount of reduced ceric ammonium nitrate (Table7), but no quinones.

Table 7: D6tz Benzannulation using condensation products

59 | a,B-unsaturated system | Yield (%) Conventional R Expected Product

Cr(CO)5 O O
a /\)J\OMG trace CH

57a OEt
W(CO)s OEt
NS

¢ OMe -
57f @) @)

*based on crude mass
- no product observed

It was thought that the large symmetrical alkyne used and the bulky aryl side groups of the a,B-unsaturated
complex may cause sufficient steric hindrance to prevent the formation of the benzannulated product. The
low availability of CO to the reaction was also suggested as a possible cause for the reaction not proceeding.
CO was supplied via three balloons after flushing the system out with CO. Figure 15 shows the result of
benzannulation using conventional heating. In both cases there is a marked absence of any aromatic
systems as well as no signals to indicate the formation of the expected benzannulation product. There is also
no evidence for the formation the possible decomposition product expected (hydroquinone). This suggested

that due to over heating the reaction most likely did not occur.
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Figure 15: 'TH NMR spectrum (600MHz, CsDs) of 59a (magenta) indicating possible quinone formation (blue)

2.5 Exploring spectroscopic data of selected carbenes as a function
of electron density

2.5.1 T relaxation times of selected carbenes

Signals in the region of 300-400 ppm in the 3C NMR spectrum are considered diagnostic of the successful
synthesis of a Fischer carbene. Typically, when running a standard 13C acquisition, these carbenes yielded
spectra with poor signal strength including occasionally inverted signals (Figure 16). Due to carbene
complexes being brightly colored, observation of a color change was also used to confirm the success of the
reaction when the 13C NMR spectra were inconclusive. In order to improve the quality of spectra we decided
to increase the relaxation delay interval between transients (D1 on Bruker Topspin software) in order to allow
the system to relax completely to equilibrium since slow relaxation was thought to be the cause of the initial

poor spectra.

The default D1 used in our lab for a 13C experiment is 2 seconds. We guessed that 3 seconds might be
enough time to allow for relaxation of the nuclei following a 30° pulse. This was increased to 5 seconds and
then 9 seconds. In all cases the best resolution was seen with 3 seconds as the longer delays didn’t have
significant improvement in signal-to-noise to warrant the extra time needed to run the '3C experiments.

Changing D1 to 3 seconds significantly improved the signals around the 200-240 ppm range and the
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diagnostic carbene signal at around 360 ppm could then be easily identified (Figure 16). The absence of the
carbons associated with the methyl and methoxy moieties remained a concern. If present these signals were

broad and had very low intensity.

W(CO)s
2 | H3C OMe

| Cotrans

03 200 100 pem]

Figure 16: 100MHz 13C NMR spectrum of simple tungsten carbene showing poorly phased carbonyl
signals and inverted carbene signals due to inappropriate relaxation delays

In order to gain valuable information from our NMR experiments and begin to understand the dynamics
causing the low resolution and inverted signals observed in our spectra, T+ measurements were considered

necessary.

Spin lattice relaxation time T4 represents the "lifetime" of the process that returns the magnetization back to
the Boltzman equilibrium distribution along the +Z axis. The most common T4 relaxation techniques to
measure this parameter include Inversion Recovery (IRFT), Progressive Saturation (PSFT) and Saturating
Comb.130 After a delay of 1xT1, about 60% of the magnetization is recovered along the +Z axis. This means
that in order to recover 99% of the magnetization, a longer delay of 5xT1 is necessary. Nuclei with spin 1
and low magnetogyric ratio have relatively long relaxation times compared to nuclei with spin > %2 that have

short relaxation times.

The spin lattice relaxation time governs the optimum time interval between two transients. Intervals shorter
than 5xT1 decrease the accuracy of the experiment. When using an interval shorter than 5xT¢ the pulse

width must be adjusted to accommodate the reduced duration of the relaxation process to obtain the best
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sensitivity for each nucleus in the NMR experiment based on the Ernst angle (Table 8). Since we were using
a 300 pulse, it should have been adequate to use a relaxation delay of 1xT1, assuming our T+ values were
short (4-10sec).

Table 8: Optimised Pulse angles for different relaxation times.9%

Relaxation time (sec) Ernst Angle (in degrees)
100 (very slow T 8
10 25
4 33
2 53
1 68
0.4 86
0.1 (rapid T 90

In a typical inversion recovery sequence a spin in equilibrium is subjected to a 180° pulse, the sum
magnetization Mo is inverted with respect to the direction of the external field - becoming antiparallel to the
main magnetic field. Following the inversion, the magnetization starts to recover towards its equilibrium state,
the rate of recovery being inversely proportional to T1. If, after a certain delay time, the inversion time Ti, we
subject the system to a 90° pulse, the actual magnetization M.(T/) will become observable in the x'-y' plane
as an FID. By applying a range of different delay times, the time dependence of magnetization can be
studied in detail. After a delay time T/ of approximately 5 x T4, the magnetization is fully restored to its

equilibrium state.

This 180°-90° pulse sequence is called an inversion-recovery sequence (Figure 17). The return to

equilibrium can be expressed mathematically as Mz(Ti)= Mz(0) [1 - 2 x exp(-Ti / T1)].64

180° pulse 90° pulse

-~
inversion time (T)) “
.

Figure 17: Inversion recovery sequence.

Due to the fact that carbenes decompose relatively quickly, T1 experiments did give some cause for concern

especially since the optimal relaxation delay is 5xT1. It can been seen just how long these experiments can
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run for if you were to assume values over 50 seconds (5x50 per scan)! At least 100 scans are required to
obtain reasonable signal to noise ratio. A long delay time results in a predicament in that the compound
would slowly decompose in the NMR tube even after precautions such as filling an air tight NMR tube with
Ar. Consequently, abridged inversion recovery NMR experiments were carried out on the '3C nuclei of both
56a and 56d carbenes in an attempt to establish the parameters needed to acquire an optimal 13C NMR. The
procedure for the inversion recovery method was obtained following guidelines found in the Bruker Avance

NMR User’s Manual. The results of these experiments are seen in Table 9.

Table 9: Longitudinal relaxation time

Metal 3 (ppm) T1 (sec)*

359 21
223 2.8

Chromium 216 2.3
68 10
50 9
333 2.9
204 8.0

Tungsten 198 3.1
70 -
52 -

*calculations according to Topspin software

The initial estimate of a three second interval for the relaxation delay was close to the Topspin estimate for
Ti for the signals above 200 ppm. The signals below 100 ppm couldn’t be detected when using a D1=3sec
and this was confirmed by the calculated estimates of the relaxation delay being much longer. These delays
do not make sense when thinking about the time delay needed to relax a metal bound carbon nucleus in

comparison to a simple proton bound nucleus which according to our calculations has a longer delay time.

There are several relaxation mechanisms that govern the return to equilibrium (Table 10). With the exception
of scalar coupling, all of the mechanisms involve the magnetogyric ratio of the nucleus. Relaxation
mechanisms are distinguished by various factors including: strength of interaction, isotopic variation (in
identifying a dipolar mechanism), field dependence (CSA and quadrupole mechanisms) and temperature

dependence.
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Table 10: Spin relaxation time (T1) relaxation mechanisms

Parameters which affect this

Interaction Range of interaction (Hz) interaction

abundance of magnetically active
Dipolar coupling 104 nuclei
size of the magnetogyric ratio

size of quadrupolar coupling constant

i 106 o .
Quadrupolar coupling 0 electric field gradient at the nucleus
. - concentration of paramagnetic
Paramagnetic 10 species
Scalar coupling 10-10 size of the scalar coupling constants
Chemical Shift Anisotropy (CSA) 10-10 size of the chemical shift anisotropy

symmetry at the nuclear site

Dipole-dipole interactions are seen as a through-space relaxation mechanism, and are particularly important
for molecules containing protons, since protons are abundant nuclei with a large magnetogyric ratio. Dipolar
coupling depends on the orientation/distance between the interacting nuclei, and on molecular motion. This
results in protonated carbons relaxing more rapidly compared to quaternary carbons.'3! This mechanism

seems less likely to dominate in the system in question.

Proton relaxation is dominated by dipolar relaxation. Relaxation of X-H (hetero-nuclei directly attached to
proton) is also usually dominated by dipolar relaxation due to the short distance between the nuclei and due
to the fact that proton has a large magnetogyric-ratio. If a proton is replaced by deuterium, resulting in an X-
D bond, the X-nuclei relax more slowly than in the corresponding X-H compound due to the reduced dipole-
dipole relaxation. Studying these relaxation times can tell us whether a given chemical environment is in a
rigid portion of the molecule or in a flexible part of the molecule. There is also dipole relaxation resulting from
the electron magnetic moment, as well as transfer of unpaired electron density to a relaxing nucleus. This is

probably more relevant in our case.3!

Chemical Shift Anisotropy occurs as a result of the chemical shift being dependent on the orientation of the
molecule in the magnetic field. This effect is very well known in solid state NMR where it is responsible for
the wide line widths observed in these samples. However, in solution, CSA is normally averaged out by
molecular tumbling. The modulation of the shielding as a result of molecular motion can provide a relaxation
mechanism in the absence of any other mechanisms. This mechanism is highly field dependent and can be
an important relaxation mechanism for nuclei with large chemical shift scale such as the chromium and

tungsten based carbenes we are working with.131

Paramagnetic Relaxation is a result of molecular motion in the electric field due to an unpaired electron spin.
Cr(0) is not paramagnetic but a Cr(VI) decomposition product may lead to the presence of paramagnetic

species.

The main relaxation mechanisms likely in systems such as the Fischer carbenes in this study would be due

to CSA, dipolar coupling and paramagnetic relaxation with the decomposition product providing
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paramagnetic species. Chemical shift of a nucleus is a function of the orientation of the molecule in the
magnetic field.13! The CSA effect is most apparent in the 'TH NMR and clearly observed in the methyl Fischer
carbene 56a where a substantial downfield shift of 1.22 ppm was observed for the OMe and a 1.55 ppm
downfield shift for the Cr=C-Me protons where these differences were recorded at 600 MHz (14.1 Tesla) and
compared to readings at 400 MHz (9.4 Tesla). This is strong evidence to support CSA as a predominant
relaxation mechanism due to the relationship between increasing magnetic field strength and the
corresponding downfield proton shift. This trend is also seen in the 13C NMR of 56d showing a downfield shift
of the carbene carbon from 387 ppm (100 MHz) to 395 (150 MHz).

A simple first-order treatment of the inversion recovery data (Figure 18) suggested that there was a single
major mechanism for relaxation. There seemed to be a linear relationship in the low value estimates for T+
(15 seconds and below). The outlier, where D1 was estimated at 50 seconds, skewed the data and makes
the most sense if additional relaxation mechanisms are considered. Due to the vast increase in time needed
to run a T1 experiment where the estimates for D1 are over 100 seconds, this would mean that these
sensitive carbenes would have already decomposed by the time inversion recovery experiments finished. A

different method for resolving this issue needs to be looked at if future work is to be done in this area.

Plots for the determination of T
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Figure 18: Inversion recovery experiments of Fischer carbenes (56a, 56d) to determine T1

2.5.2 Exploring chemical shifts and IR correlation of carbene complexes

In work carried out in 1973, George Bonder demonstrated a linear correlation between chemical shifts and
carbonyl stretching frequencies in the pentacarbonylchromium and pentacarbonyltungsten carbene
complexes.2 Work done by Vergamini and Matwiyoff!1s showed the same relationship in rhodium-carbonyl

complexes. This sparked a need for a more complete understanding of the implications of this correlation.
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Bonder explained that the carbonyl force constant increases with an increase in the carbonyl o-donor ability,
based on molecular orbital calculations done by Fenske and coworkers.3® The results showed that the
carbonyl o-orbital involved in dative bonding to the transition metal had a negative overlap population such
that the dominant electron density from the orbital strengthens the C-O o-bond. Fenske also found that a
decrease in transition metal to carbonyl 1t back-donation also decreases the electron density in the carbonyl
" orbital. Because the molecular orbital is said to be predominantly carbon in character this means that
there is a decrease in the electron density on the carbon resulting in an increase in the strength of the C-O

bond strength in the carbene moiety, (C7-O14 in Table 11).

Darensbourg'3?, Fenskes® and Bonder's'2 explanations are consistent with several experimental
observations leading to the idea that the 13C NMR carbonyl chemical shifts are dominated by dependence on
electron density at the carbonyl carbon. A net de-shielding of the carbonyl resonance should be observed
with increasing stretching force constants within a series of closely related derivatives. This statement is
borne out in the case of the simple Cr and W carbenes prepared in this study. The asymmetric C=0
stretching frequencies (at 1900 and 1872 cm-) correspond to 3C chemical shifts at 223 ppm and 204 ppm

respectively for the cis carbonyls.

Chemical shift data alone can also reveal some further features of the Fischer carbenes. One of these
features is the relationship between electron density and the chemical shift data and the consequences this
has for chemical reactions. The most important factors influencing chemical shifts in NMR are electron
density, electronegativity of neighboring groups and anisotropically induced magnetic field effects. In the
case of electron density, electrons "shield" the carbon nucleus from the applied magnetic field and this
means that less energy is necessary to excite the carbon nucleus from one spin state to another and
therefore its chemical shift comes at a lower frequency than it would otherwise. For example, the carbon
atom in a carbonyl group has a relatively low electron density around it, and thus is relatively "de-shielded"

and consequently has a higher chemical shift than most other types of carbons.

When comparing the actual NMR chemical shifts found for two simple chromium and tungsten carbenes with
their calculated electron density using NBO (natural bond orbital) calculations a correlation could be
observed. Appendix 3A(i)-(iii) shows graphically the electron density results of the simple methylmethoxy
carbenes with metal centers Cr, Mo, W, while Table 11 compares this data to chemical shifts found
experimentally. Mo carbenes were not synthesized in this project and therefore experimental chemical shift
data is only seen for Cr and W. From the data it is clear that the reason why chromium carbenes have higher
chemical shifts is due to the total electron density, as calculated by the NBO studies, as having a lower
overall electron density at the carbene carbon center when compared to that of tungsten. For the carbene
carbon the change is almost 0.15 units, (with a difference in chemical shift of 30 ppm) while for the carbonyl

carbons it is only 0.07 units (with a related change in chemical shift of 20 ppm)

46



Table 11: Calculated NBO and chemical shift data for Cr, Mo and W carbenes

R1 R! R!
Metal Atom Structure
NBO d&c NBO @ d&c NBO | ¢
Crlarbene) | 0.253 | 359.8 | 0.254 | 360 0.226 358.5
Ca(cis) 0.336 0.378 0.368
Ca(cis) 0.383 0.388 0.324 ”_|
216.8 216.0 217.0 .
c Cacis) 0.425 0.375 0.294 0s==c,, | Lac=0,
r Cr
Cses | 0.388 0.329 0.326 0uE=eY || V=0,
Cé(trans) 0.344 | 2236 | 0.342 | 223.0 0.294 223.9 g -“’a“ .
CH -0.490 | 49.3 | -0.489 a 0.488 48.5
O-CH -0.211 | 66.9 t t + +
Criarbene) | 0.402 | 352.2 | 0.403 c 0.404 c .
Ca(cis 0.721 0.721 c 0.720 c Il
Ce
Ca(cis) 0.727 2135 0.727 c 0.686 c 0n=c,, | wC:=0.
Ca(cis) 0.724 0.724 c 0.731 c N
Mo w=c |I
Cscis) 0.676 0.676 c 0.730 c e P o
u—A"
Cowany | 0.657 | 2057 | 0.656 c 0.657 c '
CH -0.731 | 50.1 | -0.730 c -0.728 c
O-CH -0.350 | 69.4 t t t t
C7(carbene) 0.107 332.7 0.046 C 0.003 C Oy
Ca(cis) 0.263 0.234 c 0.231 c I“
Cacis) 0.212 167 0.221 c 0.282 c 09—%, | WC=0,
W Ca(cis) 0.256 0.228 c 0.258 c 0n==c || Co=00
Cs(cis) 0.293 0.208 c 0.204 c
q-—c,,/ \ou—q*
Cé(trans) 0.266 | 203.5 | 0.257 c 0.249 c
CH -0.477 | 51.6 | -0.479 c -0.474 c
O-CH -0.207 | 69.7 t t t t

¥ not applicable to the molecule

a not detected in spectrum possibly due to poor signal to noise ratio
b literature value available (not synthesized in this study)2?

¢ No literature value available (not synthesized in this study)

When considering this, based on only the NBO calculations done on the Mo carbene and the periodic trend
of Mo, one would expect the corresponding carbene carbon shift for the Mo based complex to be in the
region of 345 ppm, due to the small difference in electron occupancy between the NBO calculations of
tungsten and chromium carbenes (0.146 units). Even though the Mo carbene carbon has a higher overall
electron occupancy compared to both the Cr and W carbene carbons and does not fit the periodic trend in

this regard.

From our data, there is a relationship seen between shielding and its effects on the chemical shift of the

carbene. Further computational work was then carried out looking at substituents on the carbene and how

they affect the electron density on the carbene carbon and hence its chemical shift. Figure 19 shows a
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graphical representation of Cr and W carbenes with various side chains. It can be concluded that the
electron density around the carbene carbon is significantly affected by the nature of the transition metal
bound to the carbene carbon with Cr having the lowest electron density on the carbene carbon followed by
Mo and then W.
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Figure 19: NBO calculations showing how electron occupancy on Cr and W carbene carbons changes with

increase in side chain length.

In the case of the chromium carbenes there isn’t a substantial difference in the calculated electron density
(NBO) but there are indications that a growing side chain on the O-R' moiety seems to cause a slight
increase in the electron density on the carbene carbon (Figure 19). This relationship is not as evident in the
W or Mo carbenes though. It can also be seen that different side chains don't affect electron density around
the carbonyls attached to the metal (Table 11). The frans carbonyl does, however, seem to have slightly
higher overall electron occupancy compared to the cis carbonyls. This is corroborated by an upfield change
in chemical shift of 5 ppm for the trans CO. Figure 20 highlights the electron occupancy difference in two
methylmethoxy chromium and tungsten Fischer carbenes. There is a large difference in electronegativity
between the chromium and the tungsten metal centers (0.71 units). The chromium methylmethoxy carbene
has a highly electronegative metal center and a maximum electron occupancy of 0.253 at the carbene
carbon as calculated by NBO calculations. This is double that of the corresponding tungsten methylmethoxy
carbene (0.107) and accounts for the chemical shift difference seen experimentally, with the chromium
carbene resonating around 359 ppm and the tungsten carbene almost 30 ppm upfield at 332 ppm. The lower
electron occupancy of the chromium carbene in comparison to the tungsten carbene has the effect of a lower

shielding effect resulting in the downfield change in chemical shift.
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Molecular modeling studies were carried out on a set of chromium, molybdenum and tungsten Fischer
carbenes (Appendix 3Ai-iii). Calculations were carried out using density functional theory (DFT) by using the
Becke’s three-parameter exchange functional in conjunction with the Lee-Yang-Parr correlation functional
(B3LYP)88. 123 |evel of theory as implemented in GAUSSIAN 03 suite of programs.”! The basis set
6-31G(d)15.116 was assigned for the atoms C, H and O, while the effective core potentials basis set was
assigned by LANL2DZ70.124 for the metals. A summary of the bond lengths obtained from the optimized

chromium Fischer carbene is shown in Table 12 (the complete data set for Cr, Mo and W carbenes can be

found in Appendix 1A).

Figure 20: Electron occupancy comparison (NBO) between Cr and W methylmethoxy carbene complexes
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Table 12: Theoretical bond lengths (NBO) in selected chromium Fischer carbenes

0, Oy 0,
|<|:|. IL Icll
0,=C,,, | .0C=0, 0:==Cy,, | WC=0, 02 =Cu, | .wC=0u
o»-‘Ec{(ﬂ\c;Ecﬁ o--.»_c‘(h]‘r\c-;:o. 0~.Ec,/ |\c;~-Eo,
q:—C-/C‘\O.‘—'-r ‘-l'-'—C,/C:\Ou—‘-!’ '-“—C./cr\ou—q'
Chromium Fischer carbenes Molybdenum Fischer carbenes Tungsten Fischer carbenes
Bond Bond Length (A) Bond Length (A) Bond Length (A)
R2=Me
# R! R! R! Ar R? R! R! Ar  |R! R? R! Ar
C7(Zrb-ene) 2.01006 | 2.01452 | 2.01478 | 0.00472 |2.14826 | 2.15781 |2.15222 | 0.00396 | 2.15592 | 2.16801 | 2.16089 | 0.00497
M-C 1.8914 | 1.89073 | 1.89099 2.0469 | 2.04697 |2.04646 2.55525| 2.05517 | 2.05477
M-C 1.89129 | 1.89003 | 1.88982 |-0.00147 |2.05270 | 2.04966 |2.05115 |-0.00155 | 2.06389 | 2.05934 | 2.06192| -0.00197
Cs 1.51037 | 1.51099 | 1.51112 1.50989 | 1.51073 |1.51073 1.50998 | 1.15110| 1.51078
Cr 1.35137 | 1.34783 | 1.34770 |-0.00367 |1.35480 | 1.35110 |1.35156 | -0.00324 | 1.35167 | 1.34730| 1.34812| -0.00355
Czave 1.17246 | 1.17270 | 1.17472 1.17465 | 1.17497 |1.17484 1.17304 | 1.17246| 1.1727
ngrans) 1.17313 | 1.17341 | 1.17344 1.17556 | 1.17601 |1.17584 1.17356 | 1.17406 | 1.17387

Ar calculated as bond length(Allyl)- bond length(Me) for selected bonds

It was observed that the C7-O14 bond is shorter by at least 0.35 A in the presence of a metal M(CO)s
compared to that of an ester (with oxygen replacing the metal hexacarbonyl moiety) which has a calculated
bond length of 1.43. This indicates that this bond becomes stronger in carbenes. The carbene is a strong o-
donor but the metal is a weak tT-donor (back donor). As a result, Cz becomes electron deficient and the
charge compensation comes from the alkoxy oxygen lone pairs as a r-bond, which consequently decreases
the C7-O1s4 bond length. This pattern observed is in agreement with previous DFT studies and

crystallographic data obtained for known Fischer carbenes.125.126

There is little to no change for the Cr=C carbene bond length in all the compounds modeled when changing
the methoxy group as the t-donor to other alkoxy groups (Appendix 1A). This is similar to the effect

observed in the 3C NMR with the chemical shift showing only a slight difference between the compounds.

By understanding bond lengths of the calculated carbenes it was thought that it would be possible to
estimate the effect of the various substituents on the carbene carbon as well as the level of back donation
that these substituents provide. Studies by Sola et al. have concluded that for a Fischer carbene system the
general trend is that back donation from the carbene center is proportional to the Cr-COyans distance and
inversely proportional to the Cr=Cecarbene and C-Ourans distances.’2 Back donation is an important factor in the

stabilization of the electron deficient carbene carbon center. In order to assess the average back donation in
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the carbenes studied, the difference between the largest values (allyl) and the lowest values (methyl) in each
metal series for the bond lengths M-COrans and M=Ccarvene Were calculated as Ar and summarised in Table
12. A positive value for Ar shows that there has been an overall lengthening in the bond as is evident for the
the values of M-COvans. A negative value would show the corresponding shortening of the bond as is evident
for the M=Cecarene bond length difference increasing slightly from Cr to Mo and then W having the largest
positive difference. It can then be concluded that there is an inverse relationship between Cr=Ccarbene and C-
Orans bond length distances, as expected. The positive Ar for the Cr=C bond corresponds to an increase in
back donation. In all the carbenes modelled the greatest amount of back donation can therefore be seen in
tungsten carbenes followed by chromium then molybdenum carbenes. Since back donation is key to the
stabilization of the carbene carbon it can be better understood why tungsten carbenes have a better bench
top stability and higher yield than that of chromium, and in the case of molybdenum it can understood why

additional ligands are needed to increase stability.

2.5.3 IR spectra

Calculated vibrational spectra were obtained from the computational analysis of a set of standard chromium
and tungsten carbenes (56a, 56d Figure 21, 22). Computed IR frequency data were visualized using IR
Plotter 1.0, which removed lines with intensities (Int) equal to zero. The frequencies were rounded and the
intensities were then normalized. This gives a realistic IR spectrum correlating with what would be seen
experimentally. The calculated IR frequencies, recalculated frequencies and experimental IR frequencies
(where synthesized) are recorded in Appendix 2A. In both cases, for the tungsten and chromium carbenes,
calculated IR matched very closely to the experimental IR frequencies. Figures 21-22 show the mid IR region
with the broad carbonyl vibrations of the pentacarbonyl moiety in the region 2032-1893 cm! as well as a
carbene carbon metal (C=Cr) bend near 650 cm-'. The far IR spectrum was not measured experimentally but
calculated as having the Cr-C stretches of the carbonyls around 489 cm-'. Work done by Meyer7® showed
these to be found experimentally at 471 cm-', a close match to what we calculated. The Cr-C bend was

calculated as being at 166 cm-! and observed experimentally by Meyer as being at 175 cm-1.
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Figure 22B shows the mid IR region with the broad carbonyl vibrations of the pentacarbonyl moiety in the
region 2032-1893 cm as well as a carbene carbon to metal (C=Cr) bend near 650 cm-. The far-IR
spectrum was not measured experimentally but was calculated as having Cr-C stretches of the metal
carbonyls around 489 cm-'. The Cr-C bend of all Cr-C=0 was calculated as being at 166 cm-'. Calculated
values for IR were consistently slightly higher than the expected values and this difference can be attributed

to the calculations been done in the gas phase, not taking intermolecular effects into account.”

2.6 Computational studies carried out on a,f-unsaturated complexes and the

effect of substituents on the carbene center

Molecular modeling studies were carried out on a set of chromium, molybdenum and tungsten Fischer
carbenes condensed with acetaldehyde, propionaldehyde, benzaldehyde and salicylaldehyde (Table 13). As
with the methyl carbenes, calculations were carried out using density functional theory (DFT) by using
Becke’s three-parameter exchange functional in conjunction with the Lee-Yang-Parr correlation functional
(B3LYP)88.123 |evel of theory as implemented in GAUSSIAN 0371 suite of programs. The basis set 6-31G(d)'23
was assigned for the atoms C, H and O, while the effective core potentials basis set was assigned by
LANL2DZ70.124 for the metals. This allowed for accurate calculations and an appropriate level of
approximation of the metal orbitals to maximize computer resources for this study. A list of the optimised
structures for all complexes modelled are summarised in Table 13 and the results of the modeling for each
specific compound and can be seen in detail in Appendix 3B. NBO analysis was used in order to better
understand the electron distribution within the complexes to explore the bonding in these complexes, in
particular how varying side chains affect bond strength as well as bench top stability. The specific bond
lengths for each compound modelled are summarized in Appendix 3B. The frequencies for each compound

were calculated using GAUSSIAN 03 and are summarized in Appendix 2B (i)-(iii).

Table 13: Summary of a,3-unsaturated complexes modelled

Metal (M) Cr [Mo | W Structure
Rz
R Ro
R2
Rz
Cyy
Re Il
Cy
R Re 0.;.ECL,,“.,|" WG =0y
Re on=cY || Ve, =0,
c C;
R2 re” \oe/ N0 —R
R2
R
R1 2
R2
Rz
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Figure 23: Bond trends in condensation products

In all optimized structures the M=Ccarene bond length increases when moving from an alkyl side chain to a
larger aryl group (Figure 23) regardless of M. There seems to be a correlation between this increase in bond
length and benchtop stability where the alkyl substituted condensation reactions failed to produce products in
most cases compared to the aryl substituted products. The chemistry suggests that this may be due to the
increased conjugation rather than simple steric constraints, so that extended conjugation results in a more
stable complex. The trans carbonyl (M-C) seems to shorten with an increase in substituent aromaticity
indicating a movement of electrons towards the M-Ccarvene bond which correlates well with the increase in the
M-C bond lengths of the trans carbonyls. There is also a marked difference in the C=C bond length between
the aryl and alkyl substituents, where the bond length seems to increase suggesting a movement of
electrons out of the bond, as the aromaticity of the substituent increases. All bond lengths correlate to
behavior corresponding to highly conjugated systems, even more so when adding an aryl group as the
delocalization is extended allowing for movement of electrons throughout the conjugated systems as

described.

The cis carbonyls are the only ones that seem to remain unchanged with variation of the substituents. There
is also a small change in bond length between carbenes on different metals with Cr having the longest

overall M-Ccarmene bond length followed by Mo and then W in periodic order.
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2.7 Computational studies - investigating the structure of Baylis Hillman Adducts

The Baylis Hillman reaction is known best for allowing highly substituted products to be synthesized in a one
pot reaction in relatively good yields. A Baylis Hillman reaction incorporating Fischer carbenes into the
substrates would theoretically help speed up the Baylis Hillman reaction due to the highly electrophilic
carbon centre created and also supply favourable highly substituted products as candidates for a
benzannulation reaction. Experimentally, this proved very difficult. In one reaction attempt 57a distinguishing

Baylis Hillman signals were detected but isolation was not possible due to ease of oxidation.

We therefore considered three of the prospective compounds (Table 14) and modeled them to see if their
conformations and connectivity were stable by comparing calculated bond lengths and literature - or whether
they might be prone to facile decomposition. We also expected to see the steric factors involved in using
bulkier aldehydes for the reaction. Calculations were carried out as before. All optimized models can be

found in Appendix 3B.

Table 14: Theoretical bond length of Cr=C bond

BH Adduct Bond Length
OH Cr(CO)s
OMe 2.03582
OH Cr(CO)s
| OMe 2.04277
OH Cr(CO)s
OMe
O | 2.04277

In a study by Makanjee,24 molecular bonding orbitals in a chromium Baylis Hillman system were calculated.
It was found that the carbonyl group closest to the the hydroxyl is able to donate electrons from its HOMO to
a suitably vacant LUMO. As noted in section 2.3.1 oxidation of these compounds readily took place even
under a reducing atmosphere and thus Makanjee’s calculation supports our argument that the Baylis Hillman
products could be experiencing intramolecular oxidation due to the formation of a six membered cyclic ester

system following abstraction of the proton on the hydroxyl (Scheme 26).
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Scheme 26: Formation of cyclic ester upon deprotonation

It was thought that if the modeling showed an increase in the bond length between the metal fragment and
the carbene carbon then this suggested a tendency for the metals to be easily removed from the complex
thereby promoting oxidation. Although it can be seen that there is an increase in the bond length, a literature
search indicated that extended bond lengths are common in Fischer carbene systems because a delocalized
system is set up from the Cr=C to the OMe group and the bond lengths calculated in our study are similar to
various carbene systems.6 |t was thought that this understanding could apply to all our unsaturated Fischer

derived compounds as they haven't yet been reported in literature discussing modeling.

Since the synthesis of Baylis Hillman adducts could not be achieved it was decided to explore these
compounds using computer based studies. NBO studies were completed for the compounds listed in Table
15, and presented in their entirety in Appendix 3C including the stabilities and conformations of these Baylis

Hillman adducts.
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Table 15: Summary of Baylis Hillman adducts studied (NBO)

OH Cr(CO)s

OR!’
R2

R? R2
Me
OMe Phenyl
2-(HO)Ph
Me
OEt Phenyl
2-(HO)Ph
Me
OAllyl Phenyl
2-(HO)Ph

The results of the computational studies indicated the need to examine the reaction route from the
preliminary chromium Fischer carbene to the aldol condensation product and viability of the pathway ending
with the Baylis Hillman adduct to evaluate the stability of these complexes. It became apparent that electron
density is redistributed somewhat in forming the condensation product from the initial carbene in order to
increase overall stability. This increase in stability is also seen by the increased electron density around the
carbene carbon indicating a strengthening of the carbene bond. Bench top stability was noted as being
higher in the case of the carbene precursor and decreasing when moving to the condensation product and
then the Baylis Hillman product. The cis carbonyls seem to be the least affected but do show an overall
increase in electron occupancy when moving through the process, indicating a slight strengthening of the
bond to the metal. This could be primarily due to the geometry of these carbonyls not being directly affected
by the changes in conjugation of the system as it is extended through the molecule from the initial carbene to
the condensation adduct and finally the Baylis Hillman products. The trans carbonyls experience an opposite
effect to that of their cis counterparts with a slight decrease in the electron occupancy suggesting a
weakening of the metal bond and therefore a slight increase in bond length. This could be due to electrons

delocalizing into the conjugated system.
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Figure 24: Reaction scheme based on NBO electron density calculations
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2.8 Investigating the structure of Benzannulated Products

Molecular models of benzannulated products were calculated using Gaussian with the same parameters as
described in the previous section. All optimized models can be found in Appendix 4A. Figure 25 shows two of
the modeled D6tz benzannulation products before and after CAN oxidation. Before oxidation there is strong
hydrogen bonding that takes place between the hydroxyl groups which results in the phenyl ring being
rotated out of the plane to compensate for the steric factors present. This behavior was observed in all the

models computed.

OH O O OH O O
O ‘ OFEt CAN Oxidation N O ‘ OEt
R OEt R OEt

OR® O O O

Figure 28: Benzannulated products before and after CAN oxidation based on NBO electron density
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A summary of the compounds that were modelled are listed in the Table 16 and seen in detail in Appendix
4A. After CAN oxidation there is no hydrogen bonding interaction observed and the phenyl ring rotates out
away from the quinone to alleviate the strain and a new conjugation is set up through the molecule. It was
also observed that lengthening the side chain at R2did not have a substantial effect on the electron density

distribution in these molecules.

Table 16: Summary of Benzannulated Baylis Hillman products modelled

Entry R1 R2 Structure Oxidized
OH O O OH O O
OEt OEt
1 H v OOCRO
OMe O

2 Ph Me
3 2-HO-Ph Me
4 H OEt
5 Ph OEt
6 2-HO-Ph OEt
7 H OAllyl
8 Ph OAllyl
9 2-HO-Ph OAllyl

orPAIVO
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2.9 Conclusions

Four Fischer carbenes were synthesized via nucleophilic addition of MeLi to chromium and tungsten
hexacarbonyl at low temperatures followed by alkylation to give the desired Fischer chromium and tungsten
methyl alkoxy carbenes. Derivatives of the chromium Fischer carbenes were explored using different
substituents at the a-alkoxy fragment. Characterization of these complexes was by means of '3C NMR, H
NMR, and IR and by comparison with literature precedent. In silico studies were carried out looking at the

effect of substituents on the carbene bond.

Synthesis of a,B-unsaturated complexes was achieved via the aldol condensation route and proved
challenging when using enolizable aldehydes, although the use of two aryl aldehydes resulted in the
successful preparation of two a,B-unsaturated complexes. Difficulty in the purification of these complexes
hindered their full characterization. Computational studies looked at the effect of substituents on the system
as well as variation of the metal from Cr, to Mo and W. Molecular modelling identified that tungsten had the
highest degree of back donation followed by chromium and then molybdenum. The higher stability of the
tungsten carbenes vs chromium was evident in the higher yields and bench top stability for the tungsten

Fischer carbenes in relation to their chromium counterparts.

T4 calculations indicated that longer relaxation delays must be beneficial. However, these would result in

longer acquisition times for carbene complexes with short lifetimes!

Synthesis of Baylis Hillman adducts using a,B-unsaturated complexes as acceptors was unsuccessful due to
the ease of product (and substrate) oxidation. One potential product was obtained in its crude form although
purification was not possible due to oxidation. Computational studies suggested that the oxygen negatively
impacts the stability of these Fischer carbene derived Baylis Hillman adducts promoting intramolecular

oxidation of the metal due to interaction of the Baylis Hillman OH and the metal carbonyl moiety.

Both the a,B-unsaturated complexes and Baylis Hillman adducts were considered to be candidates to
undergo D6tz benzannulation methodology. The use of the a,B-unsaturated complexes in this reaction was
tested in wide range of solvents both in the microwave and in conventional heating conditions.  These
methods proved ineffective and computational studies on these compounds were an attempt to understand
their stability and configuration. It was found that the ligands surrounding the metal moiety attached to the
carbene carbon had an influence on both the stability and reactivity of these Fischer carbene derived
organometallic complexes. The comparison of the relative bond lengths showed that the M=C bond length is

related to back donation which relates directly to the stability of the complexes in silico and on the bench top.

Future work will include an
a) Optimized T1 experiment in order to gain valuable information regarding the nature of the relaxation

processes which are occurring.This experiment should also focus on methods and techniques that will
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reduce the acquisition time to ensure that decomposition of the product is limited.

Additional work needs to be done in synthetic methods to promote the formation of the Baylis Hillman
adducts. The development of B-H methodology remains an important goal in exploring novel scaffolds
that can be used in the development of heterocyclic and carbocyclic species with medicinal potential.
This could include the use of various protecting groups on the hydroxyl group to prevent possible

intramolecular oxidation.
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Experimental

A student wished to make some potassium hydroxide solution
(aqueous) and decided to throw a large lump of potassium into a
bucket of water. The professor observed what was about to happen,
out of the corner of his eye and hurried towards the student. After
confirming this was what the student was intending to do, asked first
to stir the water in the bucket for five minutes before adding the
potassium. The student was puzzled and ran after the professor to ask
the purpose of this action. ’It will give me time to get away' said the
professor --V. Rogers

3.1 General

All reagents were supplied by Aldrich® and used without further purification unless stated otherwise. Dry
solvents were prepared using methods described by Perrin and Armarego.%® Thus, THF and toluene were
distilled from Na/benzophenone and collected over molecular sieves (4 A) under N2; DCM and pentane were

refluxed with CaHz and distilled over molecular sieves (4 A) under Na. All dry solvents were stored over
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molecular sieves under N2z or Ar and handled under the same conditions; N2 and Ar gas was supplied by

Afrox and passed through Drierite® prior to use.

Normal phase thin layer chromatography (TLC) was performed on Merck silica gel 60 PF254 plates.
Visualization on silica was achieved using either iodine vapor or UV light at 254 nm. Normal phase flash
chromatography was performed using Merck silica gel 60 (particle size 0.040 — 0.063 mm).

NMR data was obtained using Bruker 400 MHz Avance and 600 MHz Avance Il spectrometers at 303 K in
the specified deuterated solvent. NMR spectra were generated and optimized using MestReC, MestReNova
and Bruker Topspin software. All chemical shifts are given in ppm and coupling constants in Hz and spectra
were calibrated on residual protonated solvent signals (CDCls: 'H — 7.26 ppm; 3C — 77.00 ppm; DMSO—ds:
H — 2.50 ppm; 3C — 39.51 ppm; D20: 'H — 4.80 ppm; MeOH—-d4: 'H — 3.35 ppm; 3C — 49.15 ppm). Infrared
spectral data was obtained on a Perkin—Elmer Spectrum 100 FT—IR and manipulated using Perkin—Elmer
Spectrum v6.35 and Essential FTIR v1.50.252 software.

All reactions were conducted in oven-dried glassware under an atmosphere of Ar using standard Schlenk
and vacuum techniques on a double manifold connected directly to the Ar source and a vacuum pump.
Liquids were transferred using Ar—flushed disposable Norm—ject® syringes (without rubber plunger insert)

and stainless steel needles.

General Procedure for the Filtration of Suspended Solids under Inert Gas

A Schlenk tube was connected to a scintered glass funnel (complete with Quickfit© joint below the scintered
glass) and filled with molecular sieves (4 A), celite and anhydrous magnesium sulphate then flushed through
with Ar. The reaction mixture was transferred to the scintered funnel, either by connecting the reaction

Schlenk tube to the Quickfit© joint above the scintered glass or simply by transfer with a syringe and needle.

General procedure for the removal of solvents under vacuum
Reaction mixtures were concentrated in vacuo by removing solvents via evaporation into one of the solvent
traps, which was immersed in liquid N2. Reaction vessels were evacuated under vigorous stirring and the tap

was opened very slowly and carefully to avoid bumping.

General procedure for degassing solvents

Due to the possible sensitivity of the metal complexes to oxygen and/or moisture, deuterated solvents were
degassed to avoid decomposition during NMR experiments. Activated molecular sieves (4A) were added to a
Schlenk tube/flask (no more than a quarter—filled) and deuterated solvent added to ca 2/3 above the level of
the sieves. The flask was stoppered and connected to the manifold, then immersed to above the solvent line
in liquid nitrogen. When the solvent was completely frozen, the flask was removed and placed under vacuum
until the solvent started to thaw. The flask was then flushed with Ar until all of the solvent had thawed. The

procedure was repeated twice before the solvent was stored under Ar in the dark.
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General procedure for microwave reactions
Microwave assisted reactions were performed in a CEM Discover single—mode microwave apparatus,
producing controlled irradiation at 2450 MHz, using standard 10 mL septum sealed glass pressure vials. All

reaction times described refer to hold times at the indicated temperature and not total irradiation times.

3.2 Synthesis of Alkyl-carbene complexes using chromium hexacarbonyl

3.2.1 Pentacarbonyl[methoxy(methyl)carbene]chromium(0) 56a>°

Cr(CO)s
H3C Me

MeLi (12.00 ml) was added slowly to a solution of Cr(CQO)e (4.10 g, 0.18 mol) in dry Et2O (20 ml). The color
changed from colorless to bright yellow to brown yellow when left to react for 15 min under argon at room
temperature. The solvent was removed under reduced pressure and the residue taken up in degassed H20.
The Meerwein salt MesOBF4 (5.40 g, 0.077 mol) was then added to the solution and left to stir overnight at
room temperature under argon. The reaction was complete when the color changed from yellow-brown to
dull yellow. Work up was done by extracting the product in 3 x 15ml of degassed pentane. The pentane
layers were combined and dried using MgSO4 (anhydrous), filtered and the solvent evaporated in vacuo to
give the product pentacarbonyi[methoxy(methyl)carbenejchromium(0) 56a, as a yellow solid in a 68% yield.
OH (600MHz, CeDe): 4.75 (3H, s, OCHs), 2.99 (3H, s, -CHas); d¢c (100MHz, CeDs): 359.1 (s, C=Cr(CO)s), 216.8
and 211.6 (s, Cr(CO)s), 69.7 (g, OCHs), and 30.1 (g, CH3) IR vmax/cm=1 2061, 1900, 1451 1252

3.2.2  Pentacarbonyl[ethoxy(methyl)carbene]chromium(0) 56b

Cr(CO)s
H3C/H\OEt

MeLi (12.00 ml) was added slowly to a solution of Cr(CQO)e (4.00 g, 0.18 mol) in dry Et2O (20 ml). The color
changed from colorless to bright yellow to brown yellow when left to react for 15 min under argon at room
temperature. The solvent was removed under reduced pressure and the residue taken up in degassed H20
and DCM (20ml). Et4NBr (0.40 g, 1.9 mol) was then added to the solution and the color changed from
yellow-brown to dull yellow. Ethylbromide (2.7 ml, 0.036 mmol) was then added to the solution and left to stir
overnight at room temperature under argon. The product was extracted into 3 x 15ml of dry DCM. The DCM
layers were combined and dried using MgSOs (anhydrous), filtered and the solvent evaporated in vacuo to
give the product pentacarbonyifethoxy(methyl)carbene]chromium(0) 56b, as a yellow solid in a 65% yield. dn
(400MHz, CeDs): 4.98 (2H, s, OCHz2), 2.91 (3H, s, -CH3), 1.56 (3H, t, -CHs3) ; 8¢ (100MHz, CeDs): 223.0 (s,
COitrans), 216.0 (s, COcis), 66.0 (t, OCHz2), 28.5 (g, Cr=C-CHg), and 19.5 (g, O-CH2.CHz3)
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3.2.3  Pentacarbonyl[allyloxy(methyl)carbene]chromium(0) 56¢

Cr(CO)5

A

HaC™ “OAllyl

MeLi (12.00 ml) was added slowly to a solution of Cr(CQO)e (4.00 g, 0.18 mol) in dry Et2O (20 ml). The color
changed from colorless to bright yellow to brown yellow when left to react for 15 min under argon at room
temperature. The solvent was removed under reduced pressure and the residue taken up in degassed H20
and DCM (20ml). Et4sNBr (0.3 g, 0.18 mmol) was then added to the solution and the color changed from
yellow-brown to dull yellow. Allyliodide (3.0 ml, 0.04 mmol) was then added to the solution and left to stir
overnight at room temperature under argon. Work up was done by extracting the product in 3 x 15ml of dry
DCM. The DCM layers were combined and dried using MgSQO4 (anhydrous), filtered and the solvent
evaporated in vacuo to give the product pentacarbonyifallyloxy(methyl)carbeneJchromium(0) 56¢, as a
yellow solid in a 62% yield. dH (400MHz, CsD¢): 5.51 (1H, m, CH), 4.94 (2H, d, OCH.), 4.29 (2H, d, CH2) and
2.33 (3H, s, CHg) ; dC (100MHz, CsDe): 358.5 (s, Cr=C), 223.0 (s, COtrans), 216.9 (s, COcis), 130.9 (d, CH),
119.8 (t, CH2CH), 53.7 (t, OCHz) and 30.4 (g, CHs)

3.24  Pentacarbonyl[methoxy(methyl)carbene]tungsten(0) 56d

W(CO)s
H3C)kOMe

MeLi (0.01 ml) was added slowly to a solution of W(CO)s (0.18 g, 0.5 mmol) in dry Et2O (5 ml). The color
changed from colorless to bright yellow to brown yellow when left to react for 15 min under argon at room
temperature. The solvent was removed under reduced pressure and the residue taken up in degassed H20.
The Meerwein salt MeOBF4 (0.044 g, 0.06 mmol) was then added to the solution and left to stir overnight at
room temperature under argon. The reaction was complete when the color changed from yellow-brown to
dull yellow. Work up was done by extracting the product in 3 x 15ml of degassed pentane. The pentane
layers were combined and dried using MgSOa (anhydrous), filtered and the solvent evaporated in vacuo to
give the product pentacarbonyl[methoxy(methyl)carbene]tungsten(0) 56d, as a yellow solid in a 78% yield.
dc (100MHz, CsDs): 332.6 (s, C=Cr(CO)s), 203.5 and 197.4 (s, Cr(CO)s), 69.7 (q,0CHs), and 51.6 (q,CHs3).
IR vmax/cm-1 2060, 1872, 1450, 1250

68



3.3 Condensation of Aldehydes with chromium carbene complexes

3.3.1 Pentacarbonyl[methoxy(ethylene)carbene|chromium(0) 57a

Cr(CO)s
H3o/\) ]\OMe

Acetaldehyde (0.4ml, 6.7 mmol) was added to a stirred solution of carbene 56a (0.40g, 1.5mol) in dry Et2O
(20 ml), and then cooled to 0°C. DBU (0.1 ml) was added to the solution and the reaction left to stir for 1 hour
at 0°C under argon. The color changed from yellow to brown yellow. The solvent was removed under
reduced pressure and the residue taken up in degassed DCM (20 ml) and cooled again to 0°C. Methane
sulfonylchloride (MsCI) (0.3 ml, 3.6 mmol) and triethyl amine (EtsN) (0.5 ml, 3.6 mmol) were added to the
solution and left to stir for 30 min under Ar, after which it was left to warm to room temperature overnight
under argon. Removing the DCM under reduced pressure gave the product pentacarbonyl-
[ethylene(methyl)carbene]chromium(0) 57a, as a red-brown oil 60% yield. dn (400MHz, CeDe): 7.76 (1H, d,
CH-CHs), 7.03 (1H, d, CH-C=Cr), 2.19 (3H, s,CHs); dc (100MHz, CsDs): 359.1 (s, C=Cr), 223.1 (COtrans),
132.5 (d, CHC=Cr), 129.4 (d, CHsCH), 67.5 (g, OCHzs) and 30.2 (q, CHsCH)

3.3.2  Pentacarbonyl[methoxy(benzylene)carbene|chromium(0) 57¢

Cr(CO)s
~ OMe

Benzaldehyde (5ml, 1.3 mmol) was added to a solution of 56a (0.3 g, 1.2 mmol) in Et2O. DBU (0.5 ml) was
added and the reaction left to stir at 0°C for 2 h. The color changed from yellow to dark brown. The solvent
was removed under reduced pressure and the residue taken up into degassed DCM. EtsN (1ml, 1.2 mmol).
and MsCI (0.4 ml, 5.6 mmol) were added to the solution and left to react at 0°C for 15 min under Ar. The
solvent was evaporated under reduced pressure to yield a crude yellow-brown oil pentacarbonyl-
[methoxy(benzylene)carbene]chromium(0) in a 30% yield. 57¢c. o+ (400MHz, CeDe): 7.93 - 7.58 (Ar-Hs), 6.50
(1H, s, CH-Ar), 6.46 (1H, s, CHC=Cr), 4.51 (38H, s, OCHa); dc (100MHz, CsDs): 360.0 (s, C=Cr), 223.5 (s,
COtrans), 216.7 (s, COcis) 138.2 (s, CHC=Cr), 130.5 (s, CHAr), 129.0 - 127.0 (s, ArCs), and 60.5 (s, OCHs)
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3.3.3  Pentacarbonyl[methoxy(benzylene)carbene]chromium(0) 57d

Cr(CO)5
~ OMe

OH

Salicylaldehyde (2-hydroxybenzaldehyde) (1.4 ml, 1.3 mmol) was added to a solution of 56a (0.3 g, 1.18
mmol) in Et20. DBU (0.5ml) was added and the reaction left to stir at 0°C for 2 h. The color changed from
yellow to dark brown. The solvent was removed under reduced pressure and the residue was taken up into
degassed DCM. EtsN (1 ml, 1182 mmol) and MsCI (0.4 ml, 5.6mmol) were added to the solution and left to
react at 0°C for 15 min under Ar, solution turned deep purple. The solvent was evaporated under reduced

pressure to yield a deep purple oil 10% yield 57d.

Attempted Condensation of Aldehydes with chromium carbene complexes

3.3.4 Pentacarbonyl[methoxy(propylene)carbene]chromium(0) 57b

Cr(CO)s

H
O OMe

Propionaldehyde (0.08 ml, 11 mmol) was added to a stirred solution of carbene 56a (0.19 g, 7.8 mmol) in dry
Et20 (5ml), and then cooled to 0°C. DBU (0.15 ml) was added to the solution and the reaction left to stir for 1
hour at 0°C under Ar. The color changed from yellow to brown yellow. The solvent was removed under
reduced pressure and the residue picked up in degassed DCM (20 ml) and cooled again to 0°C. Methane
sulfonylchloride (MsCI) (0.08 ml, 9.4 mmol) and triethyl amine (EtsN) (0.13 ml, 9.4 mmol) were added to the
solution and left to stir for 30min under Ar, after which if was left to warm to room temperature overnight
under argon. Removing the DCM under reduced pressure gave a impure brown oil 57b. dc (100MHz, CeDs):
361.0 (s, C=Cr), 216.6 (s, COtans), 211.7 (COcis), 132.2 (d, CHC=Cr), 53.0 (g, OCHs) and 30.5 (CH3sCH>)
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3.3.5 Pentacarbonyl[methoxy(ethylene)carbene]tungsten(0) 57e

W(CO)s
Hsc X Me

Acetaldehyde (0.4ml, 6.7 mmol) was added to a stirred solution of carbene 56d (0.40 g, 1.5 mol) in dry Et2O
(20 ml), and then cooled to 0°C. DBU (0.1 ml) was added to the solution and the reaction left to stir for 1 h at
0°C under argon. The color changed from yellow to brown yellow. The solvent was removed under reduced
pressure and the residue picked up in degassed DCM (20 ml) and cooled again to 0°C Methane
sulfonylchloride (MsCI) (0.3 ml, 3.6 mmol) and triethyl amine (EtsN) (0.5 ml, 3.6 mmol) were added to the
solution and left to stir for 30min under Ar, after which it was left to warm to room temperature overnight
under argon. Removing DCM under reduced pressure gave the product pentacarbonyl-
[ethylene(methyl)carbene]chromium(0) 57e, as a impure red-brown oil d¢ (100MHz, C¢De¢): 332.0 (s, C=Cr),
203.5 (COrrans), 197.49 (COtrans), 128.1(d, CHsCH), 67.5 (g, OCHs) and 30.0 (g, CHsCH)

3.3.6 Pentacarbonyl[methoxy(benzylene)carbene]tungsten(0) 57f

W(CO)s
~ OMe

OH

Salicylaldehyde (1.4 ml, 1.3 mmol) was added to a solution of 56d (0.3 g, 1.2 mmol) in Et2O. DBU (0.5ml)
was added and the reaction left to stir at 0°C for 2 hours. The color changed from yellow to dark brown. The
solvent was removed under reduced pressure and the residue taken up into degassed DCM. EtsN (1 ml, 1.2
mmol). MsCI (0.5 ml, 5.6 mmol) was added to the solution and left to react at 0°C for 15 min under Ar. The
solvent was evaporated under reducded pressure to yeild a deep purple oil Pentacarbonyl-
[methoxy(benzylene)carbene] tungsten(0) 57f 17%yield.. &4 (400MHz, CeDe¢): 9.17 (1H, s, OH), 7.62 (1H, d,
CH), 7.08 (1H, d, ArH), 6.93 (1H, t, ArH), 6.80 (1H, g, ArH), 6.43 (1H, t, CH); d¢c (100MHz, CeDs): 387.3 (s,
C=Cr(CO)s, 217.1 (COtrans), 196.0 (COcis), 38.5 (9, OCHz)
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3.4 Coupling of a,f-unsaturated carbene complexes with aldehydes

3.4.1 (2-(hydroxy(phenyl)methyl)-1-methoxybut-2-en-1-ylidene) chromium hexacarbonyl 58a

OH Cr(CO)s

CH3

Me

Conventional method

Benzaldehyde (0.4 ml, 3,7 mmol) was added to a stirred solution of 57a (0.35 g, 1.2 mmol) in dry DCM (5ml).
DBU (0.15 ml) was added to the solution and the reaction left to stir overnight, after which it was monitored
by TLC for 3 days. The solvent was removed under reduced pressure and gave a crude yield of 8% as an
impure dark brown oil. Crude NMR suggested the possible presence of the product but rapid decomposition

hindered further analysis.
Microwave method

Benzaldehyde (0.4 ml, 3,7 mmol) was added to a stirred solution of 57a (0.35g, 1.2mmol) in dry DCM (2 ml).
DBU (0.15 ml) was added to the solution and irradiated at 25°C in 30 minute cycles. After four cycles the
solvent was removed under reduced pressure and the residue was a dark brown oil. Crude NMR did not

indicate the presence of the desired compound.

3.5 Benzannulation of a,p-unsaturated carbene complexes

3.5.1 Diethyl 4-methyl-3,6-dioxocyclohexa-1,4-diene-1,2-dicarboxylate 59a

O OEt

@)

HsC °
O OFEt

Condensation product 57a (0.05 g, 0.18 mmol) was added to a solution of diethyl but-2-ynedioate (0.30
mmol) in Et2zO (3 ml). The reaction vessel was placed in a microwave reactor and a reflux condenser fitted
with a rubber septum was attached. CO filled balloons provided a reducing atmosphere via the septum of the
condenser. The reaction was irradiated for 300s. After automatic cooling the reaction mixture was poured
into a solution of CAN (0.6 g, 1.1 mmol) in water (3 ml). The mixtures were then stirred for a further 20
minutes and extracted with diethyl ether (3x20 ml). The organic extracts were combined and the solvent

removed via reduced pressure. 'H NMR of the crude mixture was inconclusive.
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Appendices

Appendix -1A:

Bond lengths (NBO) of selected carbenes

Theoretical bond lengths (NBO) in selected Molybdenum Fischer carbenes

Molybdenum Fischer carbenes 0.,
Bond Bond Length (A) |\
R? Ce
H R R R 0,,==C,,, | WMC=0,
M-C 2.14826 | 2.15781 | 2.15222 o._.,.—c‘/m]g\c._\:o.,
M-C 2.05096 | 2.05172 | 2.05137 _ P _
M-C 2.05102 | 2.05103 | 2.04980 =0 Ou=h
M-C 2.04276 | 2.04982 | 2.04265
M-C 2.04284 | 2.03531 | 2.04202
M-C 2.05270 | 2.04966 | 2.05115
G 1.50989 | 1.51073 | 1.51073
G 1.35480 | 1.35110 | 1.35156
G 1.17306 | 1.17380 | 1.17301
Cs 1.17307 | 1.17328 | 1.17347
Cs 1.17625 | 1.17466 | 1.17638
GCs 1.17622 | 1.17813 | 1.17649
Cs 1.17556 | 1.17601 | 1.17584
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Table 6: Theoretical bond lengths (NBO) in selected Tungsten Fischer carbenes

Tungsten Fischer carbenes

Bond Length (A)
Bond R?

# R R R
M-C 2.15592| 2.16801 2.16089
M-C 2.05963| 2.05969  2.06013
M-C 2.05964 2.06034 2.05849
M-C 0.05085 2.05740| 2.05048
M-C 2.05086  2.04324 | 2.04999
M-C 2.06389| 2.05934 2.06192

G 1.50998| 1.15110| 1.51078
G 1.35167 1.34730 1.34812
G 1.17153] 1.17240| 1.17146
G 1.17153] 1.17153| 1.17190
Ca 1.17455] 1.17324| 1.17469
Cs 1.17455| 1.17618| 1.17477

Cs 1.17356| 1.17406| 1.17387

0, ==Cy,,, |
onw=cY
4 —C,
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Appendix -1B:

Bond lengths (NBO) of selected condensation products

Chromium Carbenes Condensation products
Bond Length (A)
Bond
Rl=Me
# R R R2 R2

M-C 2.05895 | 2.05904 2.07041 2.07506
M-C 1.89651 | 1.89598 1.89718 1.89644
M-C 1.89825 | 1.89885 1.18972 1.89465
M-C 1.88213 | 1.88217 1.88025 1.87949
M-C 1.87989 | 1.87949 1.88023 1.87945

M-C 1.88158 | 1.88143 1.87887 1.87681
G 1.46046 | 1.46010 1.45048 1.45043
G 1.36200 | 1.36198 1.36683 1.36628
Cs 1.35477 | 1.35478 1.36399 1.36570
Cis 1.49396 | 1.49809 1.45627 1.45172

G 1.17133 | 1.17148 1.17120 1.17154

Cs 1.17078 | 1.17070 1.17121 1.17153

Cs 1.17575 | 1.17573 1.17607 1.17650

Cs 1.17576 | 1.17593 1.17609 1.17652

Cs 1.17472 | 1.17478 1.17539 1.17602

R=Et
#
R R R? R?

M-C 2.06367 | 2.06558 2.07449 2.07985
M-C 1.89549 | 1.89558 1.89554 1.89529
M-C 1.89695 | 1.89667 1.89655 1.89529
M-C 1.88176 | 1.88105 1.88092 1.87985
M-C 1.88016 | 1.88014 1.88033 1.87985

M-C 1.88032 | 1.88004 1.87786 1.87578
G 1.46144 | 1.46099 1.45196 1.45181
G, 1.35864 | 1.35884 1.36316 1.36281
Cs 1.35455 | 1.35487 1.36334 1.36494
Cis 1.49416 | 1.49811 1.45666 1.45187

G 1.17164 | 1.17159 1.17171 1.17189

Cs 1.17124 | 1.17134 1.17146 1.17189

Cs 1.17582 | 1.17585 1.17616 1.17654

Cs 1.17588 | 1.17604 1.17606 1.17654

Cs 1.17497 | 1.17506 1.17558 1.17622

82



R1=Allyl

#
R R R? R?

M-C 2.06161 | 2.06355 2.07367 2.07780
M-C 1.89681 | 1.89491 1.89699 1.89640
M-C 1.89779 | 1.89951 1.89723 1.89629
M-C 1.88193 | 1.88203 1.87979 1.87936
M-C 1.87962 | 1.87912 1.88068 1.88011

M-C 1.8808 | 1.88016 1.87802 1.87611
G 1.46171 | 1.46121 1.45193 1.45180
Gy 1.35869 | 1.35874 1.36348 1.36309
Cs 1.35432 | 1.35457 1.36345 1.36483
Cis 1.49431 | 1.49825 1.45660 1.45200

G 1.17128 | 1.17188 1.17144 1.17169

Cs3 1.17111 | 1.17054 1.17121 1.17158

Cs 1.17593 | 1.17583 1.17612 1.17645

Cs 1.17583 | 1.17612 1.17623 1.17660

Cs 1.1749 | 1.17504 1.17555 1.17615

Molybdenum Carbenes Condensation products
Bond Length (A)
Bond
R=Me
# R R R2 R2

M-C 2.20599 | 2.20693 2.21612 2.22065
M-C 2.06137 | 2.06124 2.06128 2.06085
M-C 2.06134 | 2.06170 2.06129 2.06085
M-C 0.04377 | 2.04400 2.04253 2.04189
M-C 2.04235 | 2.04170 2.04251 2.04188

M-C 2.04878 | 2.04840 2.04563 2.04378
G 1.45855 | 1.45806 1.44874 1.44857
G 1.36219 | 1.36221 1.36656 1.36607
Cs 1.35515 | 1.35532 1.36427 1.36565
Cis 1.49361 | 1.49756 1.45547 1.45096
G 1.17169 | 1.17176 1.17176 1.17205
Cs 1.17158 | 1.17153 1.17175 1.17205
Cs 1.17630 | 1.17629 1.17673 1.17713
Cs 1.17652 | 1.17677 1.17673 1.17713
Cs 1.17542 | 1.17549 1.17608 1.1767

RI=Et
#
R R R? R?

M-C 2.04733 | 2.01096 2.21895 2.22389

M-C 2.66032 | 2.06026 2.06016 2.05973
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M-C 2.06022 | 2.06043 2.06016 2.05973
M-C 2.04323 | 2.04432 2.04275 2.04216
M-C 2.04348 | 2.04189 2.04275 2.04213
M-C 0.04733 | 2.04723 2.04487 2.04300
G 1.45957 | 1.45932 1.45000 1.44993
G 1.35863 | 1.35881 1.36343 1.36297
Cs 1.45957 | 1.145932 1.36387 1.36535
Cis 1.35497 | 1.35499 1.45595 1.45126
(6] 1.17199 | 1.17210 1.17211 1.17238
Cs 1.17202 | 1.17194 1.17211 1.17238
Cs 1.17651 | 1.17634 1.17675 1.17715
Cs 1.17645 | 1.17681 1.76750 1.17715
Cs 1.17567 | 1.17572 1.17626 1.17687
R1=Allyl
#
R R R? R?

M-C 2.20868 | 2.21137 2.21788 2.22286
M-C 2.06218 | 2.05974 2.06037 2.05982
M-C 2.06048 | 2.06247 2.06203 2.06151
M-C 2.04439 | 2.04341 2.04187 2.04142
M-C 2.04161 | 2.04220 2.04286 2.04220

M-C 2.04785 | 2.04695 2.04484 2.04302
G 1.45970 | 1.45920 1.44993 1.44969
C; 1.35880 | 1.35894 1.36375 1.36330
Cs 1.35472 | 1.35510 1.36383 1.35546
Cis 1.49385 | 1.49765 1.45605 1.45117

(6] 1.17157 | 1.17211 1.17211 1.17238

C3 1.17193 | 1.17143 1.17159 1.17188

Cs 1.17638 | 1.17648 1.17684 1.17724

Cs 1.17667 | 1.17676 1.17678 1.17717

Cs 1.1756 1.17574 1.17625 1.17685

Tungsten Carbenes Condensation products
Bond Length (A)
Bond
Rl=Me
# R R R? R?

M-C 2.18985 | 2.19085 2.19988
M-C 2.05242 | 2.05223 2.05210
M-C 2.05217 | 2.05227 2.05211
M-C 2.03687 | 2.03729 2.03543
M-C 2.03461 | 2.03427 2.03539

M-C 2.04128 | 2.04085 2.03842
G 1.45864 | 1.45240 1.44861
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Gy 1.36598 | 1.36582 1.37028
Cs 1.35530 | 1.35542 1.36449
Cis 1.49390 | 1.49782 1.45539
C 1.17324 | 1.17330 1.17332
Cs 1.17308 | 1.17310 1.17332
Ca 1.17801 | 1.17797 1.17849
Cs 1.17835 | 1.17856 1.17850
Cs 1.17726 | 1.17734 1.17795
R=Et
#
R R R2 R2
M-C 2.19378 | 2.19425 2.20275
M-C 2.05140 | 2.05147 2.05105
M-C 2.05108 | 2.05091 2.05104
M-C 2.03698 | 2.0379 2.03564
M-C 2.03510 | 2.0345 2.03570
M-C 2.04014 | 2.03996 2.03769
Cy 1.14597 | 1.45951 1.44986
Gy 1.36246 | 1.35503 1.36708
Cs 1.35506 | 1.49792 1.36413
Cis 1.49407 | 1548 1.45582
C 1.17359 | 1.17364 1.17368
Cs 1.17352 | 1.17352 1.17369
Ca 1.17810 | 1.17804 1.17852
Cs 1.17836 | 1.17856 1.17850
Cs 1.17749 | 1.17757 1.17814
R1=Allyl
#
R R R2 R2

M-C 2.19232 | 2.19345 2.20129
M-C 2.05309 | 2.05188 2.05093
M-C 2.05940 | 2.05252 2.05283
M-C 2.03741 | 2.03717 2.03487
M-C 2.03434 | 2.03413 2.03593
M-C 2.04044 | 2.04013 2.03786
Cy 1.45989 | 1.45961 1.44975
Gy 1.36268 | 1.36251 1.36759
Cs 1.35486 | 1.35516 1.36414
Cis 1.49408 | 1.49791 1.45594
C 1.17307 | 1.17371 1.17371
Cs 1.17354 | 1.17300 1.17314
Ca 1.17808 | 1.17816 1.17858
Cs 1.17841 | 1.17861 1.17854
Cs 1.17744 | 1.17758 1.17811
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Appendix -1C:

Bond lengths (NBO) of selected Baylis Hillman products

Cr Baylis Hillman

Bond Bond Length (A)
R2=Me
# R1=Me R1=Et R1=Allyl
M — C1(carbene) 2.06958
Cl1-02 1.35680
Cl1-C3 1.44366
C3-C4 1.32573
C3-C5 1.50856
Bond Bond Length (A)
R2=Ph
# R1=Me R1=Et R1=Allyl
M — C1(carbene) 2.06158 | 2.06578 2.08103
Cl1-02 1.36477 1.36092 1.36624
Cl1-C3 1.43572 1.43726 1.43245
C3-C4 1.34112 1.34078 1.33709
C3-C5 1.51364 1.51310 1.50681
Bond Bond Length (A)
R2=Benz
# R1=Me R1=Et R1=Allyl
M — C1(carbene) 2.06811 2.06881
Cl1-02 1.35821 1.35530
C1-C3 1.43780 1.43908
C3-Cc4 1.33806 1.33895
C3-C5 1.50167 1.50410
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Appendix -2A:

Predicted IR of carbene products
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| and experimental IR frequencies for Cr based carbenes
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Computational a IR frequencies for molybdenum based carbenes
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I and experimental IR frequencies for tungsten based carbenes
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Appendix -2B(i):

Predicted IR of condensation products

Chromium Condensation products
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Appendix -2B(ii):

Predicted IR of condensation products

Molybedenum Condensation products
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Appendix -2B(iii):

Predicted IR of condensation products

Tungsten Condensation products
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0p=Cu,, | e =00
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C C
~ 7
R2 \CS/ \014_R1

R1= Me, Et, Allyl
R2= Me, Et, Benz, Sali
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Appendix -3A(i):

Optimized structures for Carbenes (Cr) (NBO)

Cr ‘ Me
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Cr

Allyl
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Appendix -3A(ii):

Optimized structures for Carbenes (Mo) (NBO)
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Appendix -3A(iii):

Optimized structures for Carbenes (W)(NBO)
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Appendix -3B:

Optimized structures for condensation products (Cr)(NBO)
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Et 2-(HO)Ph

Cr

118









Cr

Allyl

Phenyl

121




Cr

Allyl 2-(HO)Ph
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Appendix -3C(i):

Optimized structures of Baylis Hillman products (Cr)(NBO)

Cr Allyl Me OH

123












Cr Me Benzyl OH
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Cr Et Salicyl Salicyl
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Appendix -4A:

Optimized structures of Benzannulated Products (NBO)
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