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ABSTRACT

ISOLATION, CHARACTERIZATION AND SYNTHESIS OF TAXOL UNITS
AND
A NOVEL MANGANESE (IlI) ACETATE MEDIATED SYNTHESIS OF
BIARYLS

EMINE OZGUL KARAASLAN

Ph. D., Department of Chemistry
Supervisor: Prof. Dr. Ayhan S. Demir
May, 2001, 280 pages

In the first part of this study, new methods were described for the synthesis of
taxol side chain analogues by means of chemical and biotechnological techniques.
These methods covers the homologation of phenyl glycine, cyanohydrin formation
reactions, benzoin condensation reactions, asymmetric dihydroxylation, and
biocatalytic methods. Meanwhile, 10-deacetyl baccatin III was isolated from the

leaves of the yew tree in Bolu Yaylacik Forest and characterized by spectroscopic

methods.
10-Deacetylbaccatin III is the precursor of taxol lacking the C-10 acetoxy

group and C-13 side chain, and is discovered in the needles and twigs of Taxus

baccata, the European Yew tree. Harvesting this renewable source, followed by

iii -



semisynthesis, allows the production of taxol (paclitaxel) or the analogue , via
reaction with a derivative of N-benzoyl-(2R,3S)-3-phenylisoserine which is the side
chain of taxol. Taxol is used as a drug for the treatment of breast, lung, and ovarian

carcinomas.

Because the role of the C-13 side chain in the biological activity of taxoid
became evident, enantioselective synthesis of the C-13 side chain has been the focus

of many investigators and numerous methods have been developed up to now.

In the second part of the work, unsymmetrical biaryls and heterobiaryls were
synthesized in a manganese(Ill) acetate mediated reaction of aryl hydrazines with

aromatic hydrocarbons.

Biaryls and their homologues are an important class of organic compounds.
The biaryl unit is represented in several types of compounds of current interest
including natural products, polymers, advanced materials, liquid crystals and ligands.
Furthermore, many functionalized, unsymmetrical biaryls are wide spread in nature

and are an important constituent of many medicinals.

Key words: taxol, taxol side chain, 10-deacetylbaccatin III, diethylzinc
addition, benzoin condensation, O-trimethylsilylether protected cyanohydrin,
asymmetric dihydroxylation, biocatalysts, biaryls, heterobiaryls, hydrazines,

manganese(Ill) acetate.
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TAKSOL BIRIMLERININ iZOLASYONU, KARAKTERTZASYONIj, SENTEZI
VE
BIARILLERIN YENI BIR YONTEMLE MANGANEZ(III) ASETAT
ORTAMINDA SENTEZLENMESI

EMINE OZGUL KARAASLAN

Doktora, Kimya Boliimii
Tez Yoneticisi: Prof. Dr. Ayhan S. Demir
Mayis, 2001, 280 sayfa

Caligmanin ilk boltimiinde kimyasal ve biyoteknolojik yontemler kullanilarak
taksol yan zincir tiirevlerinin sentezi i¢in yeni metotlar gelistirilmigtir. Bu yontemler
fenil glisinin homologe edilmesini, siyanohidrin olusumu reaksiyonlarini, benzoin
kondenzasyon reaksiyonlarini, asimetrik dihidroksilleme, ve biyokatalitik metotlar
kapsamaktadir. Bu arada, 10-deasetilbakatin III, Bolu Yaylacik Ormani'ndaki porsuk
agaclarinin yapraklarindan izole edilip spektroskopik yontemlerle karakterize

edilmigtir.

C-10 Asetoksi grubu ve C-13 yan zinciri olmayan ve taksolun énciisii olan
10-deasetilbakatin IIl Avrupa porsuk agacinin (Taxus baccata) yapraklarinda ve ince
dallarinda bulunmustur. Bu yenilenebilen kaynaZin hasat edilmesi ve semi sentezi

takiben taksolun (paclitaxel) veya tiirevinin iiretimi, taksolun yan zinciri olan N-



benzoil-(2R, 3S)-3-fenilizoserin tiirevi vasitasiyla miimkiin olmustur. Taksol g6giis,
akciger ve yumurtalik kanserlerinin tedavisi i¢in knllanttan-bif ilactir.

Taksoidin biyolojik aktivitesinde C-13 yan zincirinin rolii kamtlandigindan,
C-13 yan zincirinin enantiosegici sentezi birgok aragtirmacinin odak noktas1 olmus

ve giiniimiize kadar gok ¢esitli metotlar gelistirilmigtir.

Calismanin ikinci boliimiinde aril hidrazinlerin aromatik hidrokarbonlarla
manganez(IIl) asetat ortamindaki reaksiyonlarindan simetrik olmayan biaril ve

heterobiariller sentezlenmigtir.

Biarili ve homologlar1 organik bilesiklerin Onemli bir sinifim
olugturmaktadirlar. Biaril grubu dogal tirtinlerde, polimerlerde, ileri materyallerde,
likit kristallerde ve ligantlarda bulunmaktadir. Ayrica, ¢ok fonksiyonlu, simetrik

olmayan biariller dogada ¢ok yaygindir ve birgok ilacin 6nemli bir bilesenidirler.

Anahtar kelimeler: Taksol, taksol yan zincir, 10-deasetilbakatin III,
dietilginko tepkimesi, benzoin kondenzasyonu, O-trimetilsilileter siyanohidrin,
asimetrik dihidroksilasyon, biyokatalizérler, biariller, heterobiariller, hidrazinler,

manganez(IIl) asetat.
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CHAPTER 1

INTRODUCTION

1.1. Taxol and Taxol Analogues

Taxol® (paclitaxel, 1), a molecule that received much publicity in the early
1990s, is one of the newest weapons against cancer and its producer is the Pacific
Yew tree (Taxus brevifolia). Taxol shows strong antitumor activity on breast, lung,
head and neck, and advanced platinum-refractory ovarian carcinomas. It is composed
of a polyoxygenated diterpene and (2R, 3S)-phenylisoserine. This phenylisoserine
side chain plays an important role in the biological function of this antitumor agent.

Taxotere® (docetaxel, 2), a semisynthetic analogue of taxol, proved to be more

efficient than taxol.

1 (Taxol)

The story of the yew is as old as the history of the Western civilization itself.
It is the wood of choice for making bows to the present time. Long ago, Native

Americans recognized its unique qualities and used its bark as a disinfectant, an



abortifacient, and even as a medicine for healthing skin cancer. They also valued its

wood for bow-making and carving.

A clue of the yew's cytotoxic properties comes from its long history as a
producer of poison. Julius Caesar mentions in his "Gallic Wars" that Catuvolcus, a

chieftain of the Eburones, committed suicide by taking extracts from the yew tree.

It seems quite appropriate that a tree that has long represented death to man

would provide one of the most potent weapons in our battle against cancer [1, 2].

1.1.1. Isolation, Characterization, Synthesis and Biological Activity of Taxol

Analogues

The modern history of this natural product began in 1962, when A. Barclay
collected bark from Taxus brevifolia, the Pacific Yew tree, from forests in the north-
western United States, as part of a joint project between the U.S. Department of
Agriculture and the National Cancer Institute aimed at the discovery of new
anticancer agents. An intense search for the cytotoxic principle led to the isolation of
taxol in minute quantities. It has been estimated that the sacrifice of one 100-year-old
yew tree would result in approximately only 300 mg of taxol, just about enough for

one single dose for a cancer patient.

In 1971, Wall, Wani, and coworkers [3] reported the molecular structure of

taxol on the basis of an X-ray crystallographic analysis.

Taxol's journey to the clinic was slow and arduous. Initial difficulties with
aqueous solubility and lack of knowledge regarding its mechanism of action delayed
its development until 1979. Taxol's unique biological action, which includes
promotion of microtubule formation and microtubule stabilization, stimulated a
renewed interest in taxol as a potential drug candidate. The problem of procuring

adequate supplies of taxol became even more acute when environmentalists,



concerned about the endangered spotted owl that lives in the northwestern United

States, raised objections to the destruction of the ancient forests.

Total synthesis of the highly complex diterpene core structure was considered
unfeasible for the short-term supply problem. In fact, only recently has paclitaxel
succumbed to the total synthesis, 23 years after the original publication of its

structure.

A potential solution was found when 10-deacetylbaccatin III, a precursor of
taxol lacking the C-10 acetoxy group and C-13 side chain was discovered in the
needles and twigs of Taxus baccata, the European Yew tree. Harvesting this
renewable source, followed by semisynthesis, allows the production of taxol

(paclitaxel, 1) or the analogue taxotere (docetaxel, 2) on a relatively large scale.

Today, Bristol-Myers Squibb prepares paclitaxel and Rhone Poulenc Rorer

prepares docetaxel semisyntheticly for the industrial scale [4].

Phenylisoserine is a B-amino-o-hydroxy acid [S]. Enantiomerically pure (-
amino-o-hydroxy acids are of considerable importance because they are the crucial
components of medicinally useful molecules as taxol. Most of the B-amino-o-
hydroxy acids are naturally occuring, but some have been obtained by synthesis as
promising anti-AIDS or antihypertensive agents. Furthermore, B-amino acids are
synthetic precursors of B-lactams, which are potentially biologically active and of

current interest.

An example of a biologically active B-amino-a-hydroxy acid is isothreonine,
which is the side chain of the glycopeptide 1-N(D-threo-3-amino-2-
hydroxybutanoyl)-2',3', dideoxykanamicin A (3), a good antibacterial agent.
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Another example is bestatin (4). It is a simple dipeptide containing (2S,3R)-3-
amino-2-hydroxy-4-phenylbutanoic acid [(2S,3R)-AHPA] and L-leucine and is an
immunological response modifier. Studies show that free amino group is essential for

the activity and the carboxyl group is also important.

The (285,3S) epimer of AHPA is contained in two synthetic tripeptides,
kynostatins (KNI)-227 (5a) and (KNI)-272 (5b). They are highly potent HIV-1

protease inhibitors and are promising candidates as selective anti-AIDS agents.

> »@Wf

52: R=Me—> KNI-227
5b:R=H —> KNI-272

The configuration of hydroxy group has a profound effect. Replacement of
(28,3S)-AHPA with its (2S,3R) epimer leads to a significant loss of activity.

Many other small peptides have been isolated from sponges or algea, and

contain f-amino-a-hydroxy acid. For instance:



Keramamide F (6) is a cytotoxic natural product found in small quantities in a

Theonella sponge.

Scytonemyn A (7) is a cyclic peptide from the blue-green algae Scytonema
and possess potent calcium antagonistic properties. As well as some proteinogenic a-

amino acids, such as alanine, glycine, and leucine, scytonemin A contains

(28,3R,5S)-3-amino-2,5-9-trihydroxy-10-phenyldecanoic acid (AHDA).




Microginin (8) is a linear tetrapeptide and contains a novel 3-amino-2-
hydroxydecanoic acid (AHDA) in the (2S,3R) configuration. It is isolated from the
fresh water blue-green alga and was found to possess angiotension-converting
enzyme (ACE) inhibitory properties. It has considerable medical interest since ACE

inhibitors have been developed as antihypertensive agents.

OH

Naturally occurring ACE inhibitors often suffer from problems such as poor
oral absorption, short duration of action, proetolytic instability and rapid biliary
excretion. Therefore new synthetic compounds have been developed as promising
antihypertensive agent. Below figures (9, 10) show structures of renin inhibitors,
containing o-hydroxy-B-amino acid cyclohexylnorstatine, (2R,3S)-3-amino-4-

cyclohexyl-2-hydroxybutyric acid.

e s
O ] N o 0 ? =0
l/\ 0 é > 5 /<BocNH\::/U\g NJ"OH
o\) 0 0 h OH °
9

Ph
10

Consequently, numerous methods have been developed for synthesizing

enantiomerically pure a-hydroxy-3-amino acids.



The interest in paclitaxel as a powerful antitumor agent drove the
development of the 3-phenylisoserine chemistry, as well as the investigation of the
analogues that might develop an understanding of its pharmacophore for the design

of future generation taxane anticancer agents [4].

Bioactivity profiles for paclitaxel analogues are best determined through
analysis of in vitro microtubule assays and cytotoxicity toward cultured tumor cell

lines.

1.1.1.a. Deletion and Transposition Analogues and the Effects of

Stereochemistry

Unfortunately, molecular simplification of the paclitaxel side chain has not
produced analogues (11-25) with any advantages over paclitaxel (Table 1).
Analogues of the simple unfunctionalized alkanoic acids, acetate, cinnamate,
crotonate, propionic acid, and 3-phenylpropionate show considerably reduced ability

to stabilize microtubules.



Table 1. Deletion Analogues




1.1.1.b. Modifications at the 2'-Hydroxy Group

Modifications of the 2'-hydroxy group results in analogues with greatly

reduced cytotoxicity (Table 2).

Table 2. 2'-Hydroxy Modifications

Rl Rv Rl
BANH O BzNH (I) BZNH (|)
Ph ; Ph Ph :
OMe OTBS F
BZNH O BANH O /9\
: R" NH
Ph” Ph :
6Ac Ph
OH O
R" =t-BuO or Ph

1.1.1.c. N3' Substitution Analogues

With respect to the microtubule assays, the large variety of N3'-substituted
analogues (Table 3) show comparable activity to paclitaxel. Substituted benzoyl and
alkyl amides, pyridyl, and the urea analogues are slightly less active, and the furyl

and carbamate analogues are slightly more active than paclitaxel.



Table 3. N3' Aromatic, Heteroaromatic, Alipatic Amide And Carbamate Substitution Analogues
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1.1.1.d. Analogues with Modifications at C3'

Since the 3'-phenyl moiety of the paclitaxel side chain was shown to be an
important element, it could be envisioned that modifications to this position might
lead to interesting compounds. Table 4 and Table 5 shows the 3'-dephenylpaclitaxel

and docetaxel analogues studied.
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Table 4. C3' Aromatic, Heteroaromatic, And Aliphatic Substitution Analogues of Paclitaxel
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Table 5. C3' Aromatic, Heteroaromatic, And Aliphatic Substitution Analogues of Docetaxel

a
e
.
Q

X
Ies
Vel ¢ e Mo we)
O =
Cln

SN NN P

Comparison of the paclitaxel and docetaxel analogues demonstrate the
"docetaxel effect”, where a twofold increase in activity is observed for the docetaxel

analogues, suggesting modification at C3' and N3' are additive to some extent.

A large number of substituted 4-phenyl analogues (Table 5) have been
synthesized from the versatile oxazoline 26 via palladium-catalyzed Suzuki
reactions. Bioisosteric replacement of the 3'-phenyl with heterocyclic pyridyl and

furyl moieties provided compounds with better activity than paclitaxel.
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1.1.1.e. Chemical Analogues of Paclitaxel

Over the past few years, considerable attention has been given to the

synthesis of chemical analogues of paclitaxel.

Appendino and coworkers [6] have reported the discovery of a novel class of

analogues (27a-d), some of which retain anticancer activity despite the opening of

ring C. The opening of the convex taxane core and a decreased number of

stereogenic carbons make these compounds structurally simpler than all the other

chemical analogues.

NI_IR" 0

: | 27a
Rl/\:/l\0| 27b
OH 27¢

27d

Rl
Ph
Ph
i-But
i-But

R"

Bz
Boc
Boc
n-Hex

Chordia and Kingston [7] have prepared amide-linked A-norpaclitaxel 28a

and 2-aroyl analogs 28b and 28¢ from 10-deacetyl baccatin III. The three analogs

were all less active than paclitaxel in the P-388 cytotoxicity assay, and 28¢ was also

less active in a tubulin-assembly assay.
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28a.R=H
28b. R =Cl
28c. R = OCH; R

Yadav and his collaborators [8] have described the synthesis of two
vinylogous side chains of Taxol (29 and 30) from readily available L-arabinose and

methyl 3-phenylglycidate as starting materials.

NHBz NHBz
‘__COOH A~__-COOH
Ph/\/\/ Ph X

Rossi and coworkers [9] have presented the aminated analog of taxol side

chain 31a and 31b.

0]

/U\NH 0 31a.R=H
/\)L 31b. R =Boc
Ph ; OH

NHR

Ph

Appendino and his coworkers [10] have synthesized 7,9-nitrogen substitued

paclitaxel derivative 32 which retained anticancer activity.
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Bhatia et al. [11] have developed a cobalt catalyzed protocol for the
epoxidation of o,B-unsaturated esters or amides followed by its cleavage with aniline
and its derivatives to afford substituted P-phenyl isoserine derivatives which are

potentially useful as enzyme inhibitors (scheme 1).

R—NH O

Ph ; OEt
OH
R = phenyl, naphthyl, m-fluorophenyl, 3,4-dichloropher

Scheme 1

Ojima and his collaborators [12] have synthesized taxol side chain analogs by

means of B-lactam synthon method (scheme 2).

NO 0

Scheme 2



Nocioni et al. [13] have described the synthesis of syn-a-alkyl a-hydroxy -
amino acids 32a-h from B-amino acids. These highly functionalized molecules are of
great interest both in the synthesis of modified peptide chains and in the preparation

of new members of the taxol family.

0
/”\ a: R=Me, R'=Me; b: R=Me, R'=Et;
Ph™ NH O ¢: R =Me, R' = allyl; d: R = Me, R' = CH,Ph;
e: R=Ph, R'=Me; f: R =Ph, R'=Et;
R™ > OMe  g:R=Ph, R =allyl; h: R = Ph, R' = CH,Ph.
32a-h OH

Cardillo and coworkers [14] have reported the synthesis of anti-a-alkyl o-
hydroxy B-amino acids starting from B-amino acids. Their procedure involves the
intermediate formation of frans-oxazolines which are alkylated and then hydrolysed

under mildly acidic conditions.

Yuan et al. [15] have synthesized the paclitaxel analog 34 with a bridge
between the C-4 and C-6 positions and have found that it is less active than paclitaxel

in in vitro tubulin assembly and cytotoxicity assays.

In another study, Yuan and his collaborators [16] have synthesized 1-

deisopropenyl-1-acetoxy-A-norpaclitaxel  (35), 1-deisopropenyl-A-norpaclitaxel

16



(36), 1-deisopropenyl-1-acetyl-8,9-oxido-A-norpaclitaxel (37), and A-nor-C-
norpaclitaxel (38).

Barboni et al. [17] have synthesized the conformationally restricted analogue

of the paclitaxel, 2',2"-methylenepaclitaxel (39).

Wroblewski and Piotrowska [18a] have described the synthesis of racemic
phosphonate analog of N-Boc-3-phenylisoserine from N-Boc-phenylglycinal and
diethyl phosphate. Later on, they [18b] have obtained enantiomerically pure ones by

resolution using O-methylmandelates (scheme 3).

17



RCNH ‘ a: R=#BuO
; P(OYOEt b: R=Ph
OH
Scheme 3

Rao and Johnson Jr. [19] have shown that paclitaxel and some of its natural
analogues are readily converted to their respective nitrate esters when reacted with
nitric acid in acetic anhydride, and under milder conditions, partially esterified

products can be prepared (scheme 4).

a. R1 = ONOz, R2 = 0Ac, R3 = ON02

b. Rl = ONOZ, R2 = ONOZ, R3 = ON02
! ¢. Ry = ONO,, R, = OAc, R; = OH

d.R; =OH, R, = ONO,, R; = OH

€. R] = ONOz, R2 = ONOz, R3 =Q0H

Scheme 4

1.1.1.f. Miscellaneous Reactions

Sutherland and Willis [20] have described the use of amino acid
dehydrogenases for the preparation of isotopically labelled o-amino-B-hydroxy
acids. Isotopically labelled amino acids are important for a range of studies in
bioorganic chemistry including metabolic investigations and to facilitate the
elucidation of the 3-dimensional structure of proteins and peptides by NMR
spectroscopy. They have prepared a series of [°N]-L-amino acids (including ala,

alloisoleu, leu, phe, ser, val) from a-keto acids using commercially available amino

18



acid dehydrogenases to catalyze the reductive amination step and [*N]-ammonium

formate as the source of isotopic label.

Ambroise and Jackson [21] have reported the stereoselective synthesis of
anti-B-amino-a-hydroxy acid derivatives using nucleophilic epoxidation of 1-
arylthio-1-nitroalkenes. Reaction of lithium t-butylperoxide with 1-arylthio-1-
nitroalkenes 40, prepared by the condensation of (4-tolylthio)nitromethane (41) with
N-(Boc)-protected o-aminoaldehydes, leads to the formation of oxazolidinones
rather than the expected oxiranes. Initially, a mixture of cis 42a and trans 42b
diastereomers is formed, but upon exposure to silica gel complete conversion to the
cis-diastereoisomers 42a takes place.This process does provide access to precursors

to anti-B-amino-a-hydroxy acid derivatives (scheme 5).

STol @41) Bocl?IH STol

BoclNH BocNH | 1
/\ DIBAL-H CH2NO2
R” ~CO,Me ~ R >cHO __>KOBut R NO,

THF/tBuOH OH

0] O

MsCL  BooNH STl I |

ﬂ, = SO, BN Yo + mN" o

CH,Cl, R NO, \/ \_4
40

R 422 COSTol R o1 COSTol

Scheme 5

1.1.2. Synthesis of Taxol Side Chains

Docetaxel was twice as active as paclitaxel in a microtubule assay and its
vitro cytotoxicty was also higher than that of paclitaxel. It is of note that paclitaxel
and docetaxel also differ at C10. A comparison of the biological data for 10-
deacetylpaclitaxel, which is slightly less active, and 10-acetyldocetaxel, which is
twice as active as paclitaxel in the tubulin assay, clearly shows that docetaxel's

improved activity is due to the N3' substituent. These results left the chemists with
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challenge of preparing suitable (2R,3S)-N-benzoyl- and N-(¢-butoxycarbonyl)-3-

phenylisoserine equivalents for semisynthesis.

1.1.2.a. Synthesis via Asymmetric Epoxidation and Dihydroxylation

Bonini and Righi [22, 23] have described a route to the side chain of Taxol
via asymmetric epoxidation of trans-cinnamy! alcohol and subsequent epoxide ring

opening (scheme 6).

Ti (OPri), o NalO,, o
(+)—diisopropyl tartrate St RuCl;, MeCN 2t _COsMe
pn” X" 0OH > Ph” ""oH - e
BuW'OOH, 87 % CHoN,, 56%
Br NaN N
MgBr,.Et,0, 3 N3
60- (40, 6h COMe  Me,co, B0 A COMe
98 % > Ph : 96 % Ph :
OH Ol
I
PhCNH

l o
1? PhCCl, DMAP, Et3N, 96 %> oh /-\/Cone
ii) Hy, Pd/C, MeOH, 88 % 2

OH

Scheme 6
Lohray and Bhushan [24] have reported the enantioselective synthesis of N-
benzoyl-3-phenylisoserine starting from the readily available ethyl (2S,3R)-2,3-

dihydroxy-3-phenylpropionate via asymmetric dihydroxylation of #rans-ethyl

cinnamate (scheme 7):
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0 OH O .0
P S S
Ph” XX OFt Ph OFt Ph QAOEt

oH 0
i;ﬂiii
PhCOI;IH 0 N; O N, O ¢1v
Ph™ 7 COEt Ph OFt Ph OEt
OH OCOPh oH

i. 0sO4, DHQD,-PHAL or DHQD,-TP, NMO, Acetone-H;0 or
K3 [FE(CN)5]—K2CO3, t—BuOH-HzO

ii. SOCl,/CCl,

iii. RuCl3/NAIO,4, CH3CN, H,0, CCly

iv. NaN3/DMF or NaN3, Acetone-water and then H3O+
v. PhCOCl, TEA, CH,Cl,
vi. (a) Pd-C/H, (b) DEAD,PPh; (c) 1 N HC], MeOH

Scheme 7

Li and Sharpless [46] used catalytic asymmetric aminohydroxylation for the

synthesis of taxol side chain (scheme 8a).

0 2.5% (DHQ)-PHAL 1oy
/\/lk 2.0 % KzOSOz(OH)4 - /:v“\
Ph X OMe 3.5 eq TsNCINa.3H,0 pj, OMe

+~-BuOH/H,0 :

OH

l

PhCONH O NH, 0

<

Ph Y “OH Ph : OH
OH éH

Scheme 8a
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Song et al. [26] have achieved the one-step synthesis of taxol side chain
precursor, (2R,3S)-isopropyl  3-benzamido-2-hydroxy-3-phenylpropionate, by
osmium-catalyzed asymmetric aminohydroxylation of isopropyl trans-cinnamate
with N-bromobenzamide as an oxidant/nitrogen source in the presence of

(DHQ),PHAL as a chiral ligand (scheme 8b).

0 PhCONH O
A/lL . PhC(O)NHBr, LiOH _
Ph” X" NOPd  — > ph” N Opi
Ligand, K,OsO,(OH)4
OH
Scheme 8b

Yamaguchi and coworkers [62] have accomplished the synthesis of docetaxel

by employing cis- or trans-glycidic acids (scheme 9).

TrocO

i) AD-mix-a., -BuOH, H;O0. ii) TsCl, EtsN, CH,Cl,. iit) K,CO3, H0,DMF. iv) LiOH, MEOH, H,0.
v) 4a, DCC, DMAP, toluene. vi) NaN3, HCO;Me, MeOH, H,0. vii) PPhs, Boc;0, K;CO3, CH,Cly, H,O
viii) Zn, AcOH, MeOH

Scheme 9
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Srivastava et al. [28] have described the synthesis of the side chain via

opening of the eﬁoxide (scheme 10).

(ﬁ (ﬁ H, A .CO,CH; HCl(g) H 7 OBcoscn

NaOCH;  H. /\ ..COChHy HCKg)  H, | | 2CH;

CH;0H Ph H Ph H
Amberlltie 0 COCH NH, O I
400 (OH?)  Ph.. / \ .~CO:CH3 NH, MeOH, A /\/[L PhCCI
THF H H Ph™ " "NH; NaHCO;,
OH
e I
PICNH O Amberlite b ANH PHONH O
/\)J\ 120(H) /\/lk Resolution :
Ph NH; nMeoH Ph OMe Ph OMe
OH OH () OH (2R, 38)
Scheme 10

Pegorier and coworkers [29] have synthesized syn and anti N-protected 3-

amino-2-hydroxy alkanoic esters from aminoalkyl epoxides (scheme 11).

COOMe COOMe

R= i-PI‘, i-Bu, Bn, C6H1 1-CH2

a. NH;OAc, NaBH;CN, MeOH, then Amberlyst A26 (in CO3'2 form), MeOH
b. NalO4, RuCl3-3H,0, H,0:CCly:CH;CN, then Me3SiCl, MeOH

C. Boc20, DMAP, CH2C12

d. C82C03, MeOH

Scheme 11
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Pasto and coworkers [30] have reported the synthesis of the side chain from

anti-3-amino-1,2-diols (scheme 12).

I}IHBoc IjHBoc I}IHBoc
5 TBSCI / imidazole : p-NO,PhCO,H
h OH ————————» T TN
P /Y\ DM 1 Ph/Y\OTBS PPh.. DEAD. Ph : OTBS
OH OH benzene OC(0O)PhNO,
NHBoc PN I;IHBoc TBAF NHBoc¢
DIBAL-H Z 0 ; HF
Ph” > N0TBS ——— ph” >N""N0TBS —— Ph” N 0
CHCl, CH,Cl,, PPTS
OH OYO\/ 0}/0\/
N
I;IHBoc CH,N, gHBOC ot NHBoc
: : Ccoo :
RuCl3, NalOy4 Ph /\/COOH cther P N Me 3 . /\/COOMe
CH;CN, H,O H : i
NaHCO; 0}/0\/ OYO\/ - OH
Scheme 12

1.1.2.b. B-Lactam Synthon Methodologies
Ojima et al. [31] have described the synthesis of the side chain via chiral 3-

hydroxy-4-aryl-B-lactams through chiral ester enolate-imine cyclocondensation

(scheme 13a).
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Ph\:N\ RO Ph

ROCH,COOR* DA, ™S, [
»~—NH
R* = (-) menthyl 0

(-)- trans- 2-phenyl-1-cyclohexyl
(-)-10-dicyclohexylsulfamoyl-D-isobornyl
(+)- trans-2-phenyl-1-cyclohexyl

R =t-BuMe>Si or i-Pr3Si

' NH,. HCI
OSPrst - py OH  py -
' ) —BwyNF, THF ) ; '
e n-Bu, . jNH 6 N HCI Ph/\:/l\OH
O/ O/ OH
0
Q PhCNH .
PhCCL NaHCO; :
> Ph/\./U\OH
CH,Cl, H,O OH
Scheme 13a

Later on, Ojima and collaborators [32, 33] have synthesized the paclitaxel by

means of B-lactam synthon method (scheme 13b).

TIPSO..  ..Ph HO.  .Ph
TIPSOCH,COOR* L LDA —> IBAF 1 207,
2. PhiCH=N-TMS »—NH gy NH ¢
)

R* = (-)- trans- 2-phenyl-1-cyclohexyl

]
.Ph PhCNH

EEO.. ..Ph _ 1 EEO.. .
' PhCCl, EtsN ™ baccatin III 0
/\_)J\
o NH  pMAP, CH,CL o NCPh - NaHMDS ~ ph™” ™" >0
0 OEE

0,
O3 %HC b\ CLITAXEL
Scheme 13b

25



Rey and coworkers [34] have reported the synthésis of the B-lactam that has

been used in the semi-synthesis of Taxol (scheme 14).

AcO Ph\' (Ph AcQ_ Ph A0 ph
NEt ™ H,/Pd feat
D
cl Y 0 jf"“ 0
Ph N ()
i
Ph
Scheme 14

1.1.2.c. Hetero Diels-Alder Reactions

Swindell and Tao [35] have used hetero-Diels-Alder reaction as the key step

in the synthesis of the side chain (scheme 15).

Ph 5 ]>‘O Joj\
=0 TMSO_OAw 74 OAux i) benzene, H30% Ph™ “\H
N + —> N - = ‘__COOMe
>\ PhCH,0 OTMS i) Hy / Pd(OH), Ph” N~
Ph MeONa/ MeOH A
Ph OCH,Ph OH

Aux : (IR, 2R, 3R, 5S)-(-)-isopinocampheyl
(1R, 28)-(-)-trans-2-phenyl-1-cyclohexyl
(1R, 28, 5R)-(-)-menthyl
(1R, 28, 5R)-(-)-8-phenylmenthyl
(1S, 2R)-(+)-trans-2-(1-menthyl- 1 -phenylethyl)-1-cyclohexyl

Scheme 15
1.1.2.d. Asymmetric Aldol Reactions
Mukai and his coworkers [36] have used asymmetric aldol reaction of (+)-

chromium(0)-complexed benzaldehyde with the titanium enolate generated from the

ethanethioate for the synthesis of the side chain (scheme 16).
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0 OH O OH O
) OBn ! (:)Bn ;
LTS ! OB
/(l:r\ /?l’\
co’lyco co’Lyco
0
N, O NH, O P—Cny o
: : DMA :
OBn OBn OBn
Scheme 16

Mukaiyama et al. [37] have synthesized N-benzoylphenylisoserine by
enantioselective aldol reaction from two achiral starting materials, benzaldehyde and

an enol silyl ether derived from S-ethyl benzyloxyethanethioate (scheme 17).

0 OTMS OH O NH;
a
)J\ + > M /\/lL
N &
BnO N C OBn
Et
BzI?IH 0] d BzT?JH 0o 4 BzNH 0
P SEE . ph” N SOH T ph TN
OBn OBn OBn

a. Sn(OTY),, chiral diamine, nBu,Sn(OAc),, CH,Cl,
b. HN3, PhsP, DEAD, benzene

¢. BzCl, DMAP, CH,Ch

d. AgNOs, H,0, 1,4-dioxane

e. 7-TES baccatin 111, DPTC, DMAP, toluene

f. Pd(OH),/C, H,, EtOH, 5% HCI, EtOH

Scheme 17

1.1.2.e. Homologation of (S)-phenylglycine

Denis and coworkers [38] have described the synthesis of the side chain by
starting from (S)-(+)-phenylglycine (scheme 18).
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1]
NH, NHCPh
. LiAIH,, PhCOCI : 1) Swern oxidation
OH > - ~~_-OH -
Ph > Ph
0
(I? Ph%NH
NHCPh > )
: i) /\O/\ , Ut /\/U\
: i) RuCk (cat) :
OH o.__0O
NalO,4, NaHCO; T ~
Scheme 18

Dondoni and coworkers [39] have reported that L-phenylglycine is
homologated by the use of 2-(trimethylsilyl)thiazole into (2R,3S)-N-benzoyl- and N-
tert-butoxycarbonyl-3-phenyl-isoserine, which are isolated as acetonide derivatives

in 47 and 35 % overall yields and with 84 and 90 % ee, respectively (scheme 19).

R =Bz, Boc

a. SOCl, MeOH, then PhCOC]l, Py OR (Boc)O,dioxane

b. DIBAH, CH,Cl,

¢. (1) 2-(trimethylsilyl)thiazole, CHyCl, (2) BusNF 3H,0, THF

d. DMP, CSA neat or PPTS, CH,Cl,

e. (1) CF3803CH;, MeCN (2) NaBH;, MeOH (3) CuO/CuCl, or HgCly, MeCN-H,O
f. KMnQjy, +-BuOH, phosphate buffer (pH 7)

Scheme 19
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1.1.2.f. Enolate Hydroxylation

Hanessian and Sanceau [40] have described the synthesis of the side chain by
hydroxylation of enolates derived from N-substituted methyl 3-amino-3-phenyl
propionate with the oxodiperoxymolybdenum (pyridine) (hexamethyl phosphoric
triamide) complex (MoOPH) (scheme 20).

NH, NH;_ ﬂ
Ph COOH Tartaric.acid Ph - CO0Me PhCCl
(resolution)
o 0
PhCNH PthH

: COOMe KHMDS, MoOPh 5
ph” - /\/COOMe

OH

Scheme 20

1.1.2.g. Imine Condensation

Hattori et al. [41] have reported the aldimine-silyl ketene acetal condensation

in the presence of the chiral boron reagent for the synthesis of the side chain methyl

ester (scheme 21).

Ph

Il

1. boron NH NHCPh
Ph NP+ =< _ feagent o~ COMe L Pd/C pi - COMe

i Et:Si0 OSiEt; 2. HCl i 2. BzCl i

OH OH
Binaphthol + triphenylborate—» o /B Ph
()  chiral boron reagent
Scheme 21

29



Kanazawa and coworkers [42, 43] have described an approach to the side

chain through benzaldehyde benzoylimine-chiral enolate condensation (scheme 22).

]
HIII 1. NaH, toluene M§)C6H4CH2OCH2C‘I‘I 1. LIN(SiMes),, THF
2. p-MeOCgH,CH,0CH,COCI _ - >
SO} p-MeLL gL HY 2 SO; 2. PhiC(O)N=CHPh
i
PICNH O - I i
OO pewm q PICNH O
Ph N 2 NeS05, Hy0; py Don,
- Na803, Hy0, pp , HCl " ph , OH
p-MeOCgH,CH,0O ‘ H OH H
SO5 p-MeOCgHsCH,0 OH
Scheme 22

1.1.2.h. Addition to Amino Aldehydes

Herranz et al. [44] have reported the reaction of tributyltin cyanide with
optically active 2-N-benzyloxycarbonylamino aldehydes for the synthesis of 3-

amino-2-hydroxy acids, key intermediates in the preparation of Bestatin, Amastatin,

and analogues (scheme 23).
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R _H R = -CHaPh, - CHoCH(CH3)3
7N “cHo %= -COCHzPh

Bu3SnCN, CHzClp, 40 €, 30 min

Sl’lBU3
--—H + ~--H

OSnBuj

1) HCL, EO, MeOH, 0 &, 24 h
2) Hp0, 5°C, 24-48 h

02Me
~--H o+ --—H
COzMe

lNaOH, dioxane, rt, 1 h
CO,H OH
R-- ---H + R-- ---H

Scheme 23

Cativiela et al. [45] have described the addition of methyl organometallic

compounds to the benzyl imine derived from protected D-glyceraldehyde for the
synthesis of a-hydroxy-p-amino acids (scheme 24).

OBn OBn OBn
: BnO CH; Hp, Pd(OH),
BrO N\ CH3MgBI' BnO CH3 _I\QC_CL 3 2 TR
Bn >
H NHBn BoNMOC
OH OH OMOM
HO CH; TBSCl TBSO CH; MOMCI TBSO CH; AcOH
NHMOC NHMOC NHMOC
OMONé oxalyl OMOM NayCryO7 OMOM OH
HO H. CH CH. CH
\/kr 3 thl\l/(I)élge OHC/kr 3 HySOy HOzC/kr 3 HCI HO,C /k( 3
NHMOC NHMOC NHMOC NH;

Scheme 24
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1.1.2.i. Synthesis Through Some Protection

Commergon and coworkers [46] have used an oxazolidine-type protection for

the synthesis of B-phenyl isoserine chain (scheme 25).

1] 38!
//[LN )\0 Etg(l)\l, Bu,BOT{ Phy /H/[\N o i’:l);_,l
Br \—J Br

S pn P

PheH Ph  COOEt
N; NH,
Hy, PAIC f CHy=C(CH3)OCH
NaNj, EtOH Ph/\/COOEt Hy, PAIC_ Ph/\/COOEt 3
NH,Cl AcOEt PTSP, toluene
OH OH
0
o) I
Ph 1 Ph ) 11 PhCNH O
: \ H,0 O Ph” " OH
BocN,_ O Hor BocN_ O 2.PhCCl, AcOEt
X 3 X NaHCO3, H,0 OH
Scheme 25

Warmerdam and his collaborators [47] have shown that (-)-(R,E)-2-hydroxy-
3-pentenenitrile, obtained by R-oxynitrilase catalyzed addition of HCN to 2-butenal,
is an excellent chiral starting material for the synthesis of a-hydroxy-B-amino acids.
They have reported the synthesis of N-benzoyl (2S,3S)-3-phenylisoserine (scheme
26).
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OH OTBDMS OH O—(
i, ii jii iv NH v
/\/k CN_> /\/krNHZ N NH; —» N Y
Ph Ph Ph
0 0

O~</ O—( OH OH

. N Ph ,;; HO Ph . MeO Ph
/\VKKNTP}I£>HO\[(K( \”/ vii m)v vii w)\/
(0] (0] NHCOPh O NHCOPh

ph O 0 Ph

i) TBDMSC], imidazole. ii) 1. PhMgBr; 2. MeOH; 3. NaBH,. iii) LiAlHj. iv) carbonyldiimidazole.
v) benzoyl chloride. vi) 1. O3; 2. Jones ox. vii) 1. 2 N KOH; 2. H;0". viii) CH,N,

Scheme 26

Escalante and Juaristi {48] have prepared the enantiopure N-benzoyl (2R,3R)-
3-phenylisoserine, the like stereoisomer of taxol's side chain, by starting from terz-

butyl cinnamate (scheme 27).

Ph
) A
Ph/\/U\OBut Mow )\/U\ocm

a.(R)-benzyl(o.-methylbenzyl)amide b.Hy, Pd / C, AcOH C-(CH3)331C1; CH;0H

0
Y
CENEX co BTN macr
CH3NH,
53 DMAP
CH3OH HzN CH,=N
Ph
0 0
1L.mba 6NHCIL 115 ™SCl  MeO—Y
< ............ .OH Me_Qﬂ» ....... OH
BzCl
CIH;N BZHIN
2. 3 Et;N
,N Bz (R 3R)
Scheme 27
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Kingston et al. [49] have synthesized the taxol by coupling the oxazoline
carboxylic acids with 7-(triethylsilyl)baccatin III, followed by hydrolysis of the

resulting oxazoline ester (scheme 28).

Ph COOCH;3 Ph COOH
N:YO\ 0.1 N NaOH N\\(O .
Ph Ph

Scheme 28

Didier and coworkers [50] have described the semisynthesis of docetaxel
using 2-monosubstituted-4-phenyl-1,3-oxazolidine-5-carboxylic acids in

esterification of 7,10-O-diTroc-10-desacetylbaccatin III (scheme 29).
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BocNH PhCH(OCH3), KOH, MeOH
1 om PPTStoliene  BooN” Do BooN” Yo  H0, INHCI
Ph” — \ + -
COOCH; Phh  COOCH; Ph  COOCH,
0CO,CH,CCh (Troc)

OTroc
' HO-
R BocN
BocN” O \
+ isomer Ph
P AcO O o
Ph COOH DCC, DMAP, toluene

Zn, AcOH

° EtOAc
— > DOCETAXEL

CH3COOH, MecOH ~ BocNH O
aq. HCI, EtOAc :

-
r o

OH

Scheme 29

1.1.2.j. Enzymes

Honig and coworkers [51] first reported the chemoenzymatic synthesis of 3-
phenylisoserine derivatives. They synthesized the substrates, syn- and anti-3-azido-2-
butanoyloxy-3-phenylpropionic esters 43, 44 and subjected to kinetic resolution

using several microbial lipases (Candida rugosa and Pseudomonas cepacia)

(scheme 30).

N3

6T
~
1l
g
<

Nj
CO,Et /bCOzEt
Ph Ph d. R = chloroacetyl
(:)R e. R = isobutyryl

OR
f. R = cyclohexylcarboxyl
()43 ()44 g. R = octanoyl

Scheme 30
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Brieva et al. [52] have described the application of lipases for the preparation
of optically active 3- hydroxy-4-phenyl B-lactam derivatives needed for the synthesis

of side chain of taxol (scheme 31).

AcO, . AcO
D Ph Sodium Phosphate Buffer ¢ n___ .Ph ('é
pH=638 | | PhCCl
NH >
0” P-30 0% NH ———
) (-)

I
Ph—C—NH O

/J: l Ph” > “OH

Scheme 31

Gou and coworkers [53] have devised a practical chemoenzymatic synthesis
of the Taxol C-13 side chain using enzymatically prepared enantiomerically pure
trans-p-phenyl-glycidic esters as starting materials for the synthesis of N-benzoyl-

(2R,3S)-3-phenylisoserine. The most suitable enzyme to catalyze this

enantioselective transesterification was the lipase of Mucor miehei (scheme 32).

Br

Ph O 0}
Lpe A C0Me Ciganaamr L _come Navy
\ ROH  pp (CH),AICT DMF
(H CO;R (-) OH
Il Il
N; N; NHCPh NHCPh
/\/COZMeph(':CI /\/COZMC 10%PdC /\/COZMe K,CO; oh /’\/cozn
: DMAP CH;OH, H, H0
OH OgPh OoH OH
O

Scheme 32
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Lee and Kim [54] have demonstrated the utility of lipase in the synthesis of

taxol side chain (scheme 33).

OH
COzMe
Ph
OH
54 % LPS 44 %
vinyl acetate
OH OH
CO-Me : CO,Me
Ph)\r 2 ph N
OAc OH
lTsCl, Et;N lHBFAcOH
OAc Br
CO,Me
Ph/H/C()zMe Ph)\{ ?
OTs (:)Ac
1. NaN3
lp—TsOH, MeOH; K,CO;3 2. AcONa
N3
o NaN CO,Me
- /<’ el ph/\3/ 2
CO,Me OH
1. BzCl, Et;N
2. Hy/Pd-C
I}IHBZ
: CO,Me
Ph/\s/ 2
OH

Scheme 33

Lee and coworkers [55] have reported a lipase-based approach for the
- selective acylation of 10-deacetylbaccatin III (10-DAB) and 7-TES-10-DAB. They
have used Pseudomonas cepacia lipase (PCL) as the catalyst and dichloroacetic

anhydride (DCAA) or trichloroacetic anhydride (TCAA) as the acylating agent. They
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have also shown that the 7,10-diacylated product can be coupled chemically with C-

13 side chain equivalents for the synthesis of paclitaxel analogs (scheme 34).

BzN

Ph

Scheme 34

In summary, phenylisoserine side chain has been synthesized in a variey of
ways using different methodologies but because of the importance of this crucial
compound, many workers are searching new methods for the synthesis of

phenylisoserine and its analogs.
1.2. Aryl Coupling (Formation of Biaryls)

Biaryls and their homologues such as teraryls, oligoaryls and polyaryls are an
important class of organic compound. The biaryl unit is represented in several types
of compounds of current interest including natural products, polymers, advanced
materials, liquid crystals and ligands. Furthermore, many functionalized,

unsymmetrical biaryls are wide spread in nature and are an important constituent of

many medicinals [56].

The preparation and utilization of specific biaryl systems, particularly those
which suffer hindered rotation, is a demanding goal not only in the synthesis of
natural products and pharmaceuticals, but also for example in the discovery of new
reagents for asymmetric synthesis. This appears to be of particular urgency, since
under the pressure of continually increasing demand, a wealth of new or modified

synthetic approaches to the ever more important biaryl systems has been realized in
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recent years. The high standard which has been reached in this field is impressively
demonstrated by regio- and stereoselective synthesis of important biaryl natural

products such as steganone, ancistrocladine, ancistrocladisine, and dioncophylline A

[57].

In view of the tremendous importance of biaryls a lot of methods have beeen

reported for the preparation both of symmetrical and unsymmetrical biaryls.

The synthesis of biaryls has a long history from the old Pschorr reaction
(1896) up to now.

We can classify the methods used for the preparation of biaryls into two
parts: Traditional methods and catalytic methods developed over the last two decades

[58, 56].
1.2.1.Traditional Methods of Aryl-Aryl Bond Formation

1.2.1.a. Pschorr Reaction

The Pschorr reaction involves the intramolecular substitution of arenes by
aryl radicals which are generated by the reduction of arene diazonium salts with
copper(I) ion. Aryl diazenyl radicals are intermediates in the reaction, and these
rapidly eliminate nitrogen affording the required arly radicals for C-C bond
formation. Yields may be lowered when protic solvents are employed, for hydrogen

abstraction from the solvent now competes with arylation (scheme 35).

o, -
Arig +. . ArH = Afig. g\Ar'Hi>Ar-/E ArH
N, X N,
N\
Ar/EI §\Ar'H Ar/—%—g\Ar'
Scheme 35
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Typical Pschorr cyclizations are illustrated by the synthesis of 6-mesyl-6,7-
dihydro-(5H)-dibenz[c,c]azepine (46) from the dizanium salt of 2-amino-N-
methanesulphonyl dibenzylamine (45) and (*)-thalicsimidine (48) from the

H,N
N ’ O N
- S0,Me ~SO,Me

45 46

MeO MeO
NMe ‘
HO C ! HO NMe
NH,

47 48

corresponding salt of the 2’-aminotetrahydroisoquinoline (47).

Modifications to the Pschorr reaction include the decomposition of diazonium
salts by thermal and photochemical means, and these techniques may be used to form
intermolecularly coupled products. Electrochemical reduction has also been
employed, but yields in all these procedures are poor. On the other hand a Pschorr-
type reaction between aryl diazonium salts and phenols promoted by titanium(III) ion
gives rather bether yields of arylphenols than are obtained with traditional Pschorr or

photo-Pschorr methods.

Cadogan and co-workers [59] investigated the copper-induced decomposition
of simple diazonium fluoroborates (ArN,BF,) in the presence of an aromatic solvent
(Ar’H) under conditions of succesful Pschorr-type ring-closure, by resulting with the
arylation of the solvent. Radical arylation is induced in this system by the addition of

water, either free or bound in hydrated salts.
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1.2.1.b. Gomberg, Bachmann, Hey Reaction

The Gomberg, Bachmann, Hey reaction is another of the classical routes to
biaryls. Formally the so-called “G-B-H” reaction and the Pschorr procedure are
related: they both require the decomposition of diazonium salts, one typically in
alkaline solution and the other in acid. An example of the G-B-H reaction is provided
by the synthesis of 2-(2,4-dinitrophenyl)thiophene (49) from thiophene and the

diazonium salt of 2,4 dinitroaniline.

NO, NO,

—
~g "CI'N, s

NO, NO,
49

An improvement on the classical approach has been reported by Gokel et al.
[60], whereby the reaction is conducted in a nonaqueous solvent making use of the
phase-transfer catalyst 18-crown-6. Productivity is significantly greater and in an
illustrative experiment 4-chlorophenyldiazonium tetrafluoroborate was reacted with

thiophene to produce 2-(4-chlorophenyl)thiophene (50) in 62 % yield.

Cl Cl

O O e 0Ly
"BF, "N, s

S
50

Rosenberg et al. [61] showed that in addition to crown ethers and glymes
which catalyze the phase transfer Gomberg-Bachmann reaction, quaternary salts,

carboxylate anions and acetonitrile cosolvent are all effective in this system. The

conversion is illustrated in scheme 36.
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Ar-Np*BF4~ + KOAc + Ar-H (solvent) ﬁ%ﬁ%} Ar-Ar’

Scheme 36

Maggiani et al. [62] used the Gokel’s conditions to synthesize a wide variety
of arylfurans starting from suitable arylamines, according to the process shown in

scheme 37.

-+ .
ANH, ——» AN, ,cl L0 AOR @

BF, 18-Crown-6 0 Ar

Scheme 37

1.2.1.c. Ullmann Biaryl Synthesis And Related Reactions

The Ullmann reaction like the Pschorr reaction has long been employed by
chemists to generate a bond between two aromatic nuclei. Typically two molecular
equivalents of aryl halide are reacted with one of finely divided copper to form a
biaryl and copper halide. This procedure which is closely related to other reactions
employing copper or organo-copper compounds has been extensively surveyed and it
seems that electronegative functions such as nitro or methoxycarbonyl groups,
especially when substituted ortho to the halogen atom in the aryl halide, provide an
activational effect. Some others particularly amino, hydroxyl or free carboxyl groups
limit the reaction by providing alternative sites at which the secondary aryl halide

can attack. Large functions in the ortho positions exert an inhibitive steric influence.

One major advantage of the Ullmann reaction is that unsymmetrically
substituted arenes may be coupled and it is common practice to react an activated
aryl halide with another which is relatively inert. Thus the slow addition of excess 2-
chloropyridine to a suspension of copper powder in N,N- dimethylformamide

containing 3-iodopyridine affords 2,3’-bipyridyl in 42 % yield (scheme 38).
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Scheme 38

Improved yields in traditional Ullmann reactions can be achieved through the
use of an activated form of Cu powder, made by the reduction of copper(l) iodide
with K. The major advantage, however, is that the reaction can be carried out at

lower temperatures than normally employed.

1.2.1.d. Coupling of Arenes with Palladium(II) Complexes

Biphenyl can be obtained by heating benzene with palladium(II) chloride and
sodium acetate at 90° in acetic acid solution. As the reaction proceeds Pd metal is
deposited, but no coupling occurs unless acetate ion is present. The rate determining
step is considered to be the formation of a o-bonded aryl-Pd(Il) complex, followed
by a fast breakdown of the complex. The latter is initiated by attack of acetate anion

(scheme 39)

CeHsPCL - +  HCI

C OAc
H

C¢Hg + PdChL

CeHs
NaOAc
CeHsPdCl + CeHg —> - —
v Pd
cr”

CeHs—C4Hs + Pd + HOAc + NaCl

Scheme 39
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Palladium(II) acetate, is a very useful oxidant and may be employed, usually

in acetic acid solution, to couple arenes and heteroarenes.

1-Benzoylpyrrole couples normally to give 1,1’-dibenzoyl-2,2’-bipyrrole (51)
and carbazoles afford dicarbazyls (52) in about 50 % yields.

[y . [y )
N

| oo
COPh COPh  COPh

51
N N N7 NF
R R 52 R

1.2.1.e. Photochemical Methods of Aryl-Aryl Bond Formation

One of the earliest examples of photochemical aryl-aryl bond formation is the
conversion of trans-stilbene in cyclohexane solution to give phenanthrene. Since
stilbenes are readily available, photocyclization forms the basis of a very convenient
route to phenanthrenes and related compounds. Mechanistically the irradiation of
stilbenes involves trans-cis isomerisation and reversible ring-closure to a trans-4a,4b-

dihydrophenanthrene which then undergoes dehydrogenation to the fully aromatic

Szl

species (scheme 40).

I -2H
—
conrotatory dark

‘ reactio

Scheme 40
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Luca and coworkers [63] described the photochemical source of aryl radicals.
The photolysis of N-phenyl-N’-sulphinylhydrazine in aromatic solvents yielded the
biphenyls (scheme 41).

hv R
R NH—N=S8=0 + R —> R + 8§ + SO -

Scheme 41

1.2.1.f. Phenolic Oxidative Coupling

The biogenesis of many natural products occurs through the oxidative
coupling of phenols, and the recognition of this fact has stimulated an immense
amount of work aimed at achieving biomimetic synthesis, particularly of alkaloids,

lignans and their cogeners.

The major drawback to the use of traditional oxidants such as iron(IIl)
chloride or potassium hexacyanoferrate(Ill) to achieve coupling between
hydroxylated arenes in aqueous alkaline solution is the probability of over oxidation

of the products which are themselves phenols.

Silver(I) oxide has found some application in phenolic coupling, but it is
more vigorous oxidant than potassium hexacyanoferrate(IlI). Thus, whereas the latter
reacts with 4-t-butyl-2-methylphenol (53) to give the C-C coupled biaryl 54, silver(I)
oxide brings about two further C-O couplings with the incorporation of a third
molecule of the phenol to furnish the tetracycle SS.
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53 54 55 Bu

Copper(Il) benzoate is sometimes used as an oxidant, affording in the case of
2-t-butyl-4-methylphenol the ortho-ortho coupled dehydrodimer 56, but when
copper(Il) amine complexes are employed in the presence of oxygen the ortho-para

coupled Pummerer’s ketone 57 is obtained.

OH Me

Me tBu
Me
tBu Me HO By O
56

1.2.1.g. Anodic Oxidation

In 1916 Fitscher showed that oxidation of phenol in dilute sulfuric acid
solution at a lead dioxide anode gave a small yield of 4,4’-dihydroxybiphenyl,

together with catechol, quinol and p-benzoquinone (scheme 42)

OH OH OH 0O
OH
OH O
Scheme 42
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Later, the same author reported that methoxylated benzenes also underwent
oxidative coupling to form the corresponding methoxylated biaryls in moderate
amounts, thus providing the basis for a very versatile route to a wide variety of biaryl

derivatives.

In a study Bobbitt et al. produced the dehydrodimer 59 by anodic oxidation of

MeO ‘
NM:
MeO HO ¢
—_
NMe
MeO

59

the alkaloid corypalline 58 at a carbon electrode.

In these and related pioneering studies, intermolecular reactions were being
considered. Later on, however, the greatest application of anodic coupling has
centered on intramolecular cyclizations. Thus, Ronlan and Parker were the first to
describe the synthesis of the phenanthrene 61 by the oxidation of 3,4,3°,4’-
tetramethoxybibenzyl (60) in acetonitrile solution containing lithium perchlorate as

supporting electrolyte at a Pt electrode.

OMe OMe

MeO ] MeO l
l — l
MeO MeO

OMe OMe

60 61
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This type of cyclization procedure is not restricted to the formation of 6-
membered rings. In a study, bis-(3,4-dimethoxyphenyl)alkanes of the type 62 where

n ranges from 1-16 have been oxidized to afford varying yields of tetracyclic

products.
MeO 62 OMe MeO OMe

1.2.1.h. Vanadium, Thallium and Manganese Oxidants

Many of the experiments performed by anodic oxidation have been also
conducted using reagents such as vanadium oxytrihalides, thallium trifluoroacetate
and manganic trisacetylacetonate. Since these oxidants are considered to effect
electron transfer and form radical cations with electron rich substrates, a direct

comparison between results of anodic and chemically induced oxidative coupling is

often possible.

The application of this type of reagent to aryl-aryl coupling reactions has its
origins in the observation that vanadium oxytrichloride forms phenoxyvanadium(V)
complexes with phenols. These complexes may be isolated and might be used as an
“internal oxidizing agent”. Thus by binding to the substrate in a stoichiometric ratio
prior to oxidation the reaction itself could be carried out avoiding excesses of reagent

which in more traditional procedures are commonly responsible for over oxidation

and consequent poor yields.

Vanadium oxytrifluoride has largely replaced vanadium oxytrichloride. The
reagent, first introduced by Kupchan in 1973, is frequently used with both phenols
and phenolic ethers. Thus, 7-O-demethylpapaverine(Ill) 63 is converted by this

reagent in trifluororacetic acid solution into the oxoaporphine 64 in 59 % yield.
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MeO

A
N
HO Z
—_—
MeO I 63

The use of vanadium oxytrifluoride is not restricted to heterocyclic systems
and, for example, the stilbene 65 has been oxidised to the phenanthrene 66 in 69 %
yield. This compares very favourably with a photochemical cyclisation which only

gives a 31 % conversion.

COzMC COzMC

MeO 65 QMe MeO 66 OMe

An alternative reagent to vanadium oxytrifluoride is thallium(III)
tristrifluoroacetate (TTFA) and pioneering studies with this oxidant was performed
by McKillop et al. Later on, Schwartz used this reagent with the phenol 67 which can
be ring-closed to the spirodienone 68 in 87 % yield.

OH 0O
0O ‘ O ‘
(L) — (I
O 0O
67 68
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Thallium tristrifluoroacetate has also been employed with nitrogeneous
substrates. For example, the N-trifluoroacetylphenylethylamine 69 gave the enone 70
in 19 % yield.

N OH
0 Y
< :©\/N——COCF3
)

69

Although thallium tristrifluoroacetate is most frequently used with phenolic
substrates it may also be employed with phenolic ethers, thus, the
bis(dimethoxyphenyl) propane 71 is converted to the dibenzocycloheptadiene 72 in
81 % yield.

OMe OMe

‘ MeO l
: 7 ]
MeO MeO

OMe OMe
71 72

MeO

Manganese(Ill) acetonylacetate is another reagent which has been used to
couple phenols and phenolic ethers. First introduced by Dewar and Nakaya, it
oxidises 2-naphthol into 2,2'-dihydroxy-1,1'-binaphtyl (73) in 69 % yield and has the
advantage that, provided oxygen is excluded from the reaction mixture, over

oxidation to the quinone is avoided.
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1.2.1.i. Selenium and Tellurium Oxidants

Dipheny! selenoxide is recommended as a mild and selective oxidant for the
synthesis of phenolic substrates. Where catechol units are present, as in the scheme

43, selenurane derivatives are possible intermedites.

MeO MeO MeO
HO O NCOCF; Ho O NCOCF; 4 ‘ NCOCF,
Ph;SeO
)y —— /on — )
‘ MeOH, r.t. O ‘ n
HO 0 HO

Ph
] n=1, 80 % yield
n=2, 55 % yield

Scheme 43

1.2.1.j. Miscellaneous Routes to Biaryls

There are a large number of biaryl coupling procedures, some efficient , some

less so. Some of these miscellaneous techniques is summarized below:
1) Diaryliodinum bromides yield biaryls when reacted with methylmagnesium

iodide and anhydrous nickel(I) chloride in diethyl ether solution. A variety of
alkyl-, alkoxy-, or halogeno-substituted substrates may be employed but if the
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two rings in the bromide are unsymmetrically substituted, mixtures of biaryls
result. Yields are typically ~55 %.

2) The reaction of arylmagnesium halides or aryllithium reagents with a salt of
thallium, uranium or a first group transition metal has been found to be useful in
the synthesis of biaryls.

3) Biaryls can be synthesized by the decomposition of arylboranes with methanolic
potassium hydroxide and silver nitrate. The arylborane is formed from the
corresponding arylbromide and magnesium in the peresence of diborane,
tetrahydrofuran is the solvent.

- 4) Symmetrical biaryls are available via the rhodium-catalyzed dimerization of aryl
mercuric salts in the presence of lithium chloride.

5) In perhaps the most simple biaryl synthesis so far described Bamfield and Quan
have reacted aryl chlorides or bromides with sodium hydroxide, sodium formate
and palladium on charcoal in an aqueous suspension containing a surfactant such
as cetyltrimethyl ammonium bromide. The productivity varies with the surfactant

and the substrate, but may be as high as 65 %.
1.2.2. Catalytic Cross-Coupling Reactions in Biaryl Synthesis

The four most commonly used catalytic methods in biaryl synthesis are the
Kharasch, Negishi, Stille, and Suzuki reactions. These reactions enable the
preparation of both symmetrical and unsymmetrical biaryls in a cross-coupling

reaction and invariably proceed using either nickel or palladium catalysts [56].

Catalysts and Catalytic Cycles

Numerous palladium and nickel catalysts have been employed in the
Kharasch, Negishi, Stille and Suzuki reactions. The catalyst is frequently added as a
metal(II) complex from which the catalytically active metal(0) species is generated in
situ, The palladium(0) complex, Pd(PPh;)4 is one example of a preformed catalyst
which has found widespread application in cross-coupling reactions. Palladium black

has been succesfully used as a catalyst on several occasions and water soluble
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catalysts have been developed for cross-coupling reactions in aqueous solution.
Metals possessing chiral ligands have been used for the preparation of biaryls with

axial chirality (atropisomers).

Most catalysts are associated with arylphosphine ligands. They are often
responsible for chain termination reactions in the synthesis of polyaryls and

‘ligandless’ catalysts and have therefore been advocated for use in polymerisations.

The catalytic process associated with the Kharasch, Negishi, Stille and
Suzuki reactions can be represented as shown in scheme 44 which illustrates these
reactions with an aryl halide (Ar*X, X = halogen) as one of the coupling partners in a

palladium catalyzed reaction.

MX, Pd(0)
Ar2X Ar2[Pd]x Ar2[Pd]Arl Ar2-Arl
Pd(0) ArlMX
R3SnX Pd(0)
ArX Ar2[Pd]x Ar2[Pd]Arl Ar2-Arl
Pd(0) ArlSnR;
X- B(OH)4 Pd(0)
Ar2X T——» ArZ[Pd]X7L> Ar2Pd(0H)7L> ArZ[Pd]Arl-L» Ar2-Arl
Pd(©) “OH ArlB(OH)5’
Scheme 44

All the reactions shown in scheme 44 have three common steps; firstly an
oxidative addition of the catalyst to the aryl halide giving an intermedite Arz[Pd]X;
secondly a transmetallation step to yield a diarylated palladium moiety, Arz[Pd]Arl;
and finally a reductive elimination from the diarylated palladium compound giving

the biaryl product and the palladium(0) catalyst which re-enters the catalytic cycle.
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1.2.2.a. Kharasch Reaction

The Kharasch reaction began to achieve importance as a method of biaryl
synthesis in the mid to late 1970°s. In this reaction an aryl Grignard reagent
(Ar'MgX, X = halogen) is generally reacted with an aryl halide (Ar*X) in the
presence of an appropriate catalyst to yield the biaryl (Ar'-Ar?). One disadvantage of
the Kharasch reaction is that the polar nature of the Grignard reagent precludes the
use of several types of functional groups in the coupling partner such as aldehydes,

ketones, esters and nitro groups.

The reaction of 4-bromochlorobenzene with phenylmagnesium bromide
catalysed by PdPh(PPh3)I gave 4-chlorobiphenyl 74 (73 %) showing that the bromo
substituent can be selectively coupled in the presence of a chloro substituent. With
these reagents and either NiCl, or Ni(dppe)Cl, as the catalyst the mono phenylated
product 74 (18-71 %) has been reported together with the diphenylated product, para-
terphenyl 75 (3-37 %). Mono:diphenylated ratio depends upon the reaction

conditions and the reagent stoichiometries.

74 75

The palladium catalyzed Kharasch reactions of mesitylmagnesium bromide
and either bromobenzene or iodobenzene can give good yields of biaryl 76 [64].
Mesitylmagnesium bromide can also be coupled succesfully with 2-
bromonaphthalene in a Ni(dppe)Cl, catalysed reaction giving biaryl 77 in moderate
(45 %) yield. Binaphtyl derivatives such as compounds 78 and 79 (55-79 %) have
been prepared from 2-methyl-1-naphthylmagnesium bromide and an appropriate

bromonaphthalene coupling partner using Ni(PPh3),Cl, as the catalyst.
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Me Me R
76: Ar =Ph 78: R=H
77: Ar = 1-naphthyl 79: R=0Me

In cases where both coupling partners possess ortho substituents the yields of

biaryls are generally not good. But, the yield could be increased when stoichiometric

quantity of the catalyst was used.

Several groups have reported the synthesis of chiral binaphthyl with a range
of enantiomeric excesses. Although early examples gave poor ee’s and low yields
with chiral nickel catalysts, later examples gave good ee’s (95 %) and yields (69-77
%).

Chiral ternaphthyls have been prepared from 2-methyl-1-naphthylmagnesium
bromide and dibromonaphthalenes using a mixture of NiBr, and the chiral ligand,
(S)-(R)-PPFOMe, as the catalyst. Thus, this Grignard reagent with 1,4-
dibromonaphthalene afforded an 86:14 mixture (74 %) of the ternaphthyl 80 (95 %
ee) and its corresponding meso isomer, and 1,5-dibromonaphthalene gave an 84:16

mixture (89 %) of compound 81 (99 % ee) and its meso isomer.
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The normal coupling partner for a Grignard reagent in the Kharash reaction is
an aryl halide but a number of other partners have been used. Thus, 2-
phenylnaphthalene 82 has been prepared from phenylmagnesium bromide and the
following compounds: 2-methoxynaphthalene 83 [77 % yield, Pd(PPh;),Cl, or
Ni(PPh3),Cl, as the catalyst], tosylate 84 [60 % yield, Ni(PPh3),Cl, as the catalyst],
phosphate 85 [75 % yield, Ni(acac), as the catalyst] and the tetrazoyl ether 86 [55 %
yield, Ni(PPh;),Cl, as the catalyst].

82:R=Ph
83:R=0Me

R g4:R=080y(4-MeCgHa)
85:R = OP(O)OEty

N_
86:R=O </ ’II\I
/NJN

Ph

Carbamates have also been used as coupling partners with Grignard reagents
as exemplified by the formation of biphenyls 87 ( 80 %) and 89 (37 %) from the
reaction of carbamates 88 and 90 respectively with phenylmagnesium

bromide/chloride in Ni(acac), catalysed reactions.

R R
OMOM NHBoc
87:R=Ph 89:R=Ph
88: R = OCONEtp 90: R = OCONEt)

Table 6 illustrates some representive examples of the phenylation of
heterocyclic compounds with phenylmagnesium bromide/chloride and other

substituted Grignard reagents [65] similarly gave arylated heterobiaryls.
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Table 6. Phenylation of Heterocycles using the Kharash Reaction

NHTMS

N
I
\N N\
R

R = protected sugar

Het-X + PhMgBr/CI — Het-Ph
Het X Catalyst Yield (%)
2-thienyl Br Ni(dppp)Cl, 98
3-thienyl Br Ni(dppe)Cl, 80
2-furyl Br Ni(dppe)Cl, 82
3-furyl Br Ni(dppe)Cl, 93
Ph o SMe Ni(dppe)Cl, 90

T
Ph” N
2-benzothiazoyl - SH, SMe  Ni(dppp)Cl, 79-98
2-benzothiazoyl Cl Ni(PPh3),Cl, 70
2-pyridyl SH, SMe  Ni(dppp)Cl, 79-88
2-pyridyl OCONEt, Ni(acac), 30-80
3-pyridyl Br Ni(PPh;),Cl, 54
3-pyridyl oTf Ni(acac), 65
3-pyridyl OCONEt; Ni(acac), 72
4-pyridyl OCONEt, Ni(acac), 81
2,6-diphenyl-4-pyridyl SMe Ni(PPh3),Cl, 87
5/6/7/8-isoquinoyl Br, Cl Ni(dppp)Cl, 69-85
4,6-dimethylpyrimid-2-yl SH,SMe  Ni(dppp)Cl, 43-94
N~ | N\>
KN N,

R
R=H SMe Ni(dppp)Cl, 68
R = protected sugar Cl Ni(dppp)Cl, 40

Br Ni(PPh;),Cl, 15
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Numerous bithienyl and terthienyl derivatives have been prepared using the
Kharash reaction. These compounds are often precursors of oligo and polythiophenes
which have been used extensively as conducting polymers. Terthiophenes also

exhibit phototoxic properties and have thus received attention because of their

biological activities.

A number of heterobiaryls possessing two different types of heterocyclic ring
have been prepared using the Kharash reaction. Examples include the
thienylpyridines 91 (78 %) and 92 (70 %), the thienylquinoline 93 (49 %) and the
thienylisoquinoline 94 (69 %), all of which were synthesized from 2-
thienylmagnesium bromide and the appropriate bromoaryl coupling partner in nickel

catalysed reactions.
m %
~ ; o /I
O 9@
O S O
92 94

1.2.2.b. Negishi Reaction

The Negishi reaction utilises arylzinc reagents (Ar'ZnX, X = halogen) and
aryl halides or triflates (Ar*X, X = halogen or triflate) and began to assume
importance in the mid 1970’s. Unlike the Kharasch reaction, functional groups such
as aldehydes, ketones, esters, amines and nitro groups etc. are tolerated in the

coupling partner of the arylzinc reagent.

All three isomers of the iodotriflate 95 reacted with a number of arylzinc
compounds 96 at the iodo substituent in a palladium catalysed reaction yielding

biaryls 97 (72-88 %).
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95 97

o, e ™G
I R
96 R

The tolerance of the Negishi reaction to steric effects is illustrated by the
formation of the biaryls 98 (80 %) and 99 (50 %) in Ni(PPhs)s and Pd(PPh;),
catalysed reactions respectively. In these two biaryls, the left-hand fragment is
derived from the corresponding arylzinc chloride and the right-hand fragment from
the appropriate aryl iodide. Thus, ortho substituted aryl iodides undergo Negishi

reaction in useful yields.

(O MeO OMe MeO
OOMe VoMo O O oMe
C6H11N-—— O Me
98 99

Table 7 illustrates some representative examples of the formation of simple
biaryls using the Negishi reaction. The reactions generally proceed in good yield and
substituents such as nitrile, ester and cyano groups, which are not tolerated in the
Kharash reaction, couple smootly in the Negishi reaction. In addition to aryl halides
as the usual coupling partner of the arylzinc reagent, other partners such as aryl

triflates and fluorosulfonates have been used.
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Table 7. Synthesis of Biphenyls using the Negishi Reaction

@M”@

Ry Ra Catalyst Yield
H H Cl OSOF _ Pd(PPhy)s 95
H 4-OMe Cl OSO,F  Pd(PPhs), 56
H 4-OMe Cl I Ni(PPhs)4 85
H 4-CHO Cl Br Pd(PPh;),Cl, 92
H 4-CN Cl Br Ni(PPhs)s 90
H 4-COMe Cl Br Ni(PPh3)4 70
H 4-NO;, Cl I a 90
4-Cl 3-NO, Br OTf  Pd(dba)/dppf 84
2-Me 4-NO, Cl Br Pd(PPhj3)4 78
3-Me 3-Me Cl | Ni(PPhs), 95
2-CN 3-COEt  Br Br Pd(PPhs), 93
4-CN 4-CN Br Br Pd(PPhs), 95
4-CN 2-COoMe  Br I b 84
4-CN 4-CO,Et Br I Pd(PPhs)4 82
3-CO,Me 4-CN Br Br Pd(PPh;), 82
4-COEt 4-CN I Br Pd(PPhs)4 80
4-CO,Et 4-CO,Et I | Pd(PPh;)4 94
2-CONMe,; 3-CO,Me (Il OTf Pd(PPh;)4 81
2-CONMe; 3-NO; Cl OTf Pd(PPhs)4 80
0 . H cl I PdPPh); 75

0
" 2-Me Cl I Pd(PPh3)s 66
" 4-COMe Cl I Pd(PPhs); 70
" 3-NO, cl I Pd(PPhs)s 54

a Pd(PPhy),Cl, + DIBAL, b Pd(dba),/tris(2-furyl)phosphine

60



The Negishi reaction has been used to prepare a diverse variety of
heterobiaryls. In furan chemistry, 2-furylzinc chloride has been coupled with aryl
bromides, aryl triflates and aryl fluorosulfonates yielding products of general
structure 100 in which the aryl group is substituted benzene or naphthalene moiety.
These reactions are usually catalysed by Pd(PPhs)4 and give good yields of products.
Additionally, 2-phenylfuran has been prepared from both 2-iodofuran and phenylzinc
chloride (91 %) and from iodobenzene and 2-furylzinc chloride (89 %) in Pd(PPhs),

Q-Ar 100

Phenylpyridine derivatives 101 and substituted phenylpyridines have been

catalysed reactions.

successfully prepared using the Negishi reaction usually in good yield.

=
Ph 101
NS

N

A diverse range of biaryls in which both aryl fragments are heteroaryl groups
have been prepared using the Negishi reaction. An example is compound 104 which

was obtained from precursors 102 and 103 in 47 % yield in a Pd(PPhs); catalysed

reaction.
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The two heteroaryl pyrrole derivatives 106 (71 %) and 107 (73 %) have been
prepared from the zinc reagent 105 and the appropriate heteroaryl bromide using

Pd(dppb)Cl; as the catalyst.

= =
I

AT Me 106 Me 107

1.2.2.¢c. Stille Reaction

In the late 1970’s the Stille reaction started to be used in biaryl synthesis and
this reaction uses arylstannanes (Ar'SnR;, R = Me, Bu) and aryl halides or triflates
(Ar*X, X = halogen or triflate) as the coupling partners. This reaction is extremely
versatile, proceeds under neutral conditions and can tolerate a wide range of
substituents on both coupling partners. Thus, substituents which are not compatible
with Kharasch and Negishi reactions are often tolerated in the Stille reaction. The
major disadvantage of the Stille reaction is the toxicity of the organotin reagents and

byproducts.

The thiazole derivative 108 (R = Me) reacted with 4-bromochlorobenzene
selectively at the bromo substituent yielding biaryl 109 (80 %) in a Pd(PPh;3),Cl,
catalysed reaction. The stannane 110 couples [Pd(PPh;), catalyst] selectively with
halogenated pyrimidine and purine derivatives in good yield selectively at the stannyl
group in a Stille reaction, and not at the boron moiety in a Suzuki reaction. The

boron-containing biaryl products of these reactions are of potential use in '°B neutron

capture therapy.
N N 0 Me
{Jsm L s )5, X
g~ SnRs S 0 Me
108 109 Ci 110
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A number of ortho substituted biphenyls of general structure 113 have been
succesfully prepared in Pd(PPh;3),Cl, catalysed Stille reactions of the triflates 111
and PhSnBuj; or stannane 112.

R; MeO Ri Ry
Coom e
111 OMe 112 113 OMe

Aryl stannanes possessing a tributyltin or trimethyltin moiety are the most
commonly used biaryl precursors in the Stille reaction. Arylstannoates, prepared
from potassium hydroxide and ArSnCl; have been used to prepare biphenyl
derivatives in good yield in an aqueous Stille reaction. The Stille reaction is often
improved by the addition of copper salts and one explanation for this observation is
that transmetallation of the arylstannane by the copper salt occurs yielding a more

reactive organocopper reagent.

Roth and Farina’s work [66] is an optimized Stille coupling reaction
catalyzed by palladium on carbon with Cul as co-catalyst. They showed that the
coupling reaction of aryl and vinyl iodides, bromides, and triflates with
organostannanes can be effectively conducted using palladium on carbon as a source
of Pd’. The yield and rate of reaction are significantly affected by the addition of

copper iodide as co-catalyst and triphenylarsine as ligand.

The coupling partner of the arylstannane is usually an aryl halide or an aryl

triflate. When triflates are used, lithium chloride is almost always necessary as a co-

reagent.

Kang and coworkers [67] have shown that the palladium- and copper-
catalyzed cross-coupling of diaryl- or divinyl tellurium dichlorides with
organostannanes has been achieved in the presence of PdCl; or Cul with CsyCOj in

MeCN in good to moderate yields (scheme 45).
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RI2TeCh  + R2SnBu3 ——» RIR2

RI1 = Ph, p-MeOC4H,, (Z)-PhCH=CH
R2 = 2-furyl, 2-thienyl, (E)-PhCH=CH

Scheme 45
In another study, Kang and coworkers [68] have reported that the Ni-

catalyzed cross-coupling of organostannanes with hypervalent iodonium salts were

achieved in the presence of Ni(acac), in NMP in moderate yields (scheme 46).

Ni(acac); (10 mol %)

. RIR2
NMP,70C,8h

RiSnBus + R2I-PhX-

R1 = Ph, p-MeOCgHj
R2 = p-MeOCgHy, 2-furyl, 2-thienyl, (E)-PhCH=CH
X = BF,4, OTf, Br

Scheme 46

Table 8 illustrates a selection of Stille reactions which have yielded biphenyls
as products. A number of different palladium catalysts have been used and yields are

generally good to excellent.
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Table 8. Synthesis of Biphenyls using the Stille Reaction

Ri R2 Ri R2

R, R, R X Catalyst Yield (%)
H H Ph Br BaPd(PPhyCl 78

H H Bu IPh'BF, Pd/C 95

H 4-Me Bu N,’BFy a 59-66
H 4-NO, Me I ArPd(PPhj),I 83

H 4-COMe Me OTf Pd(PPh3)4 85

H 4-COMe Me/Bu OTf Pdy(dba);/AsPh;  74-82
H 4-COMe Bu b c 72
4-Cl 4-CHO Bu Br Pd(PPh3), 75
4-C] 4-COMe Bu Br Pd(PPh3)4 89
4-Me 4-CN Bu Br Pd(PPh3), 92
4-Me  4-NO, Bu Br Pd(PPhs), 68
4-Me 4-COMe Bu Br Pd(PPhs), 90
2-OMe 4-COMe Bu Tf Pdy(dba);/AsPh; 88
4-OMe  4-NO, Bu OMs Pd(PPh;)4 48
4-OMe 4-NO, Bu OTf Pd(PPh;)4 74
2-CHO 4-COMe Bu OTf Pdy(dba);/AsPh; 25

a Pd(Oac), or Pd(dba),, b OSO»(4-FCeHy), c PA(OAc),/Ph,PMe

Numerous heterobiaryls [69, 70, 71] possessing one heterocyclic and one
carbocyclic moiety have been succesfully prepared using the Stille reaction as
indicated in Table 9. The entries listed in Table 9 have been grouped into two types
depending upon whether a heteroaromatic (method A) or carbocyclic aromatic
(method B) stannane precursor was used and generally either synthetic method gave

good yields.
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Table 9. Synthesis of Heterobiaryls using the Stille Reaction

HetSnR3 + x—@ A Het—@<—‘§— HetX + R3Sn—®
Y Y Y

A/B Het Y R X Catalyst Yield
A 2-thienyl H Bu IPh'BF, PdCl, 87
B  2-thienyl H Bu I Pd/C 77
A 2-thienyl 2-CO0Me Bu 1 Pd(PPh;),Cl, 81
A 2-furyl 4-CO)Me Me 1 Pd(PPh;),Cl, 73
A 1-methyl-2-pyrrolyl H Me 1 Pd(PPh;),Cl, 54
A l-methylimidazol-2-y] H Bu Br Pd(PPh;),Cl, 89
A 2-benzothiazoyl H Bu Br Pd(PPh;),Cl, 75
B  2-benzothiazoyl H Bu (I Pd(PPh;),Cl, 86
A 2-benzoxazoyl H Bu Br Pd(PPh;),Cl, 75
A 2-pyridyl 4-COOMe Me [ Pd(PPh;),Cl, 95
B  2-quinoyl H Bu OTf Pd(PPh;),Cl, 88
B  8-quinoyl H Bu b c 68
B  2-isoquinoyl H Bu OTf Pd(PPh;),Cl, 53

a R = P(O)OEty, b OSO,(4-FC¢H,), ¢ Pd(OAc),/ Ph,PMe

Malm et al. [72] have shown that the palladium catalyzed coupling of
heteroaryl trialkylstannanes with a variety of heteroaryl halides has been greatly
promoted by silver(I) oxide. Scheme 47 illustrates the synthesis of heterocyclic

compounds.
0
/X NHCO,tBu
A
0 LN Pd(0) AgzO;
~
N7 > SnMe; §© Br

Scheme 47
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Materials for use in the nanotechnology field have been prepared using Stille
methodology. The ‘molecular brake’ 115 has been synthesised from the bipyridyl
precursor 114 as shown in scheme 48. The bipyridyl moiety of heterocycle 115 can

coordinate to a suitable metal and thus activate the ‘brake’.

OMe
OMe SnMe3
Pd(PPh3), O
114 OMe

Scheme 48

A diverse variety of biaryls in which both aryl fragments are heterocyclic
moieties have been prepared using the Stille reaction and some representative
examples are shown in Table 10. The yields of products are generally good to
excellent and Pd(PPhs)s or Pd(PPh3),Cl, are usually employed as the reaction

catalysts.
Table 10. Synthesis of Heterobiaryls using the Stille Reaction

Het'SnR; + Het’X —  Het'-Het?

Het' Het" R X Catalyst Yield
2-thienyl 2-thienyl Bu 1 Pd(PPh;),Cl, 80
2-thienyl 2-thienyl Bu IPh'BF,  PdClL 94
2-thienyl 2-quinolyl Bu OTf Pd(PPhs), 71
2/4/5-thiazoyl ~ 2/4/5-thiazoyl ~ Me Br Pd(PPh;), 59-77
2-pyridyl 2-thiazoyl Bu Br Pd(PPhs), 60
2-pyridyl 4-pyridyl Bu Br Pd(PPh3), 70
2/3/4-pyridyl ~ 2/3/4-pyridyl  Me Br Pd(PPh;), 59-77
3-quinolyl 2-pyridyl Me Br Pd(PPh;), 79
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The Stille reaction has also been succesfully used in the preparation of
teraryls, oligoaryls and polyaryls. In the thiophene field, thiophene tetramers and
seximers possessing 2-hydroxyethyl substituents have been synthesised as potential
precursors of water soluble thiophene oligomers. Long-chain alkyl and alkoxy
derivatives of polymer have been reported and thiophene containing photorefractive
polymers have been prepared. Several types of donor-acceptor polymers have also be

synthesised using Stille reaction.

The Stille reaction has enjoyed considerable success in the synthesis of a
large number of natural products which possess a biaryl moiety. For example, the
chiral 9,10-dihydrophenanthrenediol unit 117 of pradimicins and benanomicins has
been prepared from the precursors 116 (R = Br, I, OTY) in a Pd(PPhs)4 catalysed
reaction in the presence of either (Me3;Sn), or (BusSn),. One of the R substituents in
compounds 116 is converted into the appropriate stannyl group by the tin reagent and

a subsequent Stille reaction then occurs.

Fan and Haseltine [73] have synthesized 1,3,5-tripyridylbenzenes (Polycyclic
triamines are used as recognition domains in molecular hosts and catalysts.) by using

a threefold Stille coupling (scheme 49).

CH;
_ Pd(PPh3),Cl,
) n-BuLi, THE_ Mo, CuLEtN, DMFA_
\ " Messncl Br

Br

Scheme 49
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1.2.2.d. Suzuki Reaction

The early 1980’s saw the advent of the Suzuki reaction. The Suzuki reaction,
like the Stille reaction, has proved extremely versatile and has found extensive use in
natural product synthesis. Boronic acids [ArlB(OH)z] are the usual substrates in this
reaction together with aryl halides or triflates (Ar’X, X = halogen or triflate)

although esters of boronic acids and aryl boranes are frequently used.

Mesitylboronic acid coupled with 2-chloroiodobenzene (94 %) and 2-
bromoiodobenzene (56 %) [Pd(PPhs)s catalyst, Ba(OH), base] giving the biphenyl

derivatives 118 and 119 respectively.

Me Me
Me Cl Me Br
118 119

The synthesis of compounds 118 and 119 in a Suzuki reaction illustrates that
biphenyl derivatives possessing three ortho substituents are readily available. The
most commonly used base in the Suzuki reaction is NayCO; and this base often
ineffective with sterically demanding coupling reactions. If Ba(OH), or K35POy is

used in sterically demanding reactions, good yields of products are usually obtained.

The pyridylborane 120 reacted selectively [Pd(PPhs), catalyst] at the bromo
substituent of pyridine derivative 121 in a Suzuki reaction rather than at the stannyl
group in a Stille reaction giving the bipyridyl 122 in 86 % yield. In pyrimidine
chemistry, the iodo substituent of compound 123 has been replaced in preference to

the chloro substituent in a Suzuki reaction using phenylboronic acid.
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_ BEt,. o~ SnBu; = SnBug —
| | 7 > N
N N Br N =N
120 121 122 123
Chromium tricarbonyl complexes of bromobenzene derivatives have been
coupled with boronic acids yielding biaryls with axial chirality in Pd(PPh;),
catalysed reactions in the presence of Nay;COj;. Thus, compound 124 and boronic
acid 125 afforded product 126 (96 %).

Me Me Me
OMe 125 OMe M
Cr(CO); Cr(COY;

124 126

Some representative examples for the preparation of biphenyls using Suzuki
methodology [74] are given in Table 11. The yield of biphenyl products are

invariably good to excellent.
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Table 11. Synthesis of Biphenyls using the Suzuki Reaction

Ri R2 Ri R2

R; R, R X Catalyst Base Yield

H H OH OTf  Pd(PPhs), K;PO, 83

H 4-OH OH I Pd(OAc), Na,CO; 80

H 4-OMe O(CH,);0 I Pd(dppe)Cl, TIOH 82

H 4-CHO OH Br Pd/C+PPh;  Na,CO; 96

H 2/3/4-CO,H OH I Pd(OAc), Na,CO;  60-95
| H 4-CO,Me OH Br Pd(PPhs), Na,CO; 94

H 2-NO, OH Br Pd(PPhs), Na,CO; 98

A-F H OH I Pd(OAc), Na,CO; >95

4-F 4-CHO OH Br Pd/C+PPh;  Na,CO; 84

4-Me 4-OMe OH OTf  Pd(PPh;), KsPO, 85

4-Me 4-SO;Na OH Br a Na,CO; 78

4-Me 4-NO, OH OTf  Pd(PPh;), K;PO, 82

2-CHO 4-Me OH I Pd(PPh;), Na,CO; 54

2-CHO 4-Me O(CH,);,0 I Pd(PPh;), Na,CO; 89

2-CHO 2-NO, OH Br Pd(PPh;), Et;N 82

2-CONPr, H OH Br Pd(PPh;), Na,CO; 82

2-CONPr, 2-CONEt, OH Br Pd(PPh;), Na,CO; 44

3-NO, H OH Br Pd(PPh,), Na,CO; 95

2-NO, 4-COMe OBu Br Pd(PPh;), TLCO; 90

a Pd[Ph;P(3-SO1L.CelLy)]s.

In addition to biphenyls listed in Table 11, other more highly substituted
biphenyls, related compounds such as arylated naphthalenes, arylated binaphthyls

and phenanthrenes have also been prepared using the Suzuki reaction.

The most frequently used catalyst for the Suzuki reaction is Pd(PPh;), but
often a number of by-products are formed in the reaction. Leadbeater and Resouly

[75] have shown the application of two phosphine free nickel complexes to metal-
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mediated biaryl formation. They used amine and diimine coordinated nickel(II)
complexes. The optimum conditions were found to be when dioxane was used as a

solvent, K3PO4 as used as a base, 3 mol % NiCl,(NEt); added and the reaction
performed at 95 °C overnight.

Wolfe and coworkers [76] have developed a highly active catalyst system for
Suzuki coupling of aryl halides based on phosphine ligands, which are easily

prepared in one step and are commercially available (scheme 50).

PCy, PCy, P(t-Bu), P(t-Bu),
W m
MezN MezN/

Scheme 50

Other applications of the Suzuki reaction in biphenyl chemistry include the
preparation of butylated hydroxybiphenyls as anti-oxidants and liquid crystals.
Biphenyl derivatives have also been synthesised for the medicinal chemistry field;
examples include amino acid analogues and N-methyl-D-aspartate (NMDA)

antagonists.

The preparation of heterobiaryls using the Suzuki reaction in which both aryl
moieties are heterocycles has attracted considerable attention and some illustrative
examples of the synthesis of parent heterobiaryls are shown in Table 12. The catalyst
in all of the reactions cited in Table 12 was Pd(PPh;)4 and the yields of products are

generally good to excellent.
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Table 12. Synthesis of Heterobiaryls using the Suzuki Reaction

Het'BR, + Het’X —  Het!-Het?

Het' Het’ R X Base Yield
2-thienyl  3-thienyl OH Br Na,CO; 40-70
3-thienyl  2-thienyl OH Br Na,CO, 72
3-thienyl  3-thienyl OH Br Na,CO; 70

2-thienyl  2/3/4-pyridyl OH Br Na,CO, 57-68
3-thienyl  2/3/4-pyridyl OH Br Na,CO, 69-74
S-indolyl  2/3-furyl OH Br NaHCO; 65-82
5-indolyl  2/3-thienyl OH Br NaHCO; 78-86
5-indolyl  2/3/4-pyridyl ~ OH Br NaHCO; 65-90

3-pyridyl  2-pyridyl Et ClI/Br KOH 82-85
4-pyridyl ~ 2/3-thienyl Et Br Na,CO; 66-67
4-pyridyl  3-pyridyl Et Br Na,CO; 64

4-pyridyl  2/3-quinolyl Et Br Na,CO; 70-74

A number of uracil analogues have been synthesised as potential anti-viral
agents using the Suzuki reaction. For example pyrimidine derivative 127 has been
coupled with heteroaryl boronic acid giving the biaryl 128 which, after removal of

the O-protecting group, give uracil analogues.

OBn OBn

N 4j/Br NZ [ Het

BnO*N BnO)%N '
127 128

The pyrrole-containing immunosuppressive-agent undecylprodigiosine 131
has been synthesised using a Suzuki reaction of boronic acid 129 and triflate 130.

The Boc group of boronic acid 129 is lost during the coupling process.
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N | H N
N~ "B(OH), N \
Boc H23C 11 H23C1 1

129 130 131

The Suzuki reaction has also been employed in the synthesis of tricyclic

heterocycles. Some representative examples are shown in scheme 51.

B(O i. Pd(PPh3)4/ K2CO3, =N
/

NHCO,But ii. pyridinium chloride/ heat

MeO

Q

(HO),B

Br Pd(PPh3)a4,
/ \  NeHCO3,44%
NHCOMe

Q

-

B(OH); Pd(PPh3)s,
b NaHCO3,75% _
CHO  tByCONH

Pd(PPh3)4,

—N

y

Q_

AcNH

Pd(PPh3)4,

B(OH)z D K3PO4, 79 %

Y

2

NHCOBut

Scheme 51
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Unrau and coworkers [77] have described a variety of substituted m- and p-
teraryls and m-quinquearyls via Pd-catalyzed cross coupling of aryl halides with aryl
boronic acids, both available by metal-halogen exchange or directed ortho metalation

tactics.

The Suzuki reaction has found widespread application in polymer chemistry.
Poly(para-phenylene) derivatives, alkyl substituted poly(para-phenylenes), water
soluble poly(para-phenylenes) and polyphenylene dendrimers, polymers possessing
alternating substituted biphenyl and binaphtyl moieties, ‘graphite ribbons’ from
alkynyl substituted poly(para-phenylenes), butylated oligonaphthalenes and chiral
polynaphthols have all been prepared.

The Suzuki reaction has found extensive application in natural product
chemistry. For example, Dengibsinin 133 has been prepared from the biphenyl
precursor 132, and the phenanthrene derived compound, Gymnopusin 135 has been

prepared from biphenyl 134.

OPr OH
O O el
PriO a2 "CONE, HO ‘ O
Mco; McOO EuNC(0)0 4 “Me  MeO
00 e
PriO HO O — O 0
OMe OMe
OH
135

a=B(OBu), b=I _ _ OPri
Pd(dppf)CI2/K3PO4, 133  2=Brb=B(OH)
50 % Pd(PPhs)s/ N2;CO3,
75 %
132 134

The Suzuki reaction has been used for the synthesis of alkaloids. For

example, the preparation of Imeluteine 137 has been performed by using biphenyl

136.
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OMe

MCO ‘ MeO
MeO

a
- steps MeO
b CONPH,
g a=1[,b=B(0OH)2
OM
®  Pd(PPha)s/ NayCOs,

OMe 93 %
136 137

The synthesis of Michellamines such as atropisomers Michellamine A 138
and Michellamine B 139 has attracted considerable interest. In the synthesis of these
compounds, a bis-Suzuki reaction was employed to form the quateraryl skeleton

from tetrahydroisoquinolyl and binaphthyl precursors.

Chowdhury and Georghiou [78] used the Suzuki-Miyaura methodology to
achieve mixed cross-coupling between substituted aryl and naphthyl mono- and
bisbromomethanes with phenylboronic acid, 1-methoxy-2-naphthyl-, or 3-methoxy-
2-naphthyl-, or 4-methoxy-1-naphthylboronic acid to form the corresponding
disubstituted methanes. Scheme 52 illustrates the methodoloy for the synthesis of
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bisnaphthylmethane intermediates which contain functionalized naphthyl units

connected by methylene bridges.

CH30
B(O
BT (OH), Pd(PPh3)4 (10 mol %) OO O
+ >
DME, Na»CO03 (aq) Q
OCH; OCH; ? OCH;

Scheme 52

Lepifre and coworkers [79] have synthesized nitrogen containing
heterocycles via palladium-catalysed coupling of vinyl phosphates with aryl or

heteroaryl boronic acids (scheme 53).

Z
X 0 Nt
I Z l {L—OPh I ,
P ~
YT ONT T0T Sopy Y7 ONT S
Boc Boc
Y=CN
Z=0,8
Ar = Ph, 2-furyl, 1-naphthyl, benzothiophene

Scheme 53

Mederski et al. [80] have described the N-arylation of 2-pyridones, 3-

pyridazinones, 2-carboxyindoles and 2-carboxypyrroles with different arylboronic
acids (scheme 54).

| COEt
B(OH),
@ + — >\ OMe
N CO,Et ~
| MeO
H

Scheme 54
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1.2.2.e. Other Cross-Coupling Reactions

Kikukawa et al. [81] have reported the coupling of arenediazonium salts
(ArN,X) utilizing metathesis between in situ formed arylpalladium species and

tetraorganotin compounds.

Patrick and coworkers [82] have synthesized biaryls by using aryl triazenes.
Aryl triazenes react with aromatic solvents in the presence of trifluoroacetic acid to
produce biaryls (scheme 55). The mechanism of the reaction involves the formation

of arenediazonium trifluoroacetates which lose nitrogen to give mainly aryl radicals.

benzene
~0-O
CF3COOH

Scheme 55

Sastry et al. [83] have reported the preparation of 3-arylthiophenes by the
cyclization of the corresponding disodium 2-arylsuccinates with a mixture of
diphosphorus pentasulfide and red phosphorus in o-dichlorobenzene using

benzyltriethylammonium chloride or 18-crown-6 as phase transfer catalyst (scheme

56).
| PS5 / P Jo-ClyCeHy

R COMNa  prc, 130-1350C, 67h . @_@

Y=< CO,Na 70-85 % =

R=H, CH3, C2H5, OCH3, F, Cl

Scheme 56

Alam and collaborators [84], and Combellas and collaborators [85] have

described a route, involving an electrochemically (or photochemically) induced chain

reaction, to unsymmetrical biaryls.
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Petrillo and coworkers [86] have reported the reaction of arylazo phenyl
sulfides (ArN=NSPh) with aryloxide anions, which effectively leads to biaryls via C-
C coupling (scheme 57).

OH

AN," _PBS _ aiN=NsPh ATO Ar

Ar' = Ph, 4-MeCgHy, 2,6-tBuCgHj, 2-naphthyl
Scheme 57

Lourak et al. [87, 88] have performed homo and hetero-coupling of aryl
bromides and chlorides with nickel-containing complex reducing agents NiCRA-bpy
(prepared from NaH, t-AmONa, and nickel acetate in the presence of 2,2’-
bipyridine). In a number of cases the presence of alkali iodides improves the

procedure. Yields are very high and a number of fuctional groups are resistant.

Casalnuovo and Calabrese [89] have demonstrated the efficient, catalytic
alkylation of biomolecules and other organic substrates in aqueous media. Aryl and
vinyl boronic acids have been used as substrates in these reactions. The water-soluble
Pd(0) complex Pd(PPhy(m-CsHsSOsM))s (M = Na', K*) was synthesized and
characterized. The catalyst was tolerant of a broad range of functional groups,

including those present in unprotected nucleotides and an unprotected amino acid.

Vicente and coworkers [90] have reported the use of homo and hetero
diarylgold(Ill) complexes with some ligands (PPh; or CI') for the synthesis of homo
and hetero biaryls in high yield and very mild conditions (scheme 58). The synthesis
is possible even if both aryl groups contain ortho substituents or if one of them is an

o-nitrophenyl group.
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[AuCL] + [Hg(ADCI] -[AuCL] [Au(Ar)CL,]

- [Hg(Ar)Cl]

[Au(Ar)Cl,] + [Hg(Ar),]
+PPh;

[Au(Ar)(Ar)Cl]

+ PPh3

Ar-Ar' + [AuCI(PPhy)] — 2> [Aul(PPhs),]

[Au(Ar)(Ar')Cl ]
+Cl o ArAr + [AuCl]

Scheme 58

Kong and Cheng [91] have reported the synthesis of biarlys from the reaction
of dialkylacetylenes with aryl iodides in the presence of nickel halides and zinc

R R
N1X2 R
R
Zn Py
R R
R =Et, P

R'=p-MeO, p-Cl, p-I, p-Me, H, m-MeO, m-Br, m-Cl

powder (scheme 59).

Scheme 59

Lipshutz et al. [92, 93] achieved the synthesis of unsymmetrical biaryls via
kinetic higher order cyanocuprates. Treatment of lower order arylcyanocuprates
ArCu(CN)Li with 1 equivalent of an aryl lithium (Ar’Li) at temperatures around —
125 °C leads to higher order reagents Ar(Ar’)Cu(CN)Li;. Upon exposure of such
reagents at this temperature to ground-state molecular oxygen, good yields of the

unsymmetrical biaryl Ar-Ar’ can be realized (scheme 60).

ArLi + Ar'Li + CuCN——> Ar(Ar')Cu(CN)Liz—[—O—]—» Ar-Ar'

Scheme 60
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Oh-e and coworkers [94] have reported the cross-coupling reaction of 9-
alkyl-9-borabicyclo[3.3.1]nonane (9-R-9-BBN), 1-alkenyl-1,3-2-benzodioxaborole;
or aryl boronic acid with 1-alkenyl or aryl triflates in the presence of K3PO4 and a
catalytic amount of Pd(PPhs)4 or Cl,Pd(dppf) (scheme 61).

Y ]{ Pd-catalyst Y
OTf + R- —_ R
N base
- R
/S/OTf + R-B< Pd-catalyst /S/
base

R = alkyl, 1-alkenyl, aryl
Scheme 61
Sharp and Snieckus [95] have described the cross-coupling reaction of

arylboronic acids 141, derived from 140 by directed ortho metalation, with aryl,
heteroaryl, and benzyl bromides to yield unsymmetrical biaryls 142.

(i-Pr)aN (i-Pr)y (i-Pr)72N
/
1.RLi BOH: . By
2. B(OMe)3 Pd(PPh3)4

3. gt Tol-ag Nay,CO3

Clayden et al. [96, 97] have synthesized ortho-substituted unsymmetrical
biaryls. In the presence of a catalytic amount of a nickel salt, aryl tert-butyl sulfones
react with aryl Grignard reagents to give biaryls. This reaction was used in
conjuction with powerful ortho-lithiation-directing ability of aryl tert-butyl sulfonyl
groups to make unsymmetrical ortho-substituted biaryls. The reaction is outlined in

scheme 62.
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SO,But SO,But Ar
1. BuLi ArMgX
— > + Ph-Ph + Ar-Ar
2.X X 5 mol % catalyst
X

Scheme 62

Han and coworkers [98] have synthesized biaryls by solid phase technique. A
method for attaching haloarylsilanes to polymer support was developed. The polymer
bound aryl halides were reacted with a variety of ArB(OH), under the Suzuki
reaction conditions and the coupled resins were cleaved by different electrophiles to

give ipso-substitution products in good yields. The strategy is outlined in scheme 63.

%%—S %%—&
l@ Suzuki coupling or @ E=H",CI*, Br', @

X other coupling reactions I',NO,", etc.

X=Br,I

Scheme 63

Sengupta and Bhattacharya [99] have introduced a cross-coupling reaction
using arenediazonium salts as the aryl electrophile component. The reaction proceeds
in alcohol and starts with anilines which in many cases are more readily available
than the halides and phenols. Furthermore, there is no need for the external bases.

Ligandless Pd(OAc),, or 10 % Pd-C were found to be the only effective catalysts for

this reaction (scheme 64).
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N, BF,

Rl
+ >
R R MecOH R
B(OH),
R = p-Cl, 0-Me, 0-OMe, 0-CO,Me, m-COMe, '=H, Me

p-Me, p-OMe, p-CO,Me, p-Br
Scheme 64

Mowery and DeShong [100] have performed the palladium-catalyzed cross-
coupling of phenyl, vinyl and allyl siloxane derivatives with aryl iodides, electron-
deficient aryl bromides, and allylic benzoates as an alternative to the Stille and
. Suzuki couplings. For example, treatment of phenyl trimethylsiloxane (143) with
equimolar amount of tetrabutylammonium fluoride (TBAF) results in the formation
of hypervalent fluorosilicate anion 144. Silicate 144 couples with 4-iodotoluene in

the presence of a Pd(0) catalyst to afford the unsymmetrical biphenyl 145 in high
yield.

Me Me
Si(OMe); NBuy*
OMe i
TBAF | MeO._| @ I
—_— _Si >
MeO I[, Pd(dba),

143 144 145

Hwang and coworkers [101] have reported that in the presence of a catalytic
amount of VO(acac),, oxidative coupling of 2-naphthol or phenol derivatives wih
molecular oxygen occured at room tempereture and selectively gave the

corresponding ortho-ortho coupling products in moderate to high yields (scheme 65).
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Ry

R3
Ry R; OO
VO(acac)y, oxidant Ry OH
TRy OH
Ry R3

Scheme 65

Darses and his collaborators [102] have shown that aryl- and
alkenyltrifluoroborates may be efficiently employed as organometallic partners in
palladium-catalysed cross~coupling reactions with arenediazonium salts (scheme 66).
These reagents have been found to be more reactive than the corresponding
organoboranic acids in such couplings. Moreover, their ready availability, high
stability, and ease of purification makes them eminently suitable for such

applications.

f.

Scheme 66

Courtois et al. [103] have reported that the Ni-dpa (2,2'-dipyridylamine)
system is an efficient catalyst to achieve various electroreductive couplings of

aromatic halides in ethanol as solvent (scheme 67).

Ni-dps
_—
EtOH

2 ArX Ar-Ar + 2X-

Scheme 67

84



Hargreaves and coworkers [104] have shown that various substituted phenyl,
pyridyl and benzyl zinc -chlorides, generated from the corresponding lithium or
magnesium organometallic reagents, have been cross-coupled with 2-(6-bromo-2-
pyridyl)pyrimidines in the presence of Pd(PPhs)4 to produce a series of substituted
pyridylpyrimidine fungicides (scheme 68).

1. n-BuLi, THF or Mg, Et,0

2. ZnClz, Et20 AN
RiX > N_ _R
P,
X=ClorBr 3. i X R; N ‘j 2
7 N R N
Br N [ = 2 Z
N = Rz = H, CH3
Pd(PPhs),
Scheme 68

1.2.2.f, Miscellaneous Reactions

Azzena et al. [105] have made an interesting study for the synthesis of
biphenyls and terphenyls. They studied the scission of C-N bonds of aromatic
amines. This subject has received little attention, likely due to the low electron
affinity of such substrates. They have showed that by treatment with Li metal in THF
at room temperature the isomeric N,N-dimethylaminobiphenyls and N,N-dimethyl-
2,6-diphenylaniline underwent 100 % regioselective reductive cleavage of the aryl-

N bond, affording biphenyl and meta-terphenyl, respectively, in various yields.

Christoffers and Mann [106] have reported that the vinylogous Michael
reaction can be succesfully applied to the conversion of quinone derivatives with 2-
acceptor-substituted cycloalkenones. The catalyst is FeCl;.6H,0, which is optimal
with regard to economic and ecological considerations. Coupling products are
promising precursors for highly functionalized biaryl compounds. An illustrative

example is shown in scheme 69.
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Scheme 69

Huang and Nolan [107] have reported the cross-coupling of aryl chlorides
with aryl Grignard reagents (Kumada reaction) mediated by a palladium /

imidazolium chloride system (scheme 70).

CH3 MgBr
Pd,(dba
L-HCl
Cl

Scheme 70

Bringmann et al. [108] have reported the atropo-enantioselective synthesis of
the enantiopure monodentate biarylphosphine 147 starting from the readily available
lactone 146.

CT 0, 9@
— > R Me
Me : O - Ph,P ] Me
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Clive and Kang [109] have shown that phosphinates give biaryls on heating
with stannanes in the presence of a radical initiator. They have reported the transfer
of aromatic units within the phosphinate compound class according to scheme 71.

The starting phosphinates are available by acylation of the parent alcohol with

appropriate diarylphosphinic chloride.

i
R O—P R OH
BIDLR' i. R"3SnH, AIBN, heat O R
ii. aqueous KF g O

Scheme 71

1.3. Aim of the Work

In the first part of the work is aimed to develop new methodologies for the
synthesis of taxol side chain analogues by means of chemical and biotechnological
techniques, to isolate and characterize 10-deacetyl baccatin III, which is the main
part of the taxol, from the leaves of the yew tree in Bolu Yaylacik Forest. Taxol is a

drug used for the treatment of breast, lung, head and neck, and ovarian carcinomas.

In the second part of the work is aimed to synthesize unsymmetrical biaryls
and heterobiaryls in a manganese(Ill) acetate mediated reaction of aryl hydrazines
with aromatic and aliphatic hydrocarbons. Biaryl unit is represented in natural

products, polimers, liquid crystals, and chiral catalysts.
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CHAPTER 2

RESULTS AND DISCUSSION

2.1. Taxol and Taxol Analogues

Taxol (Paclitaxel, 1), isolated from the bark of the Taxus brevifolia, is
regarded as one of the most promising anticancer agent, especially for the treatment
of ovarian, breast and lung cancer. Paclitaxel (1) is identified as a "spindle poison",
causing cell death by disturbing the tubulin-microtubule dynamic equilibrium
required for cell division. Taxotere (Docetaxel, 2), a semisynthetic analogue of

paclitaxel, is two times as active as paclitaxel in an in vitro tubulin assay as an

inhibitor of microtubule depolymerization.

Taxol is one of the best known molecules containing an f-amino-ca-hydroxy
acid. It is composed of a polyoxygenated diterpene and (2R, 3S)-phenylisoserine side
chain. As the role of the C-13 side chain in the biological activity of taxoid became

evident, enantioselective synthesis of the C-13 side chain has been the focus of many

investigators.
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In spite of its excellent antitumor activity, there are considerable difficulties
in eploying 1 and 2 in the clinical. One of the major problems is its poor solubility in
water, creating formulation difficuities for intravenous administration. Due to the
poor solubility, cremophore EL ( in the case of 1) or Tween 80 (in the case of 2) is
presently used as solubilizing agents. However, these agents induce adverse effects
such as hypersensitivity reactions including hypotension, urticaria and dyspnea.
These side effects can be attenuated by employing antihistaminic agents such as
dexamethasone and diphenhydramine, but the inescapable fact is that this results in

additional medication, discomfort and cost to the patient [110].

So, any attempt toward the synthesis of C-13 side chain is very important.
Furthermore, studies centered on the side chain have shown that any modification or

deletion of the 3'-amino group and 2'-hydroxyl group can alter cyctotoxicity.

As said before, enantiomerically pure B-amino-ca-hydroxy acids are of
considerable importance because they are the crucial components of medicinally
useful molecules as in the case of taxol. Most of the B-amino-a-hydroxy acids are
naturally occuring, but some have been obtained by synthesis as promising anti-

AIDS or antihypertensive agents.
2.1.1. Isolation and Characterization of Bacecatin Derivatives

Taxol is obtained from the bark of the Pacific Yew tree (Taxus brevifolia).
Unfortunately, the concentration of taxol in the bark is relatively low and laborious
purification process is needed to secure taxol in pure form. It is estimated that 2000

to 4000 trees are needed to produce 1 kg of taxol. The yew is a slow growing tree.

Today, taxol is obtained semisynthetically from baccatin III (1a), which is
isolated from the needles of the European Yew, Taxus baccata. Because, tree's
needles contain high concentrations of 10-deacetylbaccatin I1I (1 g/ kg). Then, it is
succesfully transformed into taxol, or the analog, via reaction with a derivative of N-

benzoyl-(2R,3S)-3-phenylisoserine.
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side chain

1, {taxol (or paclitaxel)} 1a, {10-deacetyl baccatin III}

Paclitaxel was identified in 1971, preclinical animal studies started in early

1980s and the clinical trials have started in 1983.

One of the aim of the this study is to isolate baccatin III, which is the main
part of the taxol, from the leaves of the yew tree growing in Bolu Yaylacik Forest, in
Turkey. Also, it could be possible to identify the activity of the yew trees growing in
our country. We focused to isolate only 10-deacetyl baccatin III from the leaves from

many other baccatine derivatives.

Firstly, the leaves dried (132.82 g) were cut in small pieces and refluxed for 6
days in ethanol in a 2 liter round bottomed flask equipped with a mechanical stirrer.
The dark solution was filtered, evaporated and extracted with CH,Cl, - H,0O. The
product was dried over MgSO4 and evaporated to yield a 4.44 g of black tary solid.
Different solvent systems were tried to be able to separate the desired product. Then,
crude product was purified by using column chromatography, and ethyl acetate:ether
in 1:1 ratio as an eluent. At the end of the five subsequent purifications by column

chromatography, desired product was obtained as a white solid in 0.003 % yield.

The product was characterized as 10-deacetyl baccatin III (1a) by extensive
NMR data (‘H, °C, DEPT-90, DEPT-135, COSY, HMQC, HMBC and edited HSQC
experiments). The spectrums are shown in Figures 1-8, respectively. The data are in
agreement with the data reported in the literature [3, 12, 27, 37, 46, 50] and the TLC

is identical with the authentic material.

90



'H-NMR spectrum of 10-deacetyl baccatin IIl shows a singlet at 0.96 ppm
arising from C-16 and C-17 CHj protons, a singlet at 1.59 ppm for C-19 CHj
protons, two multiplets between 1.68-1.75 ppm and 2.29-2.37 ppm for C-6
diastereotopic protons, a singlet at 1.94 ppm for C-18 CHj protons, a multiplet
between 2.15-2.19 ppm for C-14 diasterotopic protons, a singlet at 2.20 ppm for CH;
of C-4 acetyl group, a broad singlet at 2.50 ppm for C-7 OH proton, a singlet at 3.79
ppm for C-1 OH proton, a doublet at 3.84 ppm (J = 6.96 Hz) for C-3 H, two doublets
at 4.08 ppm (J = 8.11 Hz) and 4.12 ppm (J = 8.08 Hz) for C-20 diastereotopic
protons, a multiplet between 4.08-4.12 ppm for C-7 H (in the same region with the
C-20 H, protons), a singlet at 4.30 ppm for C-10 OH proton, a multiplet between
4.62-4.70 ppm for C-13 H, a doublet at 4.78 ppm (J = 7.01 Hz) for C-13 OH proton,
a doublet of doublet at 4.85 ppm (J = 9.13, 4.4 Hz) for C-5 H, a singlet at 5.18 ppm
for C-10 H, a doublet at 5.47 ppm (J = 6.99 Hz) for C-2 H, a triplet at 7.42 ppm (J =
7.54 Hz) for m-Ph, a triplet at 7.54 ppm (J = 7.34 Hz) for p-Ph, and a doublet at 8.02
ppm (J = 7.48 Hz) for o-Ph protons.

3C.NMR spectrum of 1a shows the signals at 9.4, 15.1, 20.2, and 26.7 ppm
for C-19, C-18, C-16 and C-17 CHj carbons, respectively. A signal at 22.5 ppm
arises from CHs carbon of acetate group bounded to C-4. C-14 H, and C-6 H,
carbons give signals at 29.4 and 36.7 ppm. The signals due to other carbons are
observed as follow:
42.7 (C-15), 46.7 (C-3), 57.6 (C-8), 66.7 (C-13), 71.3 (C-7), 74.8 (C-2), 75.1 (C-10),
76.1 (C-20), 78.6 (C-4), 80.5 (C-1), 84.2 (C-5), 128.4 (m-Ph), 129.9 (0-Ph), 130.4 (g-
Ph), 133.1 (p-Ph), 134.2 (C-11), 143.1 (C-12), 165.9 (C-2, CO of Bz), 169.9 (C-4,
CO of Ac), 211.7 (C-9, CO).

C-16 CH3 and C-17 CHj; groups were assigned by HMQC correlations
between C-16 carbon (20.2 ppm) with H-16 (0.96 ppm) and C-17 carbon (26.7 ppm)
with H-17 (0.96 ppm), and C-15 carbon with H-16 and H-17 protons. The
asignments were also confirmed by integral on ‘H-NMR, and HMBC and edited
HSQC experiments.
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The C-6 H; and C-14 H, were assigned by HMQC correlations between C-6
carbon (36.7 ppm) with C-6 H, protons, and C-14 carbon (29.4 ppm) with C-14 H,
protons,respectively. The assignments were also deduced from HMBC and edited
HSQC experiments.

In addition, the COSY spectrum shows a cross peak due to the geminal

coupling between the C-6 H, methylene protons.

Three cross peaks due to vicinal couplings of C-2 H with C-3 H, C-5 H with
C-6 H,, and C-13 H with C-14 H, are also observed in the COSY spectrum.

A cross peak due to the vicinal couplings of ortho and meta protons of the

benzoyl group is observed in the COSY spectrum as well.

The placement of C-11 carbon was deduced from HMBC correlations
between C-11 carbon (134.2 ppm) with C-10 H (5.18 ppm), C-10 OH (4.30 ppm), C-
16 H; (0.96 ppm) , C-17 H3 (0.96 ppm) and C-18 Hj (1.94 ppm).

In the same manner, the position of C-12 carbon was deduced from HMBC
correlations between C-12 carbon (143.1 ppm) with C-10 H (5.18 ppm), C-13 OH
(4.78 ppm), C-14 H, (1.68-1.75) and C-18 H3 (1.94 ppm).

The HMBC spectrum was also used to interprete the positions of the benzoate
and acetate carbonyl groups. The former shows the correlations between CO of
benzoyl (165.9 ppm) with C-2 H (5.47 ppm), ortho proton of benzoyl (8.02 ppm) and
para proton of benzoyl (7.54 ppm). The latter shows a correlation between CO of

acetyl (169.9 ppm) with OAc group (2.20 ppm).

The placement of C-1 OH was assigned by HMBC data which show
correlation between C-1 carbon (80.5 ppm) with OH proton (3.79 ppm).
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The C-10 OH was assigned by HMBC correlations between C-10 carbon
(75.1 ppm) and also C-11 carbon (134.2 ppm) with OH proton (4.30 ppm).

The position of C-13 OH was deduced from HMBC correlation between C-13
carbon (66.7 ppm) and OH proton which is observed as a doublet at 4.78 ppm (J =
7.01 Hz).

The optical rotation {[a]p = -61° (¢ = 0.7, CHCl3)}and melting point (mp:
220-222°) of 1a were in agreement with the reported value.

93



-

Figure 1. "H-NMR spectrum of la

(
| I ul”' |

T T st M
oo 2bo ko ko 140 1k o w & PO E

Figure 2. '*C-NMR spectrum of 1a

94



R AR M A A A G SRS S AN ot :JMLJ' Hsed

Figure 3. DEPT-90 spectrum of la

ey T e UL e ey BN R T B SR IR e B e e T DR B
spm 250 2&0 1 160 140 120

5
&

Figure 4. DEPT-135 spectrum of 1a

95



1

—— ;o

| i 0

) g

_ UL”.' )

<] ’r?i@ E

; ﬂ 5

0 9 _4

[} o@ ® é

5 a :

. ; 5
- V] o g
Fg

< {u

—_— @ F8
éppm

ppm B 6 4 2 0

Figure 5. COSY spectrum of 1a

96



4 .
: :00 ',
: A
l : ¢
—_"—-_'j .°o° .
- )
1 o
- .. °
= . 00— -
= o
— B 0
:* o
i

Figure 6. HMQC spectrum of 1a

97




Ll JJJ( didl

ud]

. E ."oa"

- 90

ppw

Figure 7. HMBC spectrum of 1a



]

u|

—i—

2
:— 50
75
—100

125

ppm

Figure 8. edited HSQC spectrum of 1a

99

~ppm



2.1.2. Synthesis of Taxol Side Chains

Because the role of the C-13 side chain in the biological activity of taxoid
became evident, enantioselective synthesis of the C-13 side chain has been the focus
of many investigators and numerous methods have been developed up to now. The
main synthetic approaches are nucleophilic ring opening of chiral epoxides, B-lactam
synthon methodologies, hetero Diels-Alder reactions, aldol reactions, homologation
of (S)-phenylglycine, electrophilic hydroxylation of chiral enolates, addition of

nucleophies to chiral a-amino aldehydes, and use of enzymes.

2.1.3. Phenylisoserine Derivatives

In this part of the work, new methodologies were tried to develop for the
enantioselective synthesis of N-benzoyl phenylisoserine derivatives as Taxol side

chain using chemical and biotechnological methods.

2.1.3.a. Synthesis of Taxol-Side Chain Analogues Through the Homologation of
Phenylglycine

Homologation of glycine is one of the important methods for the synthesis of
phenylisoserine. Furane moiety is one of the convenient carboxyl equivalent unit.
The simple oxidation of furane under mild conditions affords carboxyl group
directly. Using furane ring as carboxyl equivalent substiuent Demir et al. [111]
published method for the synthesis of amino acids starting from furyl ketones as

shown in scheme 72.
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Scheme 72

The suggested retrosynthetic approach to the synthesis of phenylisoserine
side chain is outlined in scheme 73. Furane ring is used for 1 C homologation of
phenylglycine. Conversion of phenylglycine to furyl ketone derivative then
enantioselective reduction of carbonyl group followed by oxidation of furane ring

should afford the desired product.

0 0
NHCPh NHCPh NHCPh
Ph—CH- CH COOH —/—> Ph— CH- CH :> Ph—CH— G /

OH ©
Q U Q
NH; NHCPh NHCPh
Ph—CH-C—OH <—  Ph—CH- C—OH < Ph—CH— C—Cl
O O o

Scheme 73
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Firstly, DL-a-phenylglycine was benzoylated by benzoyl chloride using
literature procedure and N-benzoyl phenylglycine (149) was obtained in 76 % yield

as a colorless solid (scheme 74).

The product was characterized by spectroscopic techniques. 'H-NMR
spectrum of 149 (80 MHz, Figure 9) shows a doublet at 5.85 ppm (J = 6.49 Hz) for
CH proton and a multiplet between 7.20-7.90 ppm for aromatic protons. The IR
spectrum of 149 hows a broad peak for NH absorption at 2938 cm™ and the peaks at
1728 and 1632 cm™ for carbonyl groups.

Then, carboxylic acid moiety was chlorinated by using PCls in benzene at 10
°C with 39 % yield. SOCl; (under reflux in benzene) was also used and the acid
chloride 150 was obtained in 99 % yield. IR spectrum of 150 shows the peaks at
1737 and 1693 cm™ for carbonyl groups.

The acid chloride 150 was reacted with furyllithium in ether at -30 °C, which
was prepared from furane and t-BuLi under inert conditions, to obtain furyl ketone
151. After work up no product formation was observed (Method A). Then, the
compound 150 was treated with difurylcopperlithium in THF at -78 °C, which was
prepared in situ from furane, BuLi, and Cul under inert conditions, to obtain
compound 151. Nevertheless, after work up desired product couldn't be achieved
(Method B). Similar reactions were carried out with alkyllithium and
dialkylcopperlithium in the literature and alkylated products are obtained in good
yield. Low reactivity of furyllithium and difurylcopperlithium could be reason for the

results.
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Scheme 74

As described below, different methods were tried to obtain the furyl ketone
151:

In the following route (scheme 75), treatment of N-benzoyl phenylglycine
under similar conditions as described for scheme 74 with excess (4 eq.) furyllithium

furnished no product (Method C).

0
I @ .
NH—C—ph (Pl NHCPh
. / o
Ph—CH—C—OH > Ph—CH—C

! THF, -78 C S

o

Scheme 75
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For the formation of furyl ketone 151 N-benzoyl phenylglycine was treated
with furane in the presence of trifluoroacetic anhydride (Method D). But no product

formation was observed (scheme 76).

0
I I Il
TfH-‘C—Ph FiC—C_ / 85 % H;PO, ITIHCPh A\
Ph—CH—C—OH + 0 + —#—> Ph—CH— C—
S FiC—C CH;CN, rt 0
o)

Scheme 76

As shown in scheme 77 the conversion of acid chloride into imidazol-imide
derivative 151a, then replacement of imidazole ring with furane by using
furyllithium for the formation of furyl ketone did not work in the first step (Method
E).

i 0
ITIH c Ph ) b ITIHCPh S
Ph—CH— c—c1 + ( Ph—CH—C—N_ _N
N I |

150 H 151a

0O

o) | 1\

» Ph—CH—C—
I 0
THF, -78°C 0
Scheme 77

Scheme 78 shows another approach to obtain furyl ketone 156. In this route,
amine moiety was protected by using benzene sulfonyl chloride, and compound 154
was obtained in 72 % yield. Then carboxylic acid was converted into acid chloride

with PCls in benzene at 10 °C and the product 155 was obtained in very low yield (3-
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5 %). After that, it was treated with furyllithium in ether at -30 °C, which was
prepared from furane and t-BuLi under inert conditions, to obtain furyl ketone 156.

After work up no product formation was observed.

Compound 154 and 155 was identified using IR spectra. The former shows a
peak for OH absorption between 3536-3296 cm™, a peak for NH absorption between
3088-2768 cm™, a peak for carbonyl group at 1724 c¢m™, and the peaks 1318 and
1164 cm™ for SO, group. The latter shows a peak for NH absorption at 3280 cm™, a
peak for carbonyl group at 1712 cm”, and the peaks at 1337 and 1164 cm™ for SO,

group.
NH, ol I'\IHSOZPh ol ITIHSOZPh
PhSO,C
Ph—CH~C—OH ——2" » ph—CH~C—OH ——» Ph—CH—C—Cl
g Na,CO; [l benzene Il
H,0, 1t 154 © 10°C

155

@Li NHSO,Ph
0 N A\
__7/;_, Ph-—CH—‘(‘ID

ether, -30°C o) O
156

Scheme 78
In another experiment (scheme 79) compound 156 was tried to obtained from

compound 154 directly with excess furyllithium in ether at -30 °C. However, desired

product couldn't be achieved.

NHSO,Ph U'Li NHSO,Ph

| o) |
Ph—CH—C—OH " Ph—CH—C—@
3 ether, ~30°C oo
154 156
Scheme 79
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The following scheme (scheme 80) shows another approach for the synthesis
-of furyl ketone 157. Here, phenylglycine was treated with furoyl chloride in the

presence of pyridine under reflux conditions, but after work up no product formation

was observed.

NH ' 0] . o NH; O
I 2 / \ T pyridine | 2 I / \
Ph—CH—COOH + C—Cl —z~%—> Ph—CH—C—
) reflux 157 0

Scheme 80

In summary, homologation of phenylglycine through furyl ketone strategy
did not work although different methods were applied.

For the formation of furyl ketone 151 [N-(2-furan-2-yl-2-oxo-1-phenyl-
ethyl)-benzamide] five different methods were used. In the first method,
phenylglycine was benzoylated and then chlorinated to obtain benzoylamino-phenyl-
acetyl chloride (150). Then compound 150 was treated with furyllithium to obtain
furyl ketone 151. In the second method, acid chloride 150 was treated with
difurylcopperlithium to achieve the desired product 151. In the third method, N-
benzoyl phenylglycine (149) was treated with excess furyllithium to afford the
desired product 151. In the fourth method, N-benzoyl phenylglycine (149) was
treated with furane and trifluoroacetic anhydride to give the desired product 151. In
the fifth method, acid choride 150 was treated with imidazol followed by
furyllithium to furnish the desired product 151.

For the formation of furyl ketone 156 [N-(2-furan-2-yl-2-oxo-1-phenyl-
ethyl)-benzenesulfonyl amine] two different routes were used. In the first route,
phenylglycine was protected using benzenesulfonyl chloride to obtain N-
phenylsulfonyl-phenylglycine (154). Then it was chlorinated and treated with
furyllithium to afford the desired product 156. In the second route, N-phenylsulfonyl-
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phenylglycine (154) was treated with excess furyllithium to furnish the desired
product 156.

For the formation of furyl ketone 157 [2-furan-2-yl-2-oxo-1-phenyl-ethyl

amine] phenylglycine was treated with furoyl chloride in the presence of pyridine.

In this study several pathways were tried to obtain the side chain of taxol.
One of them was illustrated in the retrosynthetic scheme 81. The desired product was
tried to be obtained through amino aldehyde instead of ketone. Here, oxidation of
primary alcohols to aldehydes, and enantioselective difurylzinc addition [112a-c] to

aldehydes were examined. Furane ring again was used as a carboxylic acid

equivalent.
9 Q Q
NHCPh NHCPh \ NH-C—Ph
Ph—CH-CH—COOH — Ph—CH-CH o > Ph—CH-C—H
OH OH 0
U T
NH, NH, NH-C—Ph
Ph—CH-C—OH <— Ph—CH—CH,—OH <— Ph—CH—CH,—OH
0
Scheme 81

Enantioselective carbon-carbon bond formation is one of the most interesting
challenges in organic synthesis. In recent years the catalytic enantioselective addition
of dialky/arylzinc reagents to aldehydes has attracted much attention because of its
potential in the preparation of optically active secondary alcohols. Most of the

studies have focused on the use of B-amino alcohols as chiral catalysts.

Organozinc reagents have been known for more than 150 years, however,

their applications to organic synthesis was limited to very specific reactions due to
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the moderate reactivity of organozinc compounds. These reagents were soon
replaced by the more reactive organomagnesium and organolithium reagents which
found broad applicatons in organic synthesis due to their increased reactivity.
Nevertheless, it became clear that this high reactivity had some drawbacks. The polar
carbon-magnesium or carbon-lithium bonds preclude the presence of many organic
functionalities in these organometallics. It was noticed that organozincs, although
very unreactive with most organic electrophiles undergo smoothly transmetalations
with a variety of transition metal salts or complexes leading to new transition metal
compounds. The resulting organometallics react with a range of organic
electrophiles, due to presence of d-orbitals at the metal which allows new reaction

pathways not available to the main group metal zinc.

The applications of organozinc compounds range from asymmetric synthesis,
the preparation of biologically relevant molecules and new materials to

combinatorial chemistry [112d].

In order to reach amino aldehyde following studies were performed firstly

(scheme 82).

NHz NaBH, - H,SO,, THF, 0 °C g
Ph—CH—-C—OH _ > Ph—CH-CH,—OH
[l or LiAlH,4, THF, reflux

O 158
148
G
Ph—C—Cl
LAH, PhCOCIl
THEF, reflux O
M
ITIH—C—-Ph
Ph—CH—-CH,—OH
159
Scheme 82
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In this pathway (scheme 82), phenylglycine was chosen as starting compound
and it was tried to be reduced to phenylglycinol (158) by using NaBH, - H,SO4 in
THF at 0 °C and LiAlHy in THF at reflux temperature. The former procedure didn’t
furnish the desired product and phenylglycinol was obtained using LiAlHy in 29 %

yield as an amorphous colorless solid.

The 80 MHz '"H-NMR spectrum of 158 shows a multiplet between 3.61-4.05
ppm for CH,O protons, a multiplet between 3.40-4.20 ppm for CH proton, and a

multiplet between 7.00-7.75 ppm for aromatic protons.

Then, amine moiety was benzoylated with benzoyl chloride as previously and

N-benzoyl phenylglycinol (159) was obtained in 91 % yicld as a colorless solid.

N-benzoyl phenylglycinol (159) was also obtained from phenyl glycine
directly in a one pot literature procedure using LiAlH, and benzoyl chloride in THF
at reflux temperature under inert atmosphere in 89 % yield as a colorless solid. This

method was preferred for the ongoing studies.

The 80 MHz 'H-NMR spectrum of 159 (Figure 10) shows a singlet at 2.35
for OH proton, a multiplet between 3.71-4.02 ppm for CH,O protons, a multiplet
between 5.15-5.40 ppm for CH proton and multiplets between 7.15-7.90 ppm and
7.70-7.90 ppm for aromatic protons. IR spectrum of 159 shows a broad peak at 3650
cm™ for OH absorption, a broad peak at 3316 cm™ for NH absorption and a sharp
peak at 1635 cm™ for carbonyl group.

As shown in scheme 83, N-benzoyl phenylglycinol was treated with oxalyl
chloride, DMSO, and EtzN in CH;Cl, at -60 °C to obtain N-benzoyl phenylglycinal
(160). However, after work up desired product could not be achieved. This method
was repeated several times but the corresponding aldehyde couldn't be obtained.
Then, N-benzoyl phenylglycinol was oxidized to aldehyde 160 by using pyridinium
dichromate (PDC). Two similar procedures were applied for the synthesis of

compound 160 via PDC method. In one procedure, first of all, PDC was prepared
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from CrOs, H,O and pyridine at 0 °C in 47 % yield as a orange solid and then it was
reacted with the alcohol 159 in CH,Cl; at room temperature by stirring overnight.
After work up, N-benzoyl phenylglycinal was obtained in 20 % yield. In another
procedure, PDC was generated in situ from CrOs and pyridine in CH,Cl, at room
temperature and then alcohol 159 was added. After work up, the product 160 was
obtained in 11 % yield. Due to low yields, above steps were repeated several times to

increase the amount of the aldehyde.

i u
Cl—C—C—Cl
0 0
NH-C—Ph OMSO, Bt C—Ph
, CH,Cl,, -60 C NH-
Ph—CH-CH,—OH — > Ph—CH-C—H
159 PDC, CH,Cl,, rt w60 °
Scheme 83

The 80 MHz 'H-NMR spectrum of crude 160 (Figure 11) shows a multiplet
between 5.40-5.80 ppm for CH proton, a multiplet at 7.0-8.10 ppm for aromatic
protons and a singlet at 9.40 ppm for CHO proton. IR spectrum of 160 shows a broad
peak at 3311 cm™ for NH absorption, and the sharp peaks at 1720 and 1644 cm™ for
amide and aldehyde groups, respectively.

The aldehyde 160 appeared quite unstable on standing at room temperature
and decomposed almost completely on column chromatography. Hence, a solution of

crude aldehyde in THF was used for the subsequent reactions.

In the next step, crude amino aldehyde 160 in THF was treated with
furyllithium in THF at -40 °C, which was prepared from furane and n-BuLi under
inert conditions, to obtain compound 152 (scheme 84). After work up no product

formation was observed.
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160 © 152 "

Scheme 84

Then, crude N-benzoyl phenylglycinal (160) in THF was reacted with
difurylzinc in THF at 0 °C, which was generated in situ by furane, n-BuLi and ZnCl,,
in the presence of chiral catalysts to obtain the chiral furyl alcohol 152 (scheme 85).
After work up and purification by column chromatography desired product was
achieved in 32-34 % yields. Different chiral catalysts were used for difurylzinc
addition such as (+) and (-)-norephedrine (a, b); (2S)-2(2-methylpyrrol-1-yl)-3-
methyl-1-butanol (c); and (1R,2S)-2-(2-isopropylpyrrol-1-yl)l-phenyl-l-propanol
(d).

n /\ Q
NH-C—Ph (S, Iz » Cat, THF, 0°C NH-C—Ph/—
Ph—CH—C—H > Ph—CH—CH
0
160 152 O

H2N>_<OH HzN}_\,OH ﬂ >_[I\}

N
M OH _ .,.OH
Ph
a O b > 4 Ph
Scheme 85

The "H-NMR spectrum of 152 shows a broad singlet at 2.64 ppm for OH
proton, a doublet at 4.01 ppm (J = 4.0 Hz) for CH proton, a multiplet between 5.24-
532 ppm for CH proton, and a multiplet between 7.26-7.83 ppm for aromatic
protons. BC.NMR spectrum of 152 shows two signals at 78.3 and 78.5 ppm for C-
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OH and C-NH carbons, and at 169.8 ppm for carbonyl carbon. Signals from aromatic
carbons appear at 128.7, 129.1, 130.0, 130.6, 131.0, 133.7, 136.2, 141.0 ppm.

Later on, above steps were repeated starting from S-phenyiglycine. It was
converted to the (S)-N-benzoyl phenylglycinol (159) via benzoyl chloride and
LiAlH, in 89 % yield.

The optical rotation of 159 {[a]p = -17.6° (¢ = 1.5, CH30H), lit *® [a]p = -18°
(c = 1.5, CH30H)} was in agreement with the reported value, which also proved the

stereochemical assignment.

Then, (S)-N-benzoyl phenylglycinol (159) was treated with pyridinium
dichromate in CH,Cl, at room temperature to achieve (S)-N-benzoyl phenylglycinal
(160). After that, chiral aldehyde as a crude product was reacted with difurylzinc in
the presence of different catalysts as before and then ozonolyzed to afford (2R,3S)-
N-benzoyl phenylisoserine (153).

Ozonolysis of the compound obtained from the difurylzinc addition reaction
by using (+)-norephedrine afforded (2R, 3S)-phenylisoserine in 45 % yield which
has the correct stereochemistry of taxol side chain, with 85 % de and ee after
purification by column chromatography (scheme 86). Using other chiral catalysts
((2S)-2(2-methylpyrrol-1-yl)-3-methyl-1-butanol and (1R,2S)-2-(2-isopropylpyrrol-
1-yl)1-phenyl-1-propanol) furnished the addition product 152 in low de (25-28 %).
The use of (-)-norephedrine afforded (2S, 3R)-152 in 82 % de and ee.
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Scheme 86

The optical rotation of 153 {[a]p = -35° (c = 1, C;HsOH), lit * [a]p = -37.8°
(c =1, C;HsOH)} was in agreement with the reported value, which also conclusively
proved the stereochemical assignment. The spectroscopic data are in agreement with

the literature.

'H-NMR spectrum of 153 shows two doublets at 4.37 ppm (J = 4.3 Hz) and
at 5.46 ppm (J = 4.2 Hz) for CH protons, two multiplets between 7.22-7.55 ppm and
7.81-7.84 ppm for aromatic protons. BC.NMR spectrum of 153 shows two signals at
55.8 ppm and 73.6 ppm for C-NH and C-OH carbons, a signal at 166.0 ppm for
amide carbonyl carbon and a signal at 173.5 ppm for carboxylic acid carbon. Other

signals coming from aromatic carbons are observed between 126.9-140.3 ppm.

In summary, homologation of phenylglycine through amino aldehyde strategy
afforded the desired product N-benzoyl phenylisoserine in 45 % yield and in 85 % de

and ee with the correct stereochemistry of taxol side chain.

For the formation of N-benzoyl phenylglycinal (160) two different methods
were applied. In the first method, N-benzoyl phenylglycinol (159), obtained from
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(S)-phenylglycine using benzoyl chloride and LiAlH, in a one pot procedure, was
oxidized to aldehyde 160 via Swern oxidation. But; this reaction failed to occur. In
the second method, N-benzoyl phenylglycinol (159), was treated with PDC to afford
N-benzoyl phenylglycinal (160). This compound was used without any purification
process since it was observed that it was unstable on standing at room temperature

and decomposed almost completely on column chromatography.

For the formation of amino alcohol 152 [N-(2-furan-2-yl)-2-hydroxy-1-
phenyl-ethyl)-benzamide] two methods were used. In the first method, N-benzoyl
phenylglycinal (160) was treated with furyllithium to achieve the amino alcohol 152.
Nevertheless, this reaction failed to occur, either. In the second method, N-benzoyl
phenylglycinal (160) was treated with difurylzinc in the presence of chiral catalysts.
The best result was obtained with (+)-norephedrine. After ozonolysis, side chain of

taxol was achieved enantioselectively.

Meanwhile, compound 165, was synthesized in order to use as catalyst in the
reductions of ketones 151 and 156 via enantioselective hydrosilylation reaction.

Because the synthesis of 151 and 156 failed 165 could not be used as catalyst
(scheme 87).

C—OH o > cn,OH — » —CH,0H
N N
H

NaBHy - NiCl, N HCOOH
or H |
H,0, reflux
161 LAH 162 2 Me 163
N SOCh
x dioxane, reflux
s
N =
N
6]
| OH
CH, - CH,CI
N NaH N
M
Scheme 87
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In this work, L-proline (161) was reduced to prolinol (162) by using three
different reducing agents: NaBH4-H,SO4, NaBH4-NiCly, and LiAlH4. In the first
system, to a stirred suspension of NaBH, in THF was added proline and then H,SO4
in ether at 0 °C and the mixture was stirred at room temperature overnight. After
work up no product formation was observed. In the second system, to a stirred
suspension of proline and NiCl, in methanol was added NaBHj at room temperature.
However, the work up did not afford the desired product. Only the third one, LiAlH4
yielded the prolinol using literature procedure. The spectroscopic data of the product

is identical with literature value.

Then, prolinol was N-methylated using formaldehyde and formic acid in
water at reflux temperature and after work up N-methyl-L-prolinol (163) was
obtained in 83 % yield. In the "H-NMR spectrum of 163, appearance of a singlet at
2.25 ppm shows the presence of methyl group. Pyrrolidine protons are observed as
multiplets between 1.55-1.75 ppm, and 3.10-3.50 ppm. IR spectrum of 163 shows a
broad peak between 3425-3169 cm’ for OH absorption, and a broad peak between
2953-2779 cm™ for NH absorption.

After that, compound 163 was treated with SOCI, in dioxane at 0 °C and N-
methyl-L-proline chloride (164) was obtained as a solid in 68 % yield. The 'H-NMR
spectrum of 164 shows multiplets between 1.60-1.75 ppm, and 3.05-3.30 ppm. for
pyrrolidine protons, a singlet at 2.00 ppm for CH3 protons, and a doublet at 3.35 ppm
for CH, protons. IR spectrum of the 164 shows a peak at 2933 cm’ for NH
absorption, and the peaks at 1338, 1287 and 748 cm™ for CH,ClI group.

Then, compound 164 was reacted with 8-hydroxyquinoline and NaH in
dimethylformamide (DMF) at room temperature and after work up 8-(1-methyl-
pyrrolidin-2-ylmethoxy)-quinoline (165) was achieved in 98 % yield.

The 'H-NMR spectrum of 165 shows a multiplet between 1.70-2.00 ppm for
pyrrolidine hydrogens, a singlet at 2.50 ppm for CH3 group, a doublet at 2.85 ppm (J

= 4.80 Hz) for CH, protons, and three multiplets between 6.95-7.50 ppm, 7.85-8.15
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ppm, and 8.60-8.80 ppm for aromatic protons. IR spectrum of 165 shows the sharp
peaks at 1671, 1437, 1102, 825, and 789 cm 1 which indicate the presence of

aromatic compound, and a peak at 1256 cm™ which indicates the presence of a

tertiary amine.

In short, 8-(1-methyl-pyrrolidine-2-ylmethoxy)-quinoline  (165) was
synthesized starting from L-proline. L-proline was reduced to prolinol (162) using
LiAlH4. The other reagents, namely, NaBH4-H,SO4 and NaBH;-NiCl, didn't afford
the desired amino alcohol. Then prolinol was N-methylated and then converted to N-
methyl-L-proline chloride (164). The compound 164 was reacted with 8-
hydroxyquinoline to afford the desired product 16S.

2.1.3.b. Synthesis of Taxol-Side Chain Analogues Through the Cyanohydrin

Formation Reactions

Cyanohydrins, protected cyanohydrins, and a-alkylaminonitriles have always
held a place of importance both as technical products and as reagents in organic
chemistry. However, optically active cyanohydrins have been extensively
investigated and employed for syntheses relatively recently. Chiral cyanohydrins are
widespread in nature in the form of the respective glycosides and serve roughly 3000
plants and many insects as antifeedants. For the preparative organic chemist, this
class of compounds offers an enormous synthetic potential for making other chiral
compounds accessible. Cyanohydrins can be easily converted into a variety of
valuable synthetic intermediates such as a-hydroxy acids, a-hydroxy ketones, and p-
amino alcohols. The synthetic potential of the chiral cyanohydrins appears
particularly important for the diastereoselective synthesis of drugs with stereogenic
centers [113].

Below studies were performed to afford the a-amino-B-hydroxy acid and an

amino acid containing two amino groups by starting from o-alkylaminonitriles.
Furane ring was again used as carboxylic acid equivalent. The suggested

retrosynthetic approach was outlined in scheme 88.
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Synthesis of amino acid 170 was shown in scheme 89. In this route, furfural
(166) was chosen as a starting material and treated with 1-phenylethylamine (167)
-and NaCN in water at 0°C to obtain.the compound 168 in a Strecker type reaction.
The work up and purification by column chromatography furnished the desired
product in 87 % yield.

The '"H-NMR spectrum of 168 (Figure 12) shows the diastereomeric mixture
of 168 in ~3:1 ratio. The spectrum shows two doublets at 1.42 ppm (J = 6.49 Hz) and
1.46 ppm (J = 6.51 Hz) for CH3 protons, two quartets at 4.15 ppm (J = 7.14 Hz) and
4.23 ppm (J = 6.49 Hz) for diastereotopic CH protons, a singlet at 4.48 ppm for CH
proton, and two multiplets between 6.44-6.49 ppm, and 6.37-6.39 ppm for CH
protons of furane, and a multiplet between 7.19-7.54 ppm for aromatic protons. IR
spectrum of 168 shows a peak at 3323 cm™! for NH group, a peak at 2010 cm ™ for
CN group, and the peaks at 1014 and 881 cm’! indicating the presence of furane ring.

Then, 168 was reacted with PhMgBr and NaBH; in ether at reflux
temperature. An imine was obtained by the Grignard addition to the nitrile group
then reduction was achieved via NaBH4 and compound 169 was obtained in 54 %

yield after work up and purification by column chromatography.

The "H-NMR spectrum of 169 (Figure 13) shows a singlet at 1.30 ppm for
NH, protons, a doublet at 1.39 ppm (J = 6.60 Hz) for CH3 protons, multiplets
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between 3.51-3.88 for CH protons, a doublet at 6.13 ppm (J = 2.75 Hz) for CH
proton of furane, a triplet at 6.32 ppm (J = 1.89 Hz) for CH proton of furane; and a
multiplet between 6.48-7.23 ppm for aromatic protons. IR spctrum of 169 shows a

peak at 2965 cm " for NH group, and the peaks at 1006 and 917 cm™ for furane ring.

Ph "
/ \ I NH,—CH—CHj; / \ |
C—H > CH—CN
0 166 NaCN 6] 168
water, 0°C
Il’h
1)PhMgBr NH—CH—CH;
)NaBH,  // \\ |
PSE—— CH—CH—Ph
ether, reflux o) I
NH,
169
Scheme 89

In another route (scheme 90), compound 168 was treated with only PhMgBr
in ether at reflux temperature under inert conditions followed by acidic hydrolysis.

After work up and purification by column chromatography desired ketone 171 was

gained in 52 % yield.

The identification of the product was done by using 'H-NMR and IR
spectroscopies. The '"H-NMR spectrum of 171 shows a doublet at 1.48 ppm (J = 6.38
Hz) for CHj; protons, a quartet at 4.24 ppm (J = 6.41 Hz) for CH proton, a singlet at
4.49 ppm for CH proton, a triplet at 6.39 ppm (J = 3.30 Hz) for CH proton of furane,
a doublet at 6.46 ppm (J = 3.30 Hz) for CH proton of furane, and a multiplet between
7.25-7.56 ppm for aromatic protons. IR spectrum of 171 shows a peak at 2974 cm’
for NH group, a peak at 1681 cm™ for carbonyl group, and the peaks at 1066, 875,

766 and 699 cm™! indicating the presence of aromatic groups.
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Then, the ketone 171 was reduced to the alcohol 172 by using NaBH, in
methanol at 0 °C. After work up and purification by column chromatography amino
alcohol 172 was obtained in 30 % yield. Later on, this conversion was repeated in a
stereoselective manner. This time, ketone 171 was reduced to the alcohol 172
selectively by using BH3.THF and (-)-norephedrine in THF at reflux temperature.
After work up and purification by column chromatography amino alcohol 172 was

obtained in 24 % yield.

The "H-NMR spectrum of 172 shows a multiplet between 1.00-1.50 ppm for
CH; protons, a multiplet between 3.50-4.00 ppm for CH proton, a multiplet between
5.95-6.45 ppm for CH protons of furane, a multiplet between 6.75-7.75 ppm for
aromatc protons. IR spectrum shows a broad peak at 3310 cm™ for OH absorption, a

peak at 3029 cm™ for NH absorption.

Il’h Ph
|
NH—CH—CHs NH—CH—CH
O3 L vy e
o CH—CN CH— c Ph
168 ii)H;0" o
BH;.THF NaBH,, CH;0H, 0°C
THEF, reflux
Il\IH—CH CHs II\IH CH—CH3
@—CH—-(IJH——Ph / \ CH lCH—Ph
0 0
OH OH
172 172
Scheme 90

Some work, similar to previous studies, was made to afford the a,B-diamino
acid 170 starting from amino nitrile 168. Retrosynthetic pathway was outlined in

scheme 91.
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Amino nitrile 168 was obtained by starting from furfural, 1-phenylethylamine
and NaCN, and reacted with PhMgBr followed by acidic hydrolysis to afford the
ketone 171 as before. Then, ketone 171 was treated with NH,OH. HCI and NaOAc in
ethanol at reflux temperature to afford the oxime 174. After work up and purification
by column chromatography desired product was obtained in 19 % yield as a yellow

needle like crystals (scheme 92).

The elucidation of the compound 174 was made by 'H-NMR and IR
spectroscopies. The 'H-NMR spectrum of the oxime 174 shows a doublet at 1.60
ppm for CHj protons, a quartet at 4.70 ppm (J = 6.26 Hz) for CH proton, a multiplet
between 6.40-6.70 ppm for CH proton of furane, a multiplet between 7.15-7.60 ppm
for aromatic protons, and a singlet at 8.10 ppm for N-OH proton. IR spectrum of 174
shows a broad peak at 3325 cm™ for OH absorption.

Ph Ph Ph
NH—CH—CH; NH—CH—CH; NH—CH—CH
J CIH_CN i) PhMgBr @_I * NH,OHHCl f\ | % ’
¥ GH—G—Ph ——s CH—C—Ph

O 168 if) H30” Oy NaOAc/EOH 07 ./
Ethanol, reflux

N—-OH

Scheme 92
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For increasing of the yield of 174 different reaction conditions were used
(pyridine, NaOH-water, reaction time and reaction temperature) but yield of the
reaction could not be increased. Because of the low yield formation of 174, next step
was not applied as shown in scheme 91. For chiral synthesis of 171 (scheme 89, 90,
91, 92) optically pure 1-phenethylamine was used but no selectivity was achieved,

the product was obtained as 1:1. diastereomeric mixture.

2.1.3.c. Synthesis of Taxol-Side Chain Analogues Through Benzoin

Condensation

One of the longest known reactions in organic chemistry is the benzoin
condensation [114]. When aromatic aldehydes are treated with cyanide ion, benzoins
(o-hydroxy ketones) are produced in a reaction called the benzoin condensation. The
condensation can be regarded as involving the addition of one molecule of aldehyde

to the C=0 group of other. When two different aldehydes are used, reaction is mixed

benzoin condensation.

In this part of the study, a different pathway was followed to achieve o-
hydroxy-f-amino acid and taxol side chain. This pathway covers the use of benzoin
condensation, and the product benzofuroin (177) as the precursor of the target

compounds. Retrosynthetic pathway was outlined in scheme 93.

NH, NH, N—OH
@‘éH—?H—-COOH — @‘(IIH—?HQ — @‘g_(‘m@
OH OH o

H

Scheme 93
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In this method (scheme 94), furfural, benzaldehyde and KCN were refluxed
in ethanol - water, and benzofuroin (177) and furobenzoin (178) were obtained as a
mixture (Figure 14) in 83 % yield after work up. Many purifications by column
chromatography at different solvent systems, and purifications by crystallization
didn't afford the desired product, the mixture or the more stable product,
furobenzoin, was obtained mainly in each case. It was understood by GC-MS
analysis. The typical mass fragments 105 and 77 belongs to benzoyl part of the 177
(Figure 15). Typical fragments 107 and 79 are obtained from benzylic alcohol
structure from 178 (Figure 16). It couldn't be understood from NMR spectra. Both

compounds have very similar signals.

'H-NMR spectrum of benzofuroin (177) (Figure 17) shows a broad singlet at
4.28 ppm for OH proton, a singlet at. 5.91 ppm for CH proton, a singlet at 6.24 ppm
for two CH protons of furane, a singlet at 7.27 ppm for CH proton of furane, and
three peaks at 7.37 ppm, 7.50 ppm and 7.87 ppm as two triplets (J = 7.61 Hz, J =
7.22 Hz) and a doublet (d, J = 7.86 Hz), respectively, for aromatic protons.

BC-NMR spectrum of 177 (Figure 18) shows a signal at 69.6 ppm for C-OH
carbon and a signal at 196.1 ppm for carbonyl carbon. Other signals coming from

aromatic carbons are observed at 109.4, 111.2, 128.0, 129.0, 129.2, 129.4, 133.7,
134.4, 143.3, 152.1 ppm.

"H-NMR spectrum of furobenzoin (178) (Figure 19) shows a broad singlet at
4.25 ppm for OH proton, a singlet at 5.65 ppm for CH proton, a doublet of doublet at
6.40 ppm (J = 1.46, 1.39 Hz) for CH proton of furane, a multiplet between 7.17-7.33
ppm for aromatic protons and a doublet at 7.48 ppm (J = 0.55 Hz) for aromatic
proton. C-NMR spectrum of 178 (Figure 20) shows a signal at 76.4 ppm for C-OH
carbon and a peak at 187.6 ppm for carbonyl carbon. Other signals coming from

aromatic carbons are observed at 112.9, 119.9, 128.0, 128.9, 129.1, 139.2, 147.3, and
150.6 ppm.
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Then, benzofuroin was reacted with hydroxylamine hydrochloride and
sodium acetate in ethanol- water at reflux temperature to get benzofuroine oxime
(179). After the purification by column chromatography desired product was
obtained in 72 % yield.

'H-NMR spectrum of oxime 179 shows a broad singlet at 3.19 ppm for OH
proton, a singlet at 5.25 ppm for CH proton, a singlet at 5.85 ppm for CH of furane, a
doublet at 6.46 ppm (J = 1.2 Hz) for CH of furane, a multiplet between 7.17-7.46
ppm for aromatic protons and a singlet, a characteristic peak, at 11.48 ppm for N-OH
proton. '3C-NMR spectrum of 179 shows a signal at 72.3 ppm for C-OH carbon and
the signals at 111.2, 111.6, 117.5, 126.6, 126.8, 127.7, 141.9, 142.4, 144.9, 147.0

ppm for aromatic carbons.

After that, oxime 179 was treated with zinc and acetic acid at 0 °C to achieve
amino alcohol 180. Unfortunately, after work up it couldn’t be obtained. Then,
oxime 179 was treated with zinc dust and 10 % HCI in ethanol at reflux temperature

and after work up expected product 180 was achieved in very low yield (5-10 %).
'H-NMR spectrum of 180 shows a singlet at 1.43 ppm for NH, protons, a

broad singlet at 2.27 ppm for OH proton, a doublet at 4.24 ppm (J = 5.89 Hz) for CH
proton, a doublet at 4.91 ppm (J = 5.85 Hz) for CH proton, a doublet at 6.12 ppm (J
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= 2.76 Hz) for CH proton of furane, a triplet at 6.31 ppm (J = 1.32 Hz) for CH proton
of furane, and a multiplet between 6.97-7.37 ppm for aromatic protons.

Different methods were tried to obtain the benzofuroin (177) as described

below.

In the below method (scheme 95), first of all, benzoin (181) was obtained
from benzaldehyde and NaCN in ethanol-water at reflux temperature in 95 % yield

as a white needle like crystals.

'H-NMR spectrum of benzoin (181) shows a broad singlet at 5.42 ppm for
OH proton, a singlet at 5.93 ppm for CH proton, two multiplets between 7.18-7.50
ppm and 7.91-7.95 ppm for aromatic protons. BCNMR spectrum of 181 shows a
signal at 81.6 ppm for C-OH carbon, a signal at 204.2 ppm for carbonyl carbon, and
the signals at 132.7, 133.2, 133.7, 133.9, 134.3, 138.5, 139.7, 144.8 ppm for aromatic

carbons.

O
I EtOH - HZO
2 C—H + NaCN
reﬂux
O (0] (@]
[ F\ I i
C-—(IZH + C—H h 1 C—CH
ethano
OH 0 l o
181

reflux

NH,0H.HCI
NaOAc
EtOH/H,O

NH. N-—-OH

|2 /\  MoO;s - NaBH, ) 0 o\

QH—(IEH - C—CIH

0] (+) - norephedrine o
OH OH
180 MeOH 179
Scheme 95
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Then, benzoin was treated with furfural and KCN in ethanol at reflux
temperature to obtain benzofuroin (177) by mixed benzoin condensation reaction.
This reaction furnished again a mixture of benzofuroin and furobenzoin. After
purification by column chromatography 177 was obtained in 21 % yield. Then it was
reacted with hydroxylamine hydrochloride and sodium acetate in ethanol-water at
reflux temperature and benzofuroine oxime (179) was obtained in 9 % vyield as a

white solid.

Later on, oxime 179 was treated with MoOs, NaBH, and (+)-norephedrine in
methanol at 0 °C to afford chiral amino alcohol 180. However, no reaction was

occurred and only starting material was recovered.

In a similar method (scheme 96) for the formation of benzofuroin, firstly,
furoin (182) was synthesized from furfural and NaCN in ethanol-water at reflux
temperature in 23 % yield as white crystals and then furoin was treated with
‘benzaldehyde and KCN in ethanol at reflux temperature to obtain benzofuroin but

furobenzoin (178) was obtained in low yield (7-8 %).
'H-NMR spectrum of 182 shows a doublet at 4.18 ppm (J = 5.4 Hz) for OH

proton, a doublet at 5.80 ppm (J = 4.2 Hz) for CH proton, and two multiplets
between 6.34-6.80 ppm and 7.24-7.60 ppm for CH protons of furane.

EtOH - H,0
ZU—C H + NaON — 27, O‘C CH@

reﬂux
0] 0]
7\ | /\ Il KON
C—(llH o + C—H ——CH
0] ethanol o
OH reflux
Scheme 96
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A different method was applied for the synthesis of benzofuroin as shown in
scheme 97 retrosyntheticly. In this method, O-trimethylsilylated cyanohydrins were
used. The addition of trimethylsilylcyanide (TMSCN) to carbonyl compounds is a
convenient route for preparation of the corresponding cyanohydrin trimethylsilyl
ethers. These serve not only as protected analogs of aldehydes and ketones but also

as intermediates for synthesis of cyanohydrins, a-hydroxy amides, o,B-unsaturated

nitriles, and B-aminoalcohols.

OH
|
U—CH—ﬁ
0
177 O

?’IMS
—@ —> Ar—CH—CN

Scheme 97

In this study TMSCN was needed to obtain O-trimethylsilylated
cyanohydrins and it was synthesized using two different methods (scheme 98). In the
first method, TMSCN was achieved in 49 % yield as a colorless liquid via AgCN and
(CH3);SiCl with stirring at room temperature for 4 days followed by work up and
distillation. In the second method, it was synthesized by using crown ether, KCN and
(CH3)3SiCl in CH,Cl; under reflux for 24 hours. After distillation TMSCN was
obtained in 41 % yield.

.
(CH);8iCl  + AgCN jdey; AgCl + (CH;);SCN
CH,Cl, _
(CH;);SiCl + KCN + 18-Crown-6 — - » (CH;)3SiCN
reflux,24 h
Scheme 98
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'H-NMR spectrum of TMSCN shows a singlet at 0.30 ppm for CHj protons.
BC-NMR spectrum of TMSCN shows a peak at 0.0 ppm for CH; carbons and a peak
at 128.3 ppm for CN carbon.

For the formation of benzofuroin O-trimethylsilylated cyanohydrin of furfural
(183) was needed (scheme 99).

0 o OTMS
@g_H s masex 270 V1T

AlCl t
3 (cat) 0 183

0 OTMS
@'g—H e L Y Luen
0

no cat. 0

Scheme 99

Here, furfural was treated with TMSCN at different reaction conditions for
the synthesis of compound 183. In the first method, furfural was reacted with
TMSCN in the presence of AICl3, used as a catalyst, at 25 - 40 °C for 2 hours and
then O-trimethylsilylated cyanohydrin of furfural was tried to be obtained after
purification by column chromatography. Nevertheless, column chromatography
resulted in the hydrolysis of the desired product. In the second method, furfural was
reacted with TMSCN and heated at 45 - 50 °C for 3 days without using a catalyst.
After the distillation in vacuo, compound 183 was obtained in 55 % yield as a

colorless oily liquid.
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'H-NMR spectrum of 183 (Figure 21) shows a singlet at 0.00 ppm for CH
protons, a singlet at 5.28 ppm for CH proton, and three singlets at 6.20, 6.30, and
7.25 ppm for CH protons of furane. BC.NMR spectrum of 183 (Figure 22) shows a
peak at 0.0 ppm for CHj carbons, a peak at 57.7 ppm for C-O carbon, a peak at 117.1
ppm for CN carbon, and the peaks at 110.3, 111.1, 144.0, 148.8 ppm for carbons of

furane.

Then, O-trimethylsilyl cyanohydrin of furfural (183) was reacted with phenyl
magnesium bromide, prepared from bromobenzene and magnesium turnings in THF
at reflux temperature under inert conditions, followed by acidic hydrolysis. However,

the reaction did not furnish the benzofuroin (177).

Unsymmetrical benzoins can be synthesized from trimethylsilyl ethers of aryl
cyanohydrins, either by addition of a Grignard reagent to nitrile or by metallation

followed by addition of the cyanohydrin carbanion to an aromatic aldehyde.

The latter method was tried for the synthesis of benzofuroin (scheme 100,
101). In this method, benzaldehyde was reacted with TMSCN and O-
trimethylsilylated cyanohydrin of benzaldehyde (184) was obtained. Three methods
were applied for the formation of cyanohydrin 184. In the first method, benzaldehyde
and TMSCN were heated at 45 - 50 °C for 4 days and then heated at 115 °C for 50
hours via controlling by TLC. After distillation under reduced pressure, desired
product was gained in 23 % yield as a colorless oily liquid. In the second method, the
mixture of TMSCN and benzaldehyde was refluxed for 7 hours and then stirred
overnight. After distillatin in vacuo, compound 184 was obtained in 77 % yield. In
the third method, the mixture of TMSCN and benzaldehyde was just stirred
overnight at room temperature in the presence of Znl,. Pure cyanohydrin 184 was

obtained in 73 % yield after vacuum distillation.
'H-NMR spectrum of 184 (Figure 23) shows a singlet at 0.15 ppm for CH;

protons, a singlet at 5.37 ppm for CH proton, a multiplet between 7.25-7.35 ppm for
aromatic protons. *C-NMR spectrum of 184 (Figure 24) shows a peak at 0.0 ppm for
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CHj; carbon, a peak at 63.8 ppm for C-O carbon, a peak at 119.1 ppm for CN carbon
and the peaks at 126.5, 129.1, 129.5, 136.6 ppm for aromatic carbons.

Then, cyanohydrin 184 was treated with LDA (obtained from diisopropyl
amine and BuLi) and furfural in THF at -78 °C under inert conditions according to
literature procedure. After hydrolysis via MeOH-HCI system and work up, a mixture
of benzofuroin and furobenzoin was obtained. Purifications by column
chromatography did not afford the desired product, instead furobenzoin and the

mixture of both benzoins were obtained.

Above method was repeated by changing the solvent of the reaction with
dimethoxyethane (DME) and hydrolysis was performed with HOAc-TBAF system.
In spite of these changings, a mixture of benzofuroin and furobenzoin was obtained.
But this time, several recrsystallizations furnished the desired product in 17 % yield

as a white solid.

(I? OTMS

45 - 50 T, 4 days |
C—H + TMSCN - > CH—CN

0
115 C,50h 184

otMs 1) LDA, THF, -78°C

I 2) Furfural ﬁ / \
CH—CN » C—CH—
3) MeOH - HCI | 0

) OH
THF, -78 °Ctor.t. 177

Scheme 100
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In summary, for the formation of benzofuroin (177) five different methods
were applied. In the first method, furfural and benzaldehyde altogether were teated
with KCN. However, a mixture of benzofuroin (177) and furobenzoin (178) was
obtained. In the second method, benzoin (181) was treated with furfural and KCN.
This reaction furnished again a mixture of benzofuroin (177) and furobenzoin (178).
In the third method, furoin (182) was treated with benzaldehyde and KCN, but
furobenzoin (178) was obtained. In the fourth method, phenyl magnesium bromide
was treated with O-trimethylsilylated cyanohydrin of furfural (183). However, this
reaction failed to occur. In the fifth method, O- trimethylsilylated cyanohydrin of
benzaldehyde (184) was treated with LDA and furfural in DME. After hydrolysis via
HOACc and TBAF, and several recrystallizations benzofuroin was obtained in 17 %
yield. For the formation of compound 184, the most suitable procedure covers the

use of benzaldehyde, TMSCN, and Znl, at room temperature.

During the experiments with 177 and 178 we observed that at room
temperature 177 isomerize to give 178. In the literature 177 was described
incorrectly. After separation of 177 and 178 and analysis in GC-MS it is easy to
differ both from their fragmentations.
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2.1.3.d. Synthesis of Taxol-Side Chain Analogues Through the use of
Asymmetric Dihydroxylation

Another method suggested to synthesize phenyl isoserine analogues was

outlined in retrosynthetic scheme 102.

OH OH i\ / \
O y=0 ¢ ~=0~"
OH OH

Scheme 102

In this method, o-phenyl-B-(2-furyl)-ethylene is converted to chiral diol by
Sharpless asymmetric dihydroxylation. Then, this diol is ozonolyzed to get the

corresponding carboxylic acid.

ASYMMETRIC DIHYDROXYLATION

The osmium-catalyzed asymmetric dihydroxylation (AD) developed by
Sharpless has evolved as one of the most powerful method for enantioselective
oxidation of olefins. The broad utility of this reaction relies on the mildness of the
oxidizing agent, its high reliability and achieved enantioselectivity. Moreover, the
reaction can be conveniently run using commercially available AD-mix reagents.
The optically active vicinol diol obtained by the asymmetric dihdroxylation (AD)
reaction are versatile and convenient building block in the synthesis of biologically
important compounds. Many researchers are focussing their efforts to bring
improvements to make this methodology not only attractive for research laboratories

but also to industrial processes [115].
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OSMIUM TETROXIDE

Metal compounds like potassium permanganate, hexacyanoferrate(Ill),
ruthenium tetroxide, and osmium tetroxide are widely employed as oxidants in an
alkaline medium. Apart from synthetic applications in the laboratory these oxidants
are also important in industrial syntheses. Osmium tetroxide is the oldest compound
and has been generally used for hydroxylation of olefins. But it is very toxic. Its
vapor attacks the eyes and may cause temporary blindness, conjunctivitis, and
corneal ulceration. It also attacks the nose, throat, and bronchial passages.

Fortunately it has a characteristic and powerful odor.

Osmium tetroxide is the most common osmium compound. It has been
extensively used in organic chemistry as an oxidizing agent or as a catalyst. In an
organic solvent it reacts smootly at room temperature with olefinic double bonds

yielding cis-diols.

Osmium tetroxide can be used (i) in stoichiometric amounts either in its
original form or in the form of some trioxo-osmium(VIII) complex, and (ii) in
catalytic amounts in the presence of a suitable co-oxidant, e.g., hydrogenperoxide,
metalchlorates,  fert-butyl  hydroperoxide, sodium  periodate,  oxygen,

hexacyanoferrate(III), chloramine-T, etc.

The substrates that are oxidized by osmium tetroxide include representatives
of the following classes of compounds: hydrocarbons (aliphatic, aromatic, and

alicyclic), alcohols, aldehydes, ketones, acids.

Hydroxylation of alkenes by stoichiometric amounts of OsOj is the superior
method for cis diol synthesis. Systems containing catalytic amounts of OsQj4 and co-
oxidants have their limitations in this respect, notably further oxidation to aldehydes,
ketones or acids. This is most noticeable with, e.g., oxygen or sodium periodate as
cooxidant, but it is minimized by using #-butyl hydroperoxide or N-methyl

morpholine N-oxide.
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The mechasnism of osmium tetroxide in hydroxylation reactions
(stoichiometric or catalytic) can be explained by taking alkenes as a suitable
example. Sharpless et al. have suggested indirect attack of alkenes by OsO4 based on
the fact that nucleophilic attack on carbonyl compounds occurs exclusively at C and
not at O. Similarly a carbon-carbon double bond, although a weak nucleophile,
would attack at Os (electropositive) and not at O, thus forming an organometallic
intermediate (b) (scheme 103). This intermediate b then undergoes rearrangement
during the rate-determining step to a five-membered cyclic ester complex (c), which

on subsequent rapid hydrolysis (reductive or oxidative) yields the product.

N N4 O 0 Lo ol pI XL
oo 320 || o] | ol |+ 1700 w0
PN e CANACT I VAN ) I VAN BVAN
a b c
Scheme 103

Reductive hydrolysis is performed using sodium or potassium sulfite or
bisulfite, lithium aluminum hydride, or hydrogen sulfide. The lower forms of

osmium, thus produced, are removed by filtration.

Catalytic use of OsO4 can be more convenient owing to its high cost and
toxicity. Although the oxidation of alkenes with a stoichiometric amount of OsO4
gives good yields of cis-diols, a large number of secondary oxidants have been used
in conjunction with OsO4 (catalytic amount). In these cases the secondary oxidants
are capable of hydrolyzing the intermediate osmium(VI)-ester complex oxidatively

to regenerate osmium(VIII), which in turn undergoes further reduction by the alkene

[116].

In order to obtain a-phenyl-B-(2-furyl)-ethylene (185), two different routes
were applied (scheme 104).

133



@CHzMgCI + @-cno H, A O\

185
Scheme 104

In the first route (scheme 104), furfural was treated with the Grignard
solution of benzyl chloride in ether under reflux. After work up and the distillation in
vacuo over potassium hydrogen sulfate, the target compound could not be achieved
(a polimeric compound was obtained). This route was repeated once more with some
modifications before the distillation stage. In this case, after work up, the compound
was treated with KHSO, and hydroquinone in toluene at 85-90 °C for 5h, and then

again applied a work up and distilled in vacuo. Whereas, this route failed to occur.

In the second route (scheme 105), Wittig reaction was used. First of all,
Wittig salt 186 (benzyltriphenylphosphonium chloride) was obtained by using benzyl
chloride and triphenylphosphine in o-xylene at reflux temperature in 20 % yield as a

white solid.

'H-NMR spectrum of 186 shows a doublet at 5.95 ppm (J = 15.3 Hz) for CH,

protons and a multiplet between 7.00-7.90 ppm for aromatic protons.

After that, Wittig salt 186 was treated first with base and then with furfural in
CH,Cl, at room temperature to obtain o~-phenyl-p-(2-furyl)-ethylene (185) as a cis,

trans mixture.
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Scheme 105

A lot of solvent systems were tried to separate cis, trans- isomers by column
chromatography. However, no suitable system was found. Then, cis-isomer was
converted to trans-isomer by treating with a few crystals of iodine and toluene at
110-115 °C for 50 minutes. After purification by column chromatography desired

trans-isomer was obtained 65 % yield as a white solid.

'H-NMR spectrum of trans-185 (Figure 25) shows a doublet at 6.20 ppm (J =
3.24 Hz) for CH proton of furane, a multiplet at 6.28 ppm for CH proton of furane, a
doublet at 6.75 ppm (J = 16.25 Hz) for CH proton, a doublet at 6.93 ppm (J = 16.24
Hz), and a multiplet between 7.07-7.34 ppm for aromatic protons. *C-NMR
spectrum of 185 (Figure 26) shows twelve lines at 108.9, 112.0, 117.0, 126.8, 127.7,
128.0, 128.9, 129.1, 129.5, 137.5, 142.4, 153.8 ppm for aromatic and olefinic

carbons.

After obtaining trans isomer, a-phenyl-B-(2-furyl)-ethylene (185) was treated
with AD-mix-f in t-butanol-water at room temperature to obtain diol 187 in 90 %
yield without needing any purification after work up (scheme 106). AD-mix-f3

contains (DHQD),-PHAL, K;0s05(OH)4, K3Fe(CN) and K;CO:s.
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Scheme 106

'H-NMR spectrum of 187 (Figure 27) shows a broad singlet at 2.85 ppm for
OH proton, a doublet at 4.70 ppm (J = 7.05 Hz) for CH proton, a doublet at 5.00 ppm
(J = 3.04 Hz) for CH proton, a doublet at 6.16 ppm (J = 3.04 Hz) for CH proton of
furane, a multiplet at 6.29 ppm for CH proton of furane and a multiplet between
7.23-7.40 ppm for aromatic protons. C-NMR spectrum of 187 (Figure 28) shows
two signals at 73.1 and 76.5 ppm for C-OH carbons, and eight signals at 108.8,
110.7, 126.9, 128.4, 128.6, 140.2, 142.5, 153.1 ppm for aromatic carbons.

Absolute configuration of the diol 187 was determined as (2S,3R) according

to the end product 190.

Diol 187 was tried to be tosylated (scheme 107) by using tosyl chloride and
Et;N in CH,Cl, at 0 °C to obtain the compound 188. After work up and purification

by column chromatography desired product couldn't be achieved.
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Scheme 107

Diol 187 was tried to be mesylated (scheme 107) by using methanesulfonyl

chloride and pyridine at 0 °C to obtain the compound 189. Nevertheless, the work up
didn't furnish the desired product.

Later on, ozonolysis of diol 187 in methanol at -78 °C afforded taxol side

chain analogue 190 in 18 % yield (scheme 108).

OH oH
'Y o, @/H/COOH
ol —
OH fr;‘;t?éml OH
187 190
Scheme 108

'H-NMR spectrum of 190 (Figure 29) shows a doublet at 4.30 ppm (J = 2.71
Hz) for CH proton, a doublet at 5.05 ppm (J = 2.25 Hz) for CH proton, and a
multiplet between 7.18-7.50 ppm for aromatic protons. >C-NMR spectrum of 190
(Figure 30) shows two peaks at 74.8 and 75.7 ppm for C-OH carbons, a peak at
171.7 ppm for carbonyl carbon and the peaks at 127.3, 127.8, 128.5, 129.1, 130.3,

142.7 ppm for aromatic carbons.
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The absolute configuration of 190 was determined as (2S,3R) by comparison

of its optical rotation with literature value.

The optical rotation of 190 {[a]p = -39.9° (c = 0.7, acetone), lit **° [a], = -

36.4° (c = 7.4, acetone)} was in agreement with the reported value.

2.1.3.e. Synthesis of Taxol-Side Chain Analogues Through the Biocatalytic
Methods

The following part of this study covers the use of biocatalytic methods for the

enantioselective synthesis of taxol side chain analogues.

In this work, benzofuroin and derivatives were treated with PLE, PPL, CCL,
Amano Lipase (hydrolytic enzymes), and Rhizopus oryzae (a fungi).

ENZYMES:

Enzymes are proteins specialized to catalyze biological reactions. They are
among the most remarkable biomolecules known because of their extraordinary

specificity and catalytic power, which are far greater than those of man-made

catalysts.

The use of natural catalysts - enzymes - for the transformation of non-natural
man-made organic compounds is not at all new: they have been used for more than
hundred years, employed either as whole cells, cell organelles or isolated enzymes.

certainly, the object of most of the early research was totally different from that of

the present day.

The use of biocatalysts offers a remarkable arsenal of highly selective
transformations for modern preparative organic chemistry. During the last decade,

this methodology has now generally been accepted as a complementary method to

the already existing tools.

138



At present almost 3000 enzymes have been recognized by the International
Union of Biochemistry and if the speculation that. there are about 25000 enzymes
existing in Nature is true, about 90 % of this vast reservoir of biocatalysts remains
still to be discovered and used. However, only a minor fraction of the enzymes

already investigated (roughly 300, ~10 %) is commercially available.

Enzymes have been classified into six categories and they are responsible for
the following reactions:

i Oxidoreductases: oxidation-reduction: oxygenation of C-H, C-C, C=C

bonds, or overall removal or addition of hydrogen atom equivalents.

ii. Transferases: Transfer of groups: aldehydic, ketonic, acyl, sugar,
phosphoryl or methyl.

iii. Hydrolases: Hydrolysis-formation of esters, amides, lactones, lactams,
epoxides, nitriles, anhydrides, glycosides.

iv. Lyases: Addition-elimination of small molecules on C=C, C=N, C=0
bonds.

V. Isomerases: Isomerizations such as racemization, epimerization.

vi. Ligases: Formation-cleavage of C-O, C-S, C-N, C-C bonds with

concomitant triphosphate cleavage.

A remarkable fraction of synthetically useful enzyme-catalyzed reactions
require cofactors (coenzymes). These are compounds of relatively low molecular
weight compared to the enzyme which provide either 'chemical reagents' such as

redox-equivalents, such as hydrogen, oxygen or electrons, and carbon units.

The large majority of enzymes used for biotransformations in organic
chemistry are employed in a crude form and are relatively inexpensive. The
preparations typically contain only about 1-30 % of actual enzyme, the remainder
being inactive proteins, stabilizers, buffer salts or carbohydrates from the
fermentation broth from which they have been isolated. Crude preparations are often

more stable than purified enzymes.
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The main sources for enzymes are as follows:

e The detergent industry produces many. proteases-and lipases in huge amounts.
These are largely used as additives for detergents to effect the hydrolysis of
proteinogenic and fatty impurities.

e The food industry uses proteases and lipases for meat and chese processing
and for the amelioration of fats and oils.

e Numerous enzymes can be isolated from slaughter waste or cheap
mammalian organs such as kidney or liver. Alternatively, microbial sources
can be utilized. Only a small fraction of enzymes is obtained from plant

Sources.

Of all the types of enzyme-catalyzed reactions, hydrolytic transformations
involving amide- and ester-bonds are the easiest to perform using proteases, esterases
or lipases. A lack of sensitive cofactors which would have to be recycled, and a large
number of readily available enzymes possessing relaxed substrate specificities to
choose from, are the main features which have made hydrolases the favourite class of
enzyme for organic chemists during the past decade. About the two thirds of the total

research in the field of biotransformations has been performed using hydrolytic

enzymes of this type.

Pig Liver Esterase (PLE)

Amongst all the esterases, pig liver esterase (PLE) is clearly the champion
considering its general versatility. This enzyme is constitutionally complex and
consists of at least five so-called iso-enzymes, which are associated as trimers of
three individual proteins. However, from an organic chemist's viewpoint this crude
mixture can be regarded as a single enzyme since all of the isoenzyme subunits
usually possess similar stereospecificity, although some significant differences

among them have been reported recently.
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Acetates of primary and secondary alcohols can be selectively hydrolyzed
under mild conditions using PLE avoiding decomposition reactions which would

occur during a chemical hydrolysis under acid- or base-catalysis.

Furthermore, regioselective hydrolysis, separation of FE/Z-isomers,
asymmetrization of prochiral diesters and resolution of racemic esters have been

performed by using PLE.

Variation of the solvent system by the addition of water-miscible organic
cosolvents such as methanol, fert-butanol, acetone, dioxane, acetonitrile, dimethyl
formamide and dimethyl sulfoxide is a promising and quite frequently used method

to improve the selectivity of hydrolytic enzymes, in particular with esterases.

Reactions catalyzed by hydrolases are usually performed in aqueous buffer
systems having a pH being close to that of the pH-optimum of the enzyme. It is
widely believed that enzymes, like other catalysts, generally exibit their highest

selectivity at low temperatures.

Lipases:

Lipases are enzymes which hydrolyze triglycerides into fatty acids and
glycerol. About 30 % of all biotransformations reported to date have been performed
with lipases. They can hydrolyze and form carboxylic ester bonds like proteases and

esterases.

Lipase catalyzed hydrolyses should be performed in a biphasic medium. It is
sufficient to employ the substrate alone at elevated concentrations, such that it
constitutes the second organic phase, or alternatively, it may be dissolved in a water-
immiscible organic solvent such as hexane, a dialkyl ether, or an aromatic liquid.
Due to the presence of an interface, stirring or shaking speed have a marked

influence on the reaction rate of lipases.
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A large variety of different lipases are produced by bacteria or fungi and
excreted as extracellular enzymes, which makes their large-scale production
particularly easy. In contrast to esterases, only a minor fraction of lipases are isolated

from mammalian sources such as porcine pancreas.

Porcine Pancreatic Lipase (PPL):

The cheapest and hence most widely used lipase is isolated from porcine
pancreas. The crudest preparations contain a significant number of other hydrolases
besides the 'true PPL. The main hydrolase-impurities are o-chymotrypsin,
cholesterol esterase, carboxypeptidase B, phospho-lipases and other unknown

hydrolases.

Candida sp. Lipases:

Several crude lipase-preparations are available from the yeasts Candida
lipolytica, C. antarctica and C. rugosa (CRL, formerly denoted as C. cylindracea).
The latter enzyme, the three-dimentional structure of which has been resolved by X-

ray analysis, has been frequently used for the resolution of secondary alcohols.

FUNGUS:

An alternative approach to the use of isolated enzymes, which enables the
chemist to take the advantage of the desirable properties of enzymes without the
necessity of their isolation or the provision of cofactors or a cofactor recycling
system, is the use of intact microorganisms as a source of enzyme activity. This
process, termed biotransformation or bioconversion, uses a growing or resting
culture of a bacterium or fungus to metabolize an organic substrate, either added to
its growth medium or simply brought into contact with the microorganism in a

mutually compatible environment.
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Complementary to the use of isolated enzymes, whole microbial cells have
been used to catalyze some esterolytic reactions (esterases). Interesting examples can
found for both bacteria and fungi, for instance Bacillus subtilis, Bacillus coagulans,

Brevibacterium ammoniagenesis, Pichio miso and Rhizopus nigricans.

Although the reaction control becomes more complex on using fermenting
microorganisms, the selectivities achieved are sometimes significantly higher when

compared to the use of isolated enzymes.

Use of fungal bioconversion as a synthetic tool in organic chemistry is more
recent, dating only from the 1950s. Since that time, the range of reactions that can be
efficiently carried out by fungal bioconversion has been expanded enormously, and

now includes examples of hydrolytic, oxidation, condensation, and reduction

processes.

Fungal bioconversions as a means of performing regio- and stereospecific
chemical reactions are extensively utilized by the pharmaceutical and fine chemical
industries in the production of chiral compounds and other useful metabolites, and by
reasearch chemists, medicinal chemists, and pharmacologists in the synthesis of

chiral products, synthetic intermediates, and drug metabolites.

In those where bioconversion cannot be used to target molecule directly, it
can still be valuable in the production of chiral intermediate (chiral synthon) which
can then be converted chemically to the desired target. In this way, chirality or
asymmetry introduced by the bioconversion process can be carried through a
synthetic sequence and retained in the final product. Compounds that can be made
from chiral synthons produced from bioconversions include prostanoids, terpenes,

amino acids, pheromones, nucleosides, enzyme inhibitors, insectisides, antibiotics,

and p-lactams.

143



Rhizopus oryzae:

Rhizopus oryzae is a flamentous microfungi which can be used for the
production of many enzymes, lactic acid and chitosan which have a wide range of

application in industry.

Rhizopus oryzae belong to the Kingdom Fungi, Division Eumycota,

Subdivision Zygomycotina, Class Zygomycetes, Order Mucorales.

The use of Rhizopus may provide some advantage since it does not require

the complex nitrogenous nutrients of the bacterial fermentation [117].

The use of the PLE was illustrated in the following scheme (scheme 109).
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Scheme 109

In this study, benzofuroin (177) was acetylated by using acetyl chloride and
pyridine in CH,Cl, at 0 °C under inert atmosphere to obtain the ester 191 in 11 %
yield as a yellow oily liquid.
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'TH-NMR spectrum of 191 (Figure 31) shows a singlet at 2.17 ppm for CH;
protons, a quartet at 6.47 ppm (J = 1.70 Hz) for CH proton of furane; a singlet at 6.62
ppm for CH proton, and a multiplet between 7.18-7.55 ppm for aromatic protons. IR
spectrum of 191 shows the peaks at 1739 and 1690 em™ for the carbonyl groups.

Later on, compound 191 was tried to be hydrolyzed with enzyme, PLE (pig
liver esterase) in dimethyl sulphoxide (DMSO) at 23 °C by keeping the pH constant
at 7 for 10 hours via TLC control to obtain the benzofuroin enantioselectively. But,

this hydrolysis failed to occur.

Benzofuroin was treated with different enzymes at different conditions

(scheme 110, scheme 111, scheme 112). Reactions were monitored by TLC.

Benzofuroin was treated with PPL (porcine pancreas lipase) and vinyl acetate
in t-butyl methyl ether, and shaken for one week at room temperature. (scheme 110).

However, desired products could not be achieved.
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Scheme 110
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As a next trial, benzofuroin was treated with PPL and vinyl acetate in
benzene at 45-50 °C and stirred for 50 hours. (scheme 110). Whereas, desired

products could not be gained.

As a third trial, benzofuroin was treated with PPL and vinyl acetate in
benzene at room temperature and stirred for 45 days. (scheme 110). But, desired

products could not be obtained.

Meanwhile, benzofuroin was treated with CCL (candida cylindracea lipase)
and vinyl acetate in benzene, and the mixture was shaken for 77 hours at room

temperature (scheme 111). Unfurtunately, the reaction did not furnish the desired

products.
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Scheme 111

As a second trial, benzofuroin was treated with CCL and vinyl acetate in
benzene at 45-50 °C and stirred for 5 days (scheme 111). Whereas, desired products

could not be gained.
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As a third trial, benzofuroin was treated with CCL and vinyl acetate in
benzene at room temperature and stirred for 45 days (scheme 111). But, desired

products could not be obtained.

Benzofuroin was also treated with Amano lipase at different conditions to
obtain chiral benzofuroin but the expected hydrolysis was not observed in these

conditions, either (scheme 112).
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Scheme 112

In the first case, benzofuroin was treated with Amano lipase and vinyl acetate
in t-butyl methyl ether, and stirred for 3 weeks at room temperature (scheme 112).

However, desired products could not be achieved.
In the second case, benzofuroin was treated with Amano lipase and vinyl

acetate in acetonitrile, and stirred at 50 °C for 10 days (scheme 112). Nevertheless,

desired products could not be obtained.
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In the third case, benzofuroin was treated with Amano lipase and isopropenyl
acetate in t-butyl methyl ether, and stirred at room temperature for 4 weeks (scheme

112). Unfortunately, the reaction did not furnish the desired products.

For fungus mediated hydrolysis of benzofuroin Rhizopus oryzae was used
(scheme 113). After the hydrolysis, expected chiral diol and unexpected furobenzoin
were obtained. The sporulation of the organism was achieved on agar at 30 °C and
grown in the incubator shaker at 35 °C for two days. Then benzofuroin in DMSO
was added to the medium containing Rhizopus oryzae and shaked for 1 week via
controlling by TLC. After work up and purification by column chromatography
chiral furobenzoin and chiral diol were obtained at the end of this bioconversion as a

white solid in 18 % yield and a pale yellow solid at 32 % yield, respectively.

/ \ (I)H Rhizopus
——CH—C—@ oryzae Z S—CH CH—Ph +Z S—c CH—Ph
0 il ]week
0]
Scheme 113

According to the analysis on GC-MS and HPLC (Figure 32) furobenzoin
(178) has R configuration and the isomeric ratio of diol is 1:1.
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2.2. Novel Synthesis of Biaryls

Biaryls and their homologues are an important class of organic compound.
The biaryl unit is represented in several types of compounds of current interest
including natural products, polymers, advanced materials, liquid crystals and ligands.
Furthermore, many functionalized, unsymmetrical biaryls are wide spread in nature

and are an important constituent of many medicinals.

In view of the tremendous importance of biaryls a lot of methods have beeen
reported for the preparation both of symmetrical and unsymmetrical biaryls from the

Pschorr reaction (1896) up to now.
2.2.1. Manganese (I1I) Acetate Mediated Oxidations

Highly oxidized transition metals have long been used in organic synthesis
and their synthetic and mechanistic chemistry has been througly studied. Even so
new uses are being discovered every year for these standard reagents. Milder
transition metal oxidants (i.e., Mn(IIl) species) have been far less commonly

employed by synthetic chemists.

Oxidations with manganese(Il) acetate can be broadly divided into two

classes:

1. Direct inner- or outer-sphere one-electron oxidation of the substrate after
formation of an inner- or outer-sphere substrate-Mn(III) complex. Often subsequent
oxidation of an intermediate radical is product determining. Numerous examples can
be found in oxidations of alcohols, amino- and thio-compounds, carboxylic acids,

and certain aromatics.
2. Indirect oxidation of the substrate after formation of an intermediate adduct

free radical from interaction of manganese (III) acetate and an enolizable compound

and subsequent addition or substitution of this radical to the substrate. Most
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examples refer to aromatic substitution and oxidative addition of enolizable

compounds to unsaturated systems.

Manganese (III) acetate deals with addition reactions of compounds, mostly
bearing a hydrogen atom alpha to a carbonyl group, to olefinic and aromatic
unsaturated systems. Demir and Jeganathan [118c] reviewed a variety of selective

oxidations of a,B-unsaturated ketones at the o'-position.

The fate of the primary adduct radical strongly depends on reaction
conditions and the nature of the substrate. Substrates that are less reactive to common
oxidants are more interesting since here the unique properties of manganese (III)

acetate as a free radical generator can be more fully exploited.

The one-electron oxidants like Co(Ill), Ce(IV) and some two electron
oxidants like TI(III) and Pb(IV) show similar properties as manganese(Ill) acetate. It
is often observed that owing to its lower reactivity, higher selectivities can be
obtained with manganese (III) acetate as compared with the other oxidizing agents.

Many of these reactions proceed according to the simplified scheme

Mn(III) + substrate — intermediate radical + Mn(II)

Mn(III) + intermediate Re — product + Mn(II).

Complications may arise in the presence of water since water induces
disproportionation of trivalent manganese into Mn(IV) and Mn(Il) and alternative

two-electron oxidations by Mn(IV) may take place.

Although a great amount of work has been done using manganese (III)
acetate as an oxidizing agent, relatively little is known of the compound itself.
Basically two forms are to be distinguished:

e The hydrated form, which confirms with a molecular formula

Mn(IlI)(OAc);.2H,0, color cinnamon brown, easy to prepare reproducibly.
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e The anhydrous form, color dark brown, difficult to prepare reproducibly,
molecular formula variable.

Since many oxidations with manganese (III) species are known to be

influenced by small amounts of water the latter form is preferred by many workers,

especially for kinetic work.

One of the more outstanding reactions initiated by manganese (III) acetate is
the oxidative addition of carboxylic acids to olefins leading to y-butyrolactones. This
reaction has been proven to be generally applicable, as exemplified by many workers
[118], although lactones are not always major products. Since so many parameters
control effective lactone production, a large variety of reaction conditions is known

in the literature.

Manganese(lII) acetate can be used for initiating the addition of aldehydes to
olefinic unsaturated systems, the addition of ketones to olefinic unsaturated systems,

the additon of haloalkenes to unsaturated systems, aromatic substitution reactions.

A number of methods have been reported for aromatic substitution reactions
- by radicals generated by manganese (III) acetate. Thus carboxymethyl, acetonyl, and

nitromethyl radicals readily substitute on the aromatic ring of suitable substrates.

Yields of these oxidative substitution reactions largely depend on reaction
conditions, structure of intermediate radicals, substrate, and presence or absence of

polar solvents [119].
2.2.2. Reactions of Manganese (III) Acetate with Hydrazines

For the second part of the thesis it was thought whether hydrazines could be
converted to the corresponding amines via Mn(OAc);, or not (scheme 114). Cleavage

of the N-N bond of the hydrazine would be an attractive method for the preparation

of optically active amines [120].
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R—NH; = R—NH—NH,
R = cyclohexyl or substituted phenyl

Scheme 114

N'-cyclohexyl-N, N-diphenylhydrazine (195) was chosen as the target
compound to achieve this conversion and then it was examined if hydrazine 195
could be broken into diphenyl amine (196) and cyclohexyl -amine (197), or not
(scheme 115).

_Ph
HN-N_ NH,
Ph
Mn(OAc); ,Ph
— + HN\
? Ph
195 197 196
Scheme 115

To be able to perform this conversion, target hydrazine 195 was synthesized
starting from cyclohexanone (scheme 116). Cyclohexanone was treated with N,N-
diphenyl hydrazine hydrochloride in ethanol at room temperature to afford the

hydrazone 194 in 79 % yield as a gray solid.

'H-NMR spectrum of 194 shows two multiplets between 1.55-2.95 ppm and
7.00-7.65 ppm for cyclohexane and aromatic protons respectively. IR spectrum of
194 shows the peaks at 1015, 1208 and 1233 cm™ for C-N linkage, and the peaks at

1301 and 1377 cm” for the aromatic amines.
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,Ph ,Ph

N-N_ HN—N_
Ph Ph Ph
s pN—N | Lot LiAlHy, THF, reflux
2 “Ph or NaBHy, methanol, reflux
192 193 194 or Hy(g),Pd/C, 1t 195
Scheme 116

After that, hydrazone 194 was reduced to hydrazine 195 by using three
different methods. In the first method, reduction was achieved by using LiAlH, in

THF at reflux temperature under inert conditions. After work up, desired product was

obtained in 74 % yield as a gray solid.

In the second method, hydrazone was reacted with NaBH, in methanol under

reflux. The work up furnished the desired product in 75 % yield as a gray solid.

In the third method, hydrazone was treated with Hy(g) and Pd / C in methanol

at room temperature to afford the desired product in 85 % yield as a gray solid.

'H-NMR spectrum of 195 shows a multiplet between 1.40-3.00 ppm for
cycloheane protons, a broad singlet at 4.80 ppm for NH proton and a multiplet
between 7.00-7.70 ppm for aromatic protons. IR spectrum of 195 shows almost the

same peaks as compound 194.

N'-cyclohexyl-N, N-diphenyl hydrazine (195) was reacted with Mn(OAc); at
different conditions by controlling with TLC (scheme 117).

Firstly, hydrazine 195 was treated with Mn(OAc); in CH,Cl, at room
temperature for 23 hours to obtain the corresponding amines. Although so many
spots appeared in TLC plate, our expected products couldn’t be achieved after work

up and separation by column chromatography.
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