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INTRODUCTION

Combinations of carbenes and organometallic moieties form carbene complexes.

These are mainly divided into Fischer-type complex and Schrock-type complex. The role of
Schrock-type complexes (initially identified in 1970) in olefin metathesis (2005 Nobel Prize
winner?) is very important. On the other hand, Fischer carbene complexes (FCC), discovered
in 1964% and 1965%°, were developed as powerful organic synthesis reagents®. This chapter
focuses on the synthesis of azaheterocycles using Fischer carbene complexes, with special
focus on chromium complexes, which are the most important of the Fischer carbenes due to
their balance of coordination and safety and ease of possession (see below) and widest usage
area.

1.

Synthesis of Fischer Carbene Complexes (FCC): Addition of carbon nucleophile and
carbon electrophile to the metal-coordinated carbon monoxide ligand (Scheme 1.1) is the
first and most common approach to Fisher-type metal carbenes (“Fisher route").* Noble
metal salts 1-3, 7-9 and 13-15, respectively, can be generated by adding organolithium
reagents (alkyl-, aryl-, alkenyl- or alkynyl lithium derivatives) to chromium
hexacarbonyl. and can be alkylateds""'b in situ by treatment with as trialkyloxonium
tetrafluoroborates®®® or alkyl fluorosulfonates®® to form alkoxy carbene complexes 4-6,
10-12, 16-18 respectively in moderate yield. Nobel metal salts can also be alkylated by
methyl iodide in presence of phase transfer catalyst.®
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Scheme 1.1

An important limitation of the Fisher method may be the presence of
organolithium compounds. Here, the addition of alkoxycarbene complexes (Semmelhack-
Hegedus method) provides another route, which involves addition of
pentacarbonylchromate dianion 19 (obtained by reduction of hexacarbonylchromium)
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with sodium naphthalene (NaphNa)®*® or the simply C8K® to acyl chlorides (Section
1.2)"®. Alkylation of acylchromate 20 gives alkoxycarbene complex 4. Both Fischer and
Semmelhack-Hegedus methods were used for the synthesis of dicarbene’® and
multimetallic carbene complexes'®.
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Scheme 1.2

Finally, a specific synthesis method for cyclic carbene complexes was developed
(Scheme 1.3). In the presence of weak ligands (such as tetrahydrofuran'® or
triethylamine™®), one of the carbonyl ligands in chromium hexacarbonyl undergoes
photochemical cleavage to form the chromium pentacarbonyl c-complex (OC)sCrL 21,
which reacts with omega-alkynols 22'2*3. In this case, firstly the vinylidene complex (23)
(which can be formed with*®" or without'? irradiation) is generated and then converted
into metal oxacycloalkylenes (24).

HO
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21 23
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R

Scheme 1.3

Generally, water, air and diluted acids or bases cannot react with Fischer carbene
complexes. They have high dipole moment (4-5 Debye). Though, they can be purified by
column chromatography using eluent petroleum ether through silica gel and can be
identified by seeing their colour. The Fischer carbene complexes containing OMe or any
other alkoxy group as stabilizing group is generally related to the carbon substituents’
hybridization present in the carbene carbon. Carbons with sp* hybridization are generally
yellow in colour, carbons with sp? hybridization are generally red in colour and Carbons
with sp hyridisation are generally black/dark purpe in colour (Figure 1.1).
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Figure 1.1

e General reactions: Generally group 6-8 transition metals form Fischer Carbene
Complexes. In the organometallic fragment they have low oxidation state and
attached with a ligand with good pi-acceptor (usually CO).

The carbon atom of the FCC signifies a strong electron loving epicenter with a
upfield refraction carbon NMR shift near 400 ppm,** similar to carbocations (see
mesostructure I in Fig. 1.2), mainly due to the m of nitrogen or oxygen (i.e.
heteroatoms) resulting in stabilization as shown in mesoscopic model Ill. Therefore,
the metal carbonyl fragment acts as a functional part that trigger the ligand of the FCC
for the corresponding reaction. The characteristic reaction structures of
carbonylalkylcarbene complexes are shown in Figure 1.3. The Carbene carbon atoms’
electrophilic nature promotes the attack by electron rich carbon and heteroatom
(pathway A). Electrophile can be added to the carbene heteroatom substitution (path
B), that presents the initial stage in the production of metal carbyne from metal
carbene. ™

Due to the electron loving property of the carbene carbon, the P™ of the a-CH
group decreases. For example, the pKa of methoxy (methyl) carbene chromium
complex 4 (R1 = R2 = Me) is ~8."" Deprotonation of a strong base therefore produces
a metal carbene anion that can be used as a C-nucleophile in alkylations, aldol
reactions and Michael-type reactions (path c).

B
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M= Cr, Mo, W; X = 0, NE' M= Cr, Mo, W

E = base. E = elecwrophile,
L = ligand and Nu = nucleophile

Figure 1.2 Figure 1.3

At last, carbonyl ligand goes through either photochemical or thermal
substitution of other ligand species (e.g., phosphine, alkene, alkyne), thus allowing the
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transformation of modified ligand spheres (method d). These reaction models indicate
that organometallic functional groups can be undergo through ligand-centered or
metal-centered reactions. Another type of reaction of carbene complexes is the
addition of metal-carbene bonds (intramolecular) to the C-H bond used for
heterocyclic compound synthesis: ortho-phenyl (dialkyl amino) Cr(0) carbene
complexes are converted to indole. Yield is 70. -80% at room temperature.'® An zero
metal site generates after decarbonylation in the sphere of the co-ligand. it can act as a
template and can provide the blueprint for subsequent synthesis, allowing the Carbon—
Carbon bond generation in the metal co-ordination sphere.'*%

2. Aza-heterocycles Synthesis: The metal carbenes’ function in the generation of the cyclic
structure (Figure 1.4) can be divided into two parts. Heterocyclic ring formation reactions
in which the carbon atom of the FCC with o,-unsaturation does not directly partake,
though the C-a and C-p carbon atoms partake (Section 1.2.1). Methods for the Synthesis
of aza-heterocycles using the specific reaction of FCC are not covered here.

X X
M={__ M={__

AN N

Heterocyclization (Section 1.2.1) Heterocydization (Beyond coverage)

Figure 1.4
3. Synthesis of Heterocycles involving Unsaturated Carbene Complexes C-C a-bond

Heterocycles: Five-membered: The metal pentacarbonyl part is a strong electrophile,
leaving the alternative m system very electron deficient. Another interesting fact is that
afterwards the necessary reactions have occurred, the products of the reactions still holds
the carbene metal functionalization necessary for successive operations.
Carbonucleophile and heteronucleophile reagents go through Michael-type addition has
been evaluated enormously. In addition, [4+2] cycloaddition between traditional
carbadienes and Group 6 a,B-unsaturated carbene complexes are exemplified many times.
In comparison, only few reports are available of 1,3-dipolar cycloaddition of the FCC
containing a,B-unsaturation.”* Diazomethane derivative, nitrilimine and nitron have been
effectively used as dipole with unsaturated FCC. Synthesis of nitrogen heterocycles
through cycloaddition reaction between nitrilimines and diazomethane dipoles have been
described here.

Tungsten phenylethynyl-ethoxy-carbene complex 25 reacts with diazomethane to
give pyrazole derivatives 27 (Scheme 1.4).?” This is a cycloaddition reaction discovered
by Fischer in 1973. The reaction goes through intermediate 26 (not recovered). Then
another molecule diazomethane reacts with the produced carbene functionality and
produce the pyrazole ring.
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Ten 2years later, Chan and Wulff examined this phenomenon in more detail
(Chapter 5). Therefore, the cycloaddition reaction of alkynylcarbene complex 28 with
trimethylsilyldiazomethane 29 occurs at room temperature, forming the pyrazole ring
systems 30 in high yield and full regioselectivity. Carbene group metals (M = Cr, W) can
be efficiently oxidized by ceric ammonium nitrate (CAN) to pyrazole esters (31).
Furthermore, the new alkenylcarbene complex (30) undergoes a benzocyclization reaction
with an alkyne (32) to yield moderately synthetic pyrazole (33) in low to moderate yield.
Interestingly, the cyclization reaction involves the conjugated carbon-nitrogen double
bond of 30 tautomers instead of the carbon-carbon double bond.
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. 0
RZ=H Et Ph 1
R¥=Et Ph
Scheme 1.5

A few vyears later, Maiorana and co-workers showed that alkenyl(alkoxy)
chromium carbene complexes could undergo 1,3—dipolar cycloaddition between
diazomethane and trimethylsilyl diazomethane to yield pyrazolines.? This dipolar
cycloaddition reaction was studied in more detail by Barluenga and co-workers (Scheme
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1.6) later.”>? Accordingly, FCC derived from (-)-8-phenyl-menthol 34 were reacted with
different diazo compounds 35 at normal temperature to obtain diastereoselective
pyrazolyl carbene complexes 36 in moderate yields. Dipolar cycloaddition methods for
the preparation of pyrazolines (37) using metal alkenyl carbenes (34) or alkenyl esters
(38) were compared and the outcomes are summarized in the scheme. Though the
preparation of pyrazoline 37 from complex 34 requires an additional step from ester 38
(oxidation of pyridine to carbonyl of the metal carbene), the chemical yield, reactivity and
diastereo-selectivity efficiency are undoubtedly higher in the previous case.
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Scheme 1.6

Similarly, many imines formed from chlorohydrazone 39 and NEt; react smoothly
with the chromium carbene complex 34 to form N-phenylpyrazoline derivative 40, which
is further oxidized to the nonmetallic pyrazolines (Scheme 1.7) with pyridine oxide. The
overall efficiency is high and the diastereoselectivity is very good.?’

L
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R! = Ph, 2-furd, p MeO-CH, P}-"—D'[
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Scheme 1.7

Based on this concept, short-term, high-yield and diastereoselective synthesis of
the anti-inflammatory and antidepressant drug (+)-rolipram has recently been achieved
(Section 1.8).% The main step involves the dipolar cycloaddition of the enantipure
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chromium carbene complex 34 with the imine ylide dipole 42, thus obtaining rolipram 44
as the single enantiomer in an overall yield of 28%.
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14 42 44
R = ()-8-pheryim enthy (+)-Rolipram
Scheme 1.8

6-Membered aza-heterocyclic rings can be easily obtained through the [4+2]
cycloaddition reaction of metal carbenes. So, 1-aza-1,3-diene 45 is neatly cycloadditioned
to tungsten alkynylcarbene 46 to give the 1,4-dihydropyridine complex 47 in good yield

(Scheme 1.9). An example of oxidation by pyridine oxide from 47 to the ester 48 has also
been stated.?
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Scheme 1.9

Similarly, heterodiene 49 was incorporated into the dihydropyridone skeleton
(Scheme 1.10).%° Therefore, cycloaddition of alkynylcarbene 46 and 2-azadiene 49 occurs
at room temperature (for R1 = 2-furyl) or 60°C (for R1 = 2-furyl) to form pyridone
complex 50. This can be isolated when R* = t-Bu. This allows thermal conversion to the
metal-free heterocycle 51. The formation of 2-azafluorenone 51 is well explained by
metalloelectrocycle closure and reductive metal elimination 50 (for R3 = Ph).

5“1 Me0.Cr(CO); THE L B o Rl OMe
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Scheme 1.10
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The [4+2] cycloaddition strategy has also been used for the synthesis of
pyrimidine rings (Scheme 1.11).3" Therefore, treatment of complex 28 with diazadiene
species 52 leads to the formation of pyrimidine carbene complex 53, which is oxidized to
pyrimidine ester 54. The chromium carbene adduct can be thermally converted to
polyheterocycle 55 (see Formation 51, Scheme 1.10) or by heating in the presence of tert-
butylisocyanide to form ketene imine, which is then refined to 56 through electrocyclic
ring closure.
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Scheme 1.11
1. CONCLUSION

As seen from the examples given in this chapter, Group 6 metallocarbene complexes
are reactive towards a variety of nitrogen-containing substrates, resulting different of mono-
/poly-heterocyclic products. Generally, 4 to 7 membered rings can be prepared in one step
with high selection. Among these, simple nitrogen heterocycle formation appears to be both
mechanically and synthetically of particular relevance.

In addition, further work is needed to fully characterize the electronic properties of
transition metal carbene complexes in the synthesis of azaheterocycles. For example, (i) the
development of a stepwise or one-pot process similar to those well known in terminal
carbocycle synthesis would be welcome; (ii) new asymmetric methods or strategies should be
developed to improve the performance of metal complexes in enantioselective heterocycle
synthesis; (iii) Undoubtedly, the use of stoichiometric amounts of metal reagents can be
considered a significant and common drawback of the carbene complex-based synthesis
strategy. A new concept that requires special attention is the developement of catalytic
processes that will benefit all the resources of these systems.
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