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[B-ala [-alanine

A Adenine
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aep Aminoethylprolyl
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ABSTRACT

The thesis entitled “Chemical Studies on Pyrrolidine Derivatives: Synthesis of
Bulgecinine and Aminomethyl Prolyl Peptide Nucleic Acids” is divided in to four
chapters as follows.

The thesis comprises the studies towards design, synthesis and DNA/RNA
hybridization properties of nucleic acid analogs having chiral polyamide backbone
(Peptide Nucleic Acids, PNA) with five-membered nitrogen heterocycles.

Chapter 1 introduces the background literature for undertaking the research work.
Chapter 2 describes the synthesis, characterization of five amp-monomers, and
incorporation of these monomers into aeg-PNA backbone for hybidizational studies with
complementary DNA and RNA. These amp-PNA oligomers were characterized by HPLC
and MALDI-TOF mass spectroscopy.

Chapter 3 illustrates the hybridizational studies with complementary DNA/RNA
sequences.

Chapter 4 portrait the chemical studies towards the synthesis of (2S,5S)-Pyrrolidine di-
carboxylic acid and (25,4S,5R)-Bulgecinine.

Chapter 1 Introduction to peptide Nucleic Acids (PNAS)

The origin of the concept of antisense and antigene therapy made nucleic acids a
target for potential therapeutic interventions. A variety of micro and macro molecules,
both natural and synthetic, are capable of interacting with DNA or RNA. These
interactions can lead to the inactivation of gene expression. Selective inhibition of disease
causing genes is theoretically possible by taking advantage of the known specific
hydrogen bonding interactions between complementary base pairs of nucleic acids. Based
on these interactions, tailored short nucleic acid sequences or oligonucleotides, could
selectively bind to the target DNA/RNA. Oligonucleotides that interact with single
stranded RNA are termed as ‘antisense’ whereas those interacting with double stranded
DNA are called ‘antigene’ oligonucleotides. However, intracellular enzymes such as

nucleases and proteases, rapidly cleave the unmodified oligodeoxy nucleotides ODNs



with sugar-phosphate backbone. The development of new classes of modified
oligonucleotides has been trigger to allow the industrious application of

antisense/antigene principle.
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Figure 1 Chemical structure of DNA and PNA

Among all the DNA mimics, PNA introduced by Nielsen et. al in 1991 has been
found to mimic many properties of DNA. The structure of PNA is remarkably simple, the
repeating unit of PNA consisting of N-(1-aminoethyl)-glycine units linked by amide
bonds and the nucleobases (A,G,C and T) attached to the backbone through methylene
carbonyl linkages (Figure 1). Thus PNA lacks sugar and phosphate groups, making it
acyclic, neutral, achiral and homomorphous. PNA is resistant to cellular enzymes and has
strong affinity towards complementary DNA/RNA. Homopyrimidine PNA oligomers
bind strongly to complementary DNA by Watson-Crick and Hoogsteen bonding to form
[(PNA),:DNA] triple helices that are much more stable than the corresponding DNA-
DNA hybrids. The unique character of PNA is binding to duplex DNA by strand invasion
forming both parallel (N-terminus of PNA to 5’ end of the DNA) and antiparallel C-
terminus to 5’ end respectively) complexes. In contrast to homopyrimidine sequences,
mix sequences of PNA bind to complementary DNA/RNA with 1:1 stoichiometry to

form duplexes. Here binding can be in either parallel or antiparallel mode, the latter mode



having higher stability than parallel hybrids with high sequence specificity and affinity.
These favorable hybridization properties with high chemical and bio-stability make PNA
a promising lead for developing as efficient antisense agent and medicinal drugs.

Though PNAs encompass some disadvantages like poor water solubility, less
orientational selectivity between parallel and antiparallel binding modes, lack of selective
in binding affinity between DNA and RNA, low membrane penetration and inefficient
cellular uptake. Various attempts have been made to address these shortcomings of PNA.
Introduction of various modifications/substitutions in the PNA backbone that resulted in
preorganized and chiral PNA, are aimed to achieve directional selective binding to target
DNA/RNA. PNAs suffixed with negatively charged DNA or modified PNAs with
positively charged polypeptide sequence at either ‘C” or ‘N’ terminus, resulted in PNA-
DNA/PNApeptide chimera with favorable aqueous solubility, cellular uptake and DNA
binding/recognition properties.

This chapter gives an outline of the oligonucleotide analogues and various
modifications of PNAs carried out to improve their applications as therapeutic agents
with special emphasis on PNAs containing 5-and 6- membered rings. Rationale for the
design of chiral, pyrrolidine based new PNAs are presented that forms the basis for the
present work.

The five membered aminomethly prolyl (amp)-PNAs were designed to induce
controlled rigidity in to the aeg-backbone, and to introduce chirality for better

discrimination between DNA and RNA.

Chapter 2 Synthesis, characterization of amp-monomers and amp-PNAs

The constant efforts from our lab towards generating constrained and chiral PNA
analogues resulted in the synthesis of various amp monomers Figure 3. This modification
was designed by bridging the o and a‘““carbons of the aeg-backbone. Such modifications
locks the fluctuation segments of aeg-PNA (glycyl/ethlendiamine) by restraining the
torsional angles (y and 6) and introduce rigidity along with the chirality in to the aeg-
PNA backbone in the form of pyrrolidinyl ring, while simultaneously keeping a certain

degree of flexibility in the linker to the nucleobases (Figure 2).
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Figure 3 amp (aminomethylprolyl) monomers

2.1 Synthesis and characterization of amp-PNA monomers

2.1a Synthesis of (25,55 ) and (2S, 5R) -N1-(tert-Butoxycarbonyl)-5-[(NFluorenyl-

methoxycarbonyl) aminomethyl]-Proline (9 and 10)

The synthesis of target amp PNA monomers 9 and 10 (Figure 3) was achieved
starting from L-proline 1 (Scheme 1), which on treatment with thionyl chloride in
methanol afforded the 2-carboxymethyl ester 2 as its hydrochloride salt. The ring
nitrogen (N1) of the ester 2 was protected as fert-butoxycarbonyl by treatment with fert-
butylcarbazide and triethylamine in dioxane/water to provide the N-(fert-butoxycarbonyl)
proline carboxymethyl ester 3. This was then subjected to electro- chemical oxidation

employing Ross-Eberson- Nyberg reaction.



The anodic oxidation involved the treatment of ester 3 with methanol as a solvent-
reagent and tetrabutylammonium-tetraflouroborate as a supporting electrolyte and

passing a constant current of 0.06F/cm” (260 mA) using graphite electrodes.

43 SOCl, MeOH, Dioxane/H,0,
O& rt, 10h, 98% NEt;, 50 °C, 90%. &
- —_—
SNy CoH NT COMe oo N, N CO,Me
H H,CI- Boc
1 2 3

MeOH, TBATFB,
0-5°C, 12h, 98%
260mA,

Graphite electrode

"&CO Me + MeO Coz""e

Boc

4a 4

DCM, TMSICN,
TMSiOTF(Cat),

D\ & -35 °C, 30min, 50%.
COZMe + CN\\\ N COZMe

CN N
Boc Boc

6. 5
major (25,5R) minor (25,55)
Scheme 1 Synthesis of (25,5R) and (2S,5S5) nitriles

The reaction mixture was cooled to ice temperature before passing the current and
the temperature of the reaction was maintained between 0-10 °C for about 12 h. The
efficiency of the reaction depends on controlling the temperature and current optimally to
avoid the formation of C-2 and C-5 dimethoxylated products. Compound 4 formed in
95% yield, as a non-separable diastereomeric mixture.

The diastereomeric mixture of compound 4 was treated with TMSCN in DCM
employing catalytic amount of TMSTF at -35 °C for about 30 min, the reaction was
quenched at -35 °C using dry methanol resulting the formation of C5-nitriles 5 and 6 in
50% yield. The product obtained as diastereomeric mixture was separable by

chromatography on neutral alumina.
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Scheme 2 Synthesis of (25,55) and (25,5R) amp-PNA monomers

The diastereomers 5 and 6 were individually subjected to hydrogenation at 65 psi,
in MeOH employing Raney Ni as catalyst to afford the 5-methylaminoproline methyl
esters 7 and 8. These amino compounds upon hydrolysis in 2N NaOH in MeOH yielded
the sodium salt of the acid, which on treatment with fluorenyl chloroformate afforded the
required amp monomers 9 and 10 in 30% yield, along with the by-product 10a
(Scheme?).

2.2 Assignment of absolute stereochemistry at Cs position of amp PNA monomers
(9,10)

An important aspect remaining in the characterization of (25,55) and (25,5R) amp
PNA is the assignment of the configuration at C5 position where a new chiral center was

generated upon anodic oxidation. This was achieved as described in Scheme 3.
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Scheme 3 Configuration assignment of compound 9 and 10 amp monomers

Compounds 9 and 10 were individually treated with 50% DCM/DEA at rt for
about 8 h to furnish the amino acids 11 and 12. Compound 12 when treated with
HOBT/HBTU, in DMF, amino acid 12 furnished the compound 13. In case of amino acid
11, no cyclisation product was observed. In compound 12 and hence in 10 the C5 and C2
substituents must be are cis to each other to obtain the cyclized product. Since the
configuration at C2 is known in acid 10, which is same as in starting material L-proline
the absolute configuration at C5 in the compound 10 that is cis to C2, would be R
(2S,5R). The absolute configuration of acid 9 is therefore (285,55).

In another approach the configuration at C5 was assigned by preparing (25,55)

pyrrolidine dicarboxylic acid a marine natural product from the nitrile ester 5, which is

discussed in chapter 4.
\\\'O\ n&
NC N COZCH3 HOZC 4 N COzH

Boc Boc
° (28,55) Pyrrolidinediarboxylic acid

Scheme 3a



2.3 Synthesis of (2R,5S) and (2R,5R)-N1-(tert-Butoxycarbonyl)-5-[(N- Fluorenyl-

methoxycarbonyl) aminomethyle]-proline (22 and 23).

The synthesis of (2R)-5-[(N-fluorenylmethoxycarbony) aminomethyl-N1-
(tertbutoxycarbonyl) proline 22 and 23 were similarly achieved starting from D-proline

14 (Scheme 4).

4 3 SOCI, MeOH, Dioxane, H,0,
5[ 1 52 rt, 10h,98% NEt;, 90%. }
" —_— Z S- B ———_— Z S-,
H COH N " CO,Me Boc.N, EOC CO,Me
14 H,CI 16

15

MeOH, TBATFB,
0-5°C, 12h, 98%

260mA,
Graphite electrode

N’D OMe NO

0N "
Meo™ Ny COMe  + Meo™ SN COMe

Boc 1370(3
DCM, TMSICN,
TMSiOTF(Cat),
D / \ 235 °C, 30min, 50%.
CN N " COZMe + CN\\‘ N " COZMe
Boc Boc
minor major
19 (2R,5R) 18 (2R,55)

Scheme 4 Synthesis of (2R,5R) and (2R,5S) nitriles

The steps involved esterification of D-proline, protection of the ring nitrogen, C5-
functionalization by anodic oxidation and conversion of the 5-methoxy-N1-
(tertbutoxycarbonyl) proline methyl ester 17 to the separable C5-nitrile diastereomers 18
and 19.

The two nitrile compounds were subjected to reduction to get the amino- methyl
ester 20 and 21, which were hydrolysed using 2N NaOH, followed by protection of
amino group employing Fmoc-Cl to furnishe the required amp PNA monomers 22 and
23.
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NC™\ 7""CO,Me

I.m"[ N )wcone

Boc NH2 Boc
18 20
— | MeOH,Raney Ni, NEt,
65 psi, 3h.
NC'Q'"'COZMe - "' co,Me

Boc

19

s

C

o

Boc

21

NH,

(2

o

H
N N7 COH

Boc

(2R,5S)
23 minor

T

1) 2N NaOH
2) Dioxane/H,0,

10% Na,CO,
30%

H
© N\\\\"‘(N)"'COZH
Boc

(2R,5R)
22 major

Scheme 5 Synthesis of (2R,5R) and (2R,5S)-amp monomers.

2.4 Assignment of absolute stereochemistry at C5 position of compound 18 and 19

(amp monomers)

The absolute stereochemistry at C5 of the compounds 18 and 19 was assigned as

described in Scheme 6. The two 5-cyano proline esters 18 and 19 were individually

subjected to hydrolysis in 6 N HCI for about 14 h to afford the hydrochloride salt of

pyrrolidine 2,5-dicarboxylic acids 24 and 25.

" NC ""[N)"' Cco,Me

™ HO,C "'£N>"' COH

Boc H,CI
18 24
NO\ 1) DCM, TMS-CN,
MeON"N\ 7 ~COH— TMSOTF (cat), — 2) 6 NHCI, reflux, —]
Boc -359C, 30 min, 50%. 18 h.
' L
— NC N ':1C02Me _>HOZC’CN>."' COZH

Boc
19

H,ClI
25

—H.CO,C "[N)"" CO,CH,

H
26

3) MeOH, SOCI, (2.5 equiv.),
NaHCO,, 30%.

— H3cozc’L:> "' CO,CH,
H
27

Scheme 6 Configuration assignment of esters 18 and 19.
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These diacids were subjected esterfication employing SOCl, in MeOH followed
by neutralization to furnish the diester 26 and 27 in 30% yield. The magnitude of the
optical rotation of compound 26 is [a]p= 0 since the configuration at C2 in ester 18 is
known as R, the stereochemistry at C5 of diester 26 is cis to C2 (meso) with R
configuration, and hence the configuration of ester 18 is (2R,5S). The stereochemistry of

compounds amp 22 and 23 are therefore (2R,5S5) and (2R,5R) respectively.

2.5 4-Hydroxy amp monomer
Rational behind the design

The amp monomers (9, 10) and (22, 23) enable the study of the constrain and
steric effects on the hybridization properties of incorporated PNA oligomers with
complementary DNA. It will not provide any information about conformational effect of

the proline ring.

2.6 Synthesis of 4-hydroxy aminomethyl prolyl (amp) monomer (35)

The synthesis of 4-hydroxy ampPNA monomer was achieved (Scheme 8a)
starting from N-Boc hydroxyproline 28, which on treatment with DMS/K,COj3 in acetone
afforded the methyl ester of hydroxyproline 29. This under Mitsunobu conditions using
aceticacid yielded the acetate 30, which on electrochemical anodic oxidation afforded the
methoxy compound 31 as a nonseparable diastereomeric mixture. Treatment of 31 with
TMSCN in presence of BF; Et,O in DCM, furnished the cyano derivatives 32 (minor) and
33 (major).

The ring nitrogen in cyano derivative 33 was protected as Boc by treating with
Boc anhydride in DCM employing catlytic amount of DMAP to provide nitirle
compound 34. The configuration at C-5 was assigned from the small coupling constant of
H-4 and H-5 as reported in literature. This was subjected to hydrogenation at 60 psi in the
presence of Raney/Ni, followed by hydrolysis using 2N NaOH in MeOH to afford the
sodium salt of 4-hydroxy aminomethyl proline (not isolated). This on treatment with
Fmoc-Cl in presence of 10% Na,COj; in dioxane furnished the 4-hydroxy amp monomer
35. Employing BF;.Et,O during the cyanation reaction afforded the ester compound 33,

as the major isomer, with the diastereomeric ratio being 80:20.
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Scheme 7 Synthesis of 4-hydroxy-amp monomer

Reagents and conditions: (i) Acetone, K,COs (3 equiv.), DMS (2 equiv.), Reflux 5 h; (ii) THF,
DEAD (1.2 equiv.), (Ph);P (1.1 equiv.), CH;CO,H (1.1 equiv.), rt, 8 h; (iii) MeOH, TBATFB, 260 mA, 0-
5°C, 6 h; (iv) DCM, BF; Et,0 (2.2 equiv.), TMSIiCN (3.5 equiv.), 0 °C-rt, 3 h; (v) DCM, (Boc),0, DMAP
(Catlytic), rt, 12 h; (vi) (a) MeOH, RaneyNi, NEt; (3 equiv.), 60 Psi, rt, 4 h, (b) MeOH, 2 N NaOH, (c)
Dioxane/H,0, Na,CO; (2 equiv.), Fmoc-ClI (1.2 equiv.).

2.7 Synthesis of amp PNA oligomers

The readily available MBHA resin was chosen as the polymer matrix on which
the aeg PNA oligomers as well as the amp PNA oligomers were assembled. In the
present work the orthogonal strategy was employed to construct the amp PNA oligomers
followed by subsequent attachment of the nucleobases (sub monomer) strategy to
monomers at specific positions in the aeg-PNA oligomeric sequences. The oligomers

were cleaved from the resin, purified by HPLC and characterized by MALDI-TOF.
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Table 1 PNA Oligomers synthesized for the present study

Entry  Sequence PNA Sequence
code

aegPNA 57 H-T-T-T-T-T-T-T-T-(CH;),-CO,NH,

aegPNA 58  H-G-T-A-G-A-T-C-A-C-T-(CH,),-CO,NH,
ampPNA 59 H'(tSR)'T'T'T-T-T-T'T-(CHZ)Z'CozNHZ

ampPNA 60 H-T-T-T-(tsr)-T-T-T-T-(CH;),-CO,NH,

ampPNA 61  H-T-T-T-T-T-T-T-(tsg)-(CH,),-CO,NH,

ampPNA 62  H-T-T-T-(tsr)-T-T-T-(tsr)-(CH2),-CO,NH,
ampPNA 63 H-T-T-T-(tSR)--T-T-T-(tss)-(CHz)z-COzNHz
ampPNA 64 H-G- (tsr)-A-G-A-(tsr)-C-A-C-(tsr)-(CH;),-CO,NH;
ampPNA 65 H-(tSR)g-(CHz)z-COQNHz

ampPNA 66 H-(tss)-T-T-T-T-T-T-T-(CHz)z-COQNHz

ampPNA 67 H-T-T-T-(tss)-T-T-T-T-(CH;),-CO,NH;

ampPNA 68 H-T-T-T-T-T-T-T-(tss)-(CH2)»-CO,NH,

ampPNA 69 H-T-T-T-(tss)-T-T-T-(tss)-(CH;),-CO,NH,;
ampPNA 70 H-G- (tss)-A-G-A-(tss)-C-A-C-(tss)-(CHz)z-COzNHz
ampPNA 71 H—(tss)g—(CHz)z—COzNHz

ampPNA 72 H-(tgs)-T-T-T-T-T-T-T-(CH,),-CO,NH,

ampPNA 73 H-T-T-T-(tgs)-T-T-T-T-(CH,),-CO,NH,

ampPNA 74 H-T-T-T-T-T-T-T-(tRs)-(CHz)z-C()zNHz

ampPNA 75 H-T-T-T-(tRs)-T-T-T-(tRs)-(CHz)z-COQNHz
ampPNA 76 H-G- (trs)-A-G-A-(trs)-C-A-C-(trs)-(CH,),-CO,NH;
ampPNA 77 H-(trs)s-(CH;),-CO,NH;

ampPNA 78  H-(tgp)-T-T-T-T-T-T-T-(CH,),-CO,NH,

ampPNA 79 H-T-T-T-(tgr)-T-T-T-T-(CH,),-CO,NH,

ampPNA 80 H-T-T-T-T-T-T-T-(tRR)-(CHz)z-COZNHz

25 ampPNA 81 H—T—T—T—(tRR)—T—T—T—(tRR)—(CHz)z—C02NH2

26  ampPNA 82 H-G- (trr)-A-G-A-(trr)-C-A-C-(trr)~(CH,),-CO-NH,
27 ampPNA 83 H-(trr)s-(CH,),-CO,NH;

28 ampPNA 84 H-(tsSR)-T-T-T-T-T-T-T-(CHz)z-COzNHz

29 ampPNA 85 H-T-T-T-(tsSR)-T-T-T-T-(CHz)z-COZNHz

30  ampPNA 86 H-T-T-T-T-T-T-T-(tssr)-(CH2),-CO,NH,

31 ampPNA 87 H-G-T-A-G-A-(tssr)-C-A-C-T-(CH,),-CO,NH,

N I NG T N T NS T e T e e e |
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A/G/C/T = aeg PNA Adenine/Guanine/Cytosine/Thymine monomers, tsg = (25,5R)-
amp-PNA Thymine monomer, tss = (25,5S5)-amp PNA Thymine monomer, trs =
(2R,55)-amp-PNA Thymine monomer, tgg = (2R,5R)-amp PNA Thymine monomer, tssg
= (25,4S,5R)-amp PNA Thymine monomer

Next chapter describes the hybridization studies of above synthesized amp/aeg-PNA
oligomers towards DNA and RNA.



Chapter 3: Hybridizational studies of amp-PNA oligomers with complementary
DNA /RNA.

3.1 Comparison studies of ampPNA hybrids with complementary DNA

Various amp-PNA derived homopyrimidine (octamers) and mixed purine-
pyrimidine oligomers (decamers) were synthesized with different degree of modification
(Table 1) to examine the binding efficiency and selectivity towards DNA and RNA. The
mixed purine-pyrimidine oligomers (decamers) were synthesized to study the
orientational selectivity in binding to DNA and RNA.

The UV-Tm studies with DNA (Table 2) and RNA (Table 3) were carried out
with all synthesized oligomers and the Tm data was compared with the control aeg-PNA.
The CD spectra of amp PNA single strands and corresponding complexes with

complementary DNA and RNA were recorded.

Table 2 UV-T;, (°C) of amp-PNA,:DNA and amp-PNA:DNA complexes

Entry PNA Tm
1 H-T-T-T-T-T-T-T-T-(CH, ),-CONH, 43
2 H-GTAGATCACT-(CH,),CONH,(ap) 50
H-GTAGATCACT-(CH,),CONH,(p) 48
S/IR A SIS A R/S A R/R A
Tm Tm Tm Tm
3 H-t-T-T-T-T-T-T-T-CH, ),-CONH, 53 10 47 4 62 18 44 1
4 H-T-T-T-t-T-T-T-T-(CH,),-CONH, 35 -8 43 -2 39 -4 36 -5
5 H-T-T-T-T-T-T-T-t-(CH,),-CONH, 46 3 50 7 52 9 46 3
6 H-t T-T-T-t-T-T-T (CH,),-CONH, 39 4 40 -3 44 1 43 -0
7 H-(tttttttt)-(CH,),-CONH, 77 34 43 0 46 3 44 1
8 H-G-t-AGA-t-CAC-t-(CH,),CONHy(ap) 43 -7 50 0 52 2 46 -4
H-G-t-AGA-t-CAC-t-(CH,),CONH; (p) 39 -9 37 -11 48 0 - -

A/G/C/T = aeg-PNA Adenine /Guanine /Cytosine /Thymine monomers, tsg = (25,5R)- tss =
(25,59), trs = (2R,5S), tss = (25,55)-amp-PNA Thymine monomer. T}, values are accurate to (£)
0.5°C. Experiments were repeated at least thrice and the 7}, values were obtained from the peaks
in the first derivative plots. ATm indicates the difference in T}, with the control experiment aeg-
PNA 57 and PNA 58 (mixed sequence). T and t indicating aeg and amp-PNA respectively.
(measured in the buffer 10 mM sodium phosphate, 10mM NaCl, pH = 7.3), PNA,-DNA
complexes. DNA 88 = 5’ (CGC-AAAAAAAA-CGC)3> DNA 90 = 5’AGTGATCTAC 3’
(antiparallel); DNA 91 = 5> CATCTAGTGA 3’(parallel).

A single modification of the amp monomer unit at center of the sequence

destabilized the corresponding DNA triplex except in the case of (25,55) amp monomer
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(Table 2, entry 4). In case of doubly modified amp-PNAs (2S,5S) and (2S,5R) derived
amp units exhibited destabilization whereas (2R,5S) derived amp units marginally
stabilized the corresponding DNA hybrids (Table 2, entry 6). The triplexes of the amp-
PNA homooligomers stabilized the corresponding DNA hybrids in comparison to aeg-
PNA 57. Homooligomer derived of (2S,5R) amp monomer unit showed strong
stabilization (+34 °C) and a minimal destabilization was observed in case of (25,55) amp
monomer (Table 2, entry 7).

The (25,5S5) and (2S,5R) derived amp-PNA:DNA duplex complexes exhibited
large destabilization, whereas (2R,5S) derived amp-PNA:DNA exhibited marginal

stabilization in comparison to aeg-PNA 58. The above results are presented in Table 2.

3.2 Comparison studies of amp-PNA hybrids with the complementary RNA

Unmodified aeg-PNA binds to DNA and RNA equally well without appreciable
selectivity among these nucleic acids. To see if there is any binding selectivity for amp-
PNA between DNA and RNA, ampPNA,:RNA 92 complexes were constituted from aeg-
PNA-Ts 57, and homooligomers. Ty, values derived from various aeg-PNA and amp-PNA
sequences with different degrees of modifications are in listed in Table 3.

The Tm values indicate that, a single modification of amp (2S5,5S and 2R,5R) unit
at N-terminus caused destabilization in  amp-PNA:RNA 92 triplexes, where as
corresponding cis-amp units stabilized the triplexes (Table 3 entry 1).

A single modification at C-terminus caused stabilization or minimal
destabilization (S/R and R/R, Table 3 entry 5) in amp-PNA:RNA hybrids. A single
modification at center of the sequence exhibited destabilization of the triplexes
irrespective of the stereochemistry of the amp unit incorporated (Table 3, entry 4).

Homooligomeric (25,55 and 2S,5R) amp PNAs exhibited stabilization, where as
(2S,5R)-amp-PNA caused destabilization of corresponding RNA triplexes. In case of
purine, pyrimidine mix sequence, (2R,5S)-ampPNA oligomers exhibited  good
stabilization as well as orieantational selectivity, where as (25,5S5) amp-PNA oligomers
showed stabilization in antiparallel orientation and destabilized parallel PNA:RNA

triplexes (Table 3, entry 8).
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Table 3 UV-T;, (°C) of amp-PNA,:RNA and amp-PNA:RNA compxes

Entry PNA Tm
1 H-T-T-T-T-T-T-T-T-(CH, ),-CONH, 50
2 H-GTAGATCACT-(CH,),CONH,(ap) 53
H-GTAGATCACT-(CH,),CONH,(p) 49
S A SIS A R A R A
R Tm Tm S Tm R Tm
3 H-t-T-T-T-T-T-T-T-CH, ),-CONH, 52 2 38 -12 56 6 49 -4
4 H-T-T-T-t-T-T-T-T-(CH,),-CONH, 33 -18 48 2 46 -4 43 -7
5 H-T-T-T-T-T-T-T-t-(CH,),-CONH, 49 -1 51 1 52 2 45 -5
6 H-t. T-T-T-t-T-T-T (CH,),-CONH, ND ND - 50 44 -6
7 H-(tttttttt)-(CH,),-CONH, 40 -10 52 2 49 -1 ND
8 H-G-t-AGA-t-CAC-t-(CH,),CONH,(ap) 44 -9 50 -3 59 6 ND

9 H-G-t-AGA-t-CAC-t-(CH,),CONH, (p) 40 -9 42 -7 51 2

ATm Indicate the difference in 7m with the control experiment aeg-PNA 57 and PNA 58 (mixed sequence).
(measured in the buffer 10 mM sodium phosphate, 10 mM NaCl, pH = 7.3), PNA,-DNA complexes.
A/G/C/T = aegPNA Adenine /Guanine /Cytosine /Thymine monomers, tsg = (25,5R)- tss = (25,55), trs =
(2R,5S), tss = (25,58)-ampPNA Thymine monomer The values reported here are the average of 3
independent experiments and are accurate to £0.5°C. T and t indicating aeg and amp-PNA respectively.
RNA 92 = 5’CGCA3CGC3’; RNA 93 =5’AGUGAUCUAC 3’; RNA 94 = 5’>CAUCUAGUGA3".

3.3 Studies of (2S,4S,5R)-amp-PNA:DNA and (2S,4S,5R)-amp-PNA:RNA hybrids

UV melting temperatures (Ttable 4) of these amp-PNAs with complementary
DNA and RNA indicated that N-terminal modification stabilized both (2S,4S,5R)-amp-
PNA:DNA and (25,45,5R)-amp-PNA:RNA triplexes by 6 °C and 2 °C respectively in
comparison to aeg-PNA 57.

Middle modification of (25,4S,5R)-amp-PNA exhibited the 2 °C of stabilization
with DNA but a large destabilization was observed in case of RNA. C-terminal
modification of (25,4S5,5R)-amp-PNA stabilized the (2S,4S,5R)-amp-PNA,:DNA 88
complex by 7 °C whereas same modification exhibited large destabilization with RNA
triplexes.

Thus (2S5,4S,5R)-amp-PNA:DNA triplexes demonstrated more stability for DNA

than RNA triplexes. These results are summarized in Table 4.
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Table 4 UV-T,, (°C) of amp-PNA:DNA and amp-PNA:RNA hybrids

Entry PNA DNA Tm RNA Tm
(control) (control)
1 H-T-T-T-T-T-T-T-T-(CH, ),-CONH, 43 50
2 H-GTAGATCACT-(CH;),CONH,(ap) 50 (ap) 53 (ap)
H-GTAGATCACT-(CH,),CONH,(p) 48 (p) 49 (p)
ATm ATm

3 H-t-T-T-T-T-T-T-T-CH; ),-CONH, 48.50 6 52 2
4 H-T-T-T-t-T-T-T-T-(CH;),-CONH, 45 2 40 -10
5 H-T-T-T-T-T-T-T-t-(CH,),-CONH, 49.50 7 49 -1
6 H-G-T -AGA-t-CAC-T-(CH,),CONH;(ap) 55 (ap) 5 50(ap) 3
7 H-G-T -AGA-t-CAC-T-(CH,),CONH, (p) 53 (p) 5 47 (p) 2

ATm Indicate the difference in 7m with the control experiment aeg-PNA 57 and PNA 58 (mixed sequence).
(measured in the buffer 10 mM sodium phosphate, 10 mM NaCl, pH = 7.3), PNA,-DNA complexes.
A/G/C/T = aegPNA Adenine /Guanine /Cytosine /Thymine monomers, tsg = (25,5R)- tss = (25,59), trs =
(2R,5S), tss = (25,58)-ampPNA Thymine monomer The values reported here are the average of 3
independent experiments and are accurate to £0.5°C. T and t indicating aeg and amp-PNA respectively.
RNA 92 = 5’"CGCA3CGC3’; RNA 93 = 5’AGUGAUCUAC3’; RNA 94 =5° CAUCUAGUGA3".

3.4 Studies of duplex hybrids of (2S,4S,5R)-amp-PNAs

To see the parallel and antiparallel orientational preferences of PNA:DNA and
PNA:RNA binding, mixed purine pyrimidine sequence (25,4S,5R)-amp-PNA 87 was
synthesized. The duplex complexes of (25,4S,5R)-amp-PNA 87 with DNA 90 and 91
stabilized by 5 °C in comparison to un modified aeg-PNA 58. No selectivity was
observed between antiparallel and parallel mode of binding orientation.

In case of RNA, destabilization was observed in both orientations by -3 °C (ap)
and -1 °C (p) in comparison to aeg-PNA 58. These results suggest that (25,4S,5R)-amp-
PNAs having more affinity towards DNA than the RNA. The above results are presented
in Table 4.
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Chapter 4

4.1 Section 1: Introduction to (2,5)-disubstituted pyrrolidines

2,5-Dialkylated pyrrolidines extracted from venomous ants and frogs have shown

insecticide hemolytic and antiendinergic activities. Polyhydroxy pyrrolidines isolated

from several plants of the companulaceae and fabaceae families have shown very potent

activity as enzyme inhibitors (e.g. codonosine).

oo SR

O C 0,CH, Bicyclicsystems NHP

Electrophilic substitution Homoallylic amine

Cyclisation

7@ °
y/

I
o 1,3-dipolar addition R4
Nucleophilic substitution B )

Rl N° R2 Dipolarophile
H R2
Anodicoxidation ‘ -
R17NT Nc0,CH,
O\ _1,3-Dipolar
CO,CH, Intramolecular Reductive
II\’I Nucleophilic cyclization
Aza hetero cycles substitution
CO,H R3 rd
XO R4 R1 -
CO,H NH,
Glutamic acid ol X
RI R3 NP 7-Aza derivative ketones.

Figure 5 Various pathways for the synthesis of substituted pyrrolidines
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Apart from the medicinal uses, these compounds possessing a C, symmetry axis, may be
used as very powerful catalyst in numerous asymmetric reactions. All these reasons make

these compounds interesting targets for synthetic chemist.

This section briefly presents the stereoselective synthesis of 2,5-disubstituted
pyrrolidines and will be subdivided in two main sections : (1) where the 5-memberd ring
is formed by stereospecific methods and (2) where the already formed ring is

functionalized at the 2" and 5™ positions.

4.2 Section 11
This section describes the chemical studies towards the synthesis of (285,55)-

Pyrrolidine dicarboxylic acid and (25,4S,5R)-Bulgecinine.
4.2.1 Synthesis of (2S,5S)-Pyrrolidine dicarboxylic acid

The methyl ester of BOC-protected (S)-proline 2 on stereoselective
electrochemical oxidation at 230 mA current in methanol using tetrabutylammonium
tetrafluoroborate (TBATFB) as an electrolyte furnished mixture of 5-methoxylated
proline derivatives 3 and 4 in 7:3 ratio (by 'H NMR) with 95% yield. The mixture of
diastereomers 3 and 4 was not separable using column chromatography.

The mixture of compounds 3 plus 4 on treatment with trimethylsilyl cyanide (1.1
equiv) in CH,Cl, at -30 °C gave the mixture of cyano compounds 5 and 6. The trans-
cyanoester 6 in refluxing 6 N hydrochloric acid yielded the hydrochloride salt of the
natural product 1 in 92% yield. The hydrochloride of 1 on reaction with methanol-
thionyl chloride followed by base induced neutralization of formed hydrochloride yielded
the frans dimethyl ester 8 in 75% yield, which on refluxing in water for 24 hours

furnished the natural product (25,55)-pyrrolidine-2,5-dicarboxylic acid (1) in 92% yield
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Reagents and conditions (i) Electrochemical oxidation (Carbon electrode, 230 mA/28 c¢cm?®), MeOH,
TBATFB (0.5 M solution), 0-15 °C, 10 h (95% , 3:4 = 7:3); (i) TMSOTT (0.1 equiv), TMSiIiCN (1.1
equiv), DCM, — 35 °C, 30 min (70%, 5:6 = 3:7); (iii) #-BuOK (1 equiv), THF, rt, 6 h (80%, racemic
mixture); (iv) 6 N HCI, reflux, 24 h (92%); (v) SOCl,, MeOH, rt, 12 h (75%); (vi) H,O, reflux, 24 h (92%).

Scheme 8 Synthesis of (25,55)-Pyrrolidine dicarboxylic acid

4.3 Synthesis of Bulgecinine

Synthesis of (25,4S,5R) Bulgecinine was carried out as in Scheme 8 by
employing 4-hydroxy proline as a starting material. On treatment with DMS
(dimethylsulphate), K,COj; in acetone furnished proline ester 12, which under Mitsunobu
conditions using acetic acid furnished proline ester 13. Subjecting ester 13 to
electrochemical oxidation 5-methoxyproline ester 14 was obtained as non-separable
diastereomeric mixture. This on treatment with TMSCN/TMSOTF in DCM gave 5-nitrile
proline ester as separable mixture.

Nitrile 15 and 16 (major) were converted to diester compounds 19 and 20 by
refluxing in 6 N HCI followed by esterification using SOCI, in MeOH. The configuration

at C-5 was assigned from the small coupling constant of H-4 and H-5 of compounds 17
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and 18 as reported in literature. Diester 20 on treatment with ~ with BH3-DMS and
NaBH, in THF gave 5-methyl hydroxyl ester 22. Conversion of 22 and 21 to desired 10

and 10a are in progress.
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Reagents and conditions: (i) Acetone, K,CO; (3 equiv.), DMS (2 equiv.), Reflux 5 h; (ii) THF, DEAD (1.2
equiv), (Ph);P (1.1 equiv.), CH;CO,H (1.1 equiv), rt, 8 h; (iii) MeOH, TBATFB, 260mA, 0-5 °C, 6 h; (iv)
DCM, TMSO-tf (3 equiv.), HMDS (2.5 equiv.), TMSICN (3.5 equiv.); (v) DCM, (Boc),0, DMAP (cat), rt,
6h; (vi) (a) 6 N HCI, reflux, 12 h, (b) SOCl,, MeOH, rt, 16 h; (vii) THF, BH;-DMS, NaBH, (cat), rt 50h.

Scheme 9 Synthesis of Bulgecinine
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CHAPTER 1

INTRODUCTION
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1.1 Nucleic Acids: Chemical Structure

Nucleic acids are long, thread like biopolymers, dominating the modern molecular
science after the Watson-Crick discovery of the double helical structure of DNA." Their
vital roles are fundamental for the storage and transmission of genetic information within
cells and contain all information required for transmission and execution of steps
necessary to make proteins which are another important class of biopolymers, important
for cellular function. Nucleic acids are made up of a linear array of monomers called

nucleotides.
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Figure 1: Model of DNA
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Self-recognition by nucleic acids through complementary base pairing is one of
the fundamental processes in biological systems.” DNA is the basic genetic material,
consisting of two complementary strands held together by Watson-Crick hydrogen bonds
through the donor-acceptor sites of the four nucleobases A, T, G and C (Figure 2). All
biological functions of DNA take place via molecular recognition. The structure of the
double-stranded DNA allows it to have a number of molecular interactions through
electrostatic, intercalation®™* and groove binding mechanisms™’ (Figure 3) with other
molecules such as proteins, drugs, metal ions etc. Such molecular recognitions mediated

by weak non-covalent interactions are important in regulating the biological functions.
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Figure 3 The three primary binding modes seen in DNA

1.2 Oligonucleotide as therapeutic agents

The concept of ‘antisense oligonucleotides’ as potential therapeutic agents®
introduced by Zamecnik and Stephenson’ has aroused much interest in search of potent
DNA mimics. Antisense oligonucleotides (Figure 4) recognize a complementary
sequence on target m-RNA through Watson-Crick base pairing and form a duplex (RNA-
DNA hybrid) that is not processed by the protein synthesis machinery and hence would
retard the expression of the corresponding protein. When target proteins are disease

related, this will have a therapeutic value.

a. Normal Cell b. Antisense Inhibition c. Antigene Inhibition

--------------------------------------------

! /
Cell membrane é( —l\
Nucleus Cytoplasm ) «— Antisense 44 = Antigene

Oligonucleotide Oligonucleotide

Figure 4: Mechanism of action of antisense and antigene oligonucleotides

In another approach, the ‘antigene strategy’, (Figure 4) obstruction of gene
expression can be achieved by binding of oligonucleotides to duplex DNA through
Hoogsteen hydrogen bonds (Figure 5) leading to the formation of a triple helix.'® Thus

the double stranded DNA itself can act as a target for the third strand oligonucleotides or

26



analogs and the limitation for triplex formation is that it is possible only at homopurine

stretches of DNA.'% 1!

T CH, CH C _ H H
= 3 R-N Ne
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0" M. N N © ~. L g TR

0
- . R N H '
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¢« ] \ N7 N NH \
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R : i
Hoogsteen A Watson-Crick G Watson-Crick

Figure 5 Triplexes involving Hoosteen and Watson-Crick base pairing

In order for the triplex strategy to be effective, it requires oligonucleotides that
effectively compete with ligands bound to DNA. Hence one of the major research goals
is to achieve better triplex forming abilities with modified oligonucleotides. Triplex-
forming oligonucleotides (TFOs) that bind DNA in a sequence-specific manner may
provide an effective way to modulate selectively gene expression via transcriptional

12-14

repression, mutagenesis and recombination. Binding of a TFO requires the presence

of a relatively long and uninterrupted homopurine:homopyrimidine tract in DNA to
ensure optimal stability and specificity of the triple helical complex. '*'*

The prime requisites for oligonucleotides to be effective as antisense
oligonucletides are (a) they should have high specificity to the RNA template, the sense
strand, (b) improved cellular uptake and (c) resistance to cellular enzymes eg. Nucleases

and proteases. The latter attribute (b and c) are also necessary for the access of antigene

drugs.
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Natural oligonucleotides have been shown to exhibit both antisense and antigene
properties in vitro.'” However, a serious drawback that limits the use of oligonucleotides

as therapeutic agents is that they are rapidly degraded by nucleases in vivo.'™

Heterocyclic base

5' modification ——— modiﬁcation

~——Sugar modification

\ /

Of 0 <———2' modification
~
Sugar P\ Phosphate modification
phosphate  —
modification «—1"(a, b) modification

3' modification

Figure 6 Structurally possible various DNA modifications

This has lead to several chemical modifications'’of the oligonucleotide structure
to impart them the resistance towards cellular enzymes.'® The various possible sites of

modifications in a nucleotide are shown in Figure 6.

1.3 Chemical Modifications of DNA
1.3.1 Phosphate modified linkages

The first generation backbone modifications and the most widely studied and
effective analogue is the phosphorothioate. Although first introduced into DNA
enzymatically by Eckstein and co-workers the phosphoramidite method followed by

thiolation has greatly facilitated the synthesis of these ODNSs.
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In the first generation ‘antisense oligonucleotides’ (Figure 7) the phosphodiester
backbone has been replaced by phosphorothioates 1a, phosphorodithioates 1b, methyl
phosphonates 1c, hydroxymethyl phosphonates 2, phosphotriesters 3, and
phosphoramidates 4 as shown in Figure 7. The backbone modifications displayed a
greatly improved resistance towards nucleases'’ and a therapeutic agent based on
phosphorothioates already has been approved as a drug by US FDA." The chemical

modifications also modulate the binding ability of analogs to complementary

sequences.
B
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Figure 7 Phosphate modifications

1.3.2 Oligonucleotides with backbones not containing phosphorous

To increase the nuclease resistance and binding affinity, several modifications
have been introduced. In which the four atom chain W, X, Y and Z in DNA

phosphodiester backbone of 5 has been replaced by other combination of atoms (Figure
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8). Only a few of these phosphodiester mimics have shown good binding but none

showed the potential to be a good drug.

The second generation modifications comprises of backbone replacements
involving elimination of phosphorous atom from the phosphodiester backbone (Figure 8).
A common problem for all anionic analogs is the ineffective permeation of cellular
membranes. Anionic ODNs are taken up by endosomes, but are unable to cross the
endosomal membrane in the absence of cationic lipids."” Based on this observation,
neutral isosters of the phosphodiester linkage (Figure 8) have been designed.”’ An
increasing number of neutral ODN analogs have been developed that do not contain
stereogenic phosphorous centers.”' Substitution of the PO linkage with neutral SO, group
resulted in a series of sulfonyl containing linkages. Sulfones 1%** sulfonamides 2**° and

3220

sulfamates (Figure 8) have been prepared as ODN analogs, but very little in vitro and

cellular data are available.
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Figure 8: Phosphodiester linkage modifications

The formacetal linkage 4 exhibits somewhat inferior sequence specific binding

affinities.” Slightly increased RNA binding properties were observed with the 3’-thio

formacetal 5°* and N-methylhydroxylamine 6 linkages. 5°- thioformacetal containing

ODNs do not hybridize as well as the unmodified ODNSs to either RNA or DNA.

Replacement of the PO backbone by amide groups 7-11 resulted in neutral and achiral

linkages that were tested for RNA binding and nuclease stability. Analogs 9 and 11 were

identified as having good binding affinity to the RNA targets and high stability towards

cellular nucleases.”® Modifications of the 2’-position with a methoxy provided ODNs

with even greater binding affinity and nuclease stability.”” Carbonate 12 and carbamate

13 linkages have also been reported as replacements for the PO backbone. The carbonate

linkage has been prepared as dimer, but no biochemical data is available. The 5’-N-
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carbamate linkage 13 is chemically stable, and cytidine hexamers were found to bind
complementary DNA and RNA with high affinity,”™ However the thymidine hexamer
carbamate ODN bound nucleic acid targets with relatively low affinity.?** Replacement

of the PO linkage with an acetylenic bond 14 resulted in decreased RNA affinity.”’

1.3.3 Boranophosphate DNA

These are designed by replacing one of the non-bridging oxygen atoms in the
phosphodiester group of DNA with borane (BH3) (Sood et al., 1990; Spielvogel et al.,
1991; Sergueev et al., 1998) (Figure 9). The boranephosphate diester is isoelectronic with
phosphodiesters, isosteric with the methylphosphonate group and is chiral. These

negatively charged oligos are highly water soluble, but more lipophilic than DNA.

Figure 9: Structure of boranophosphate DNA

1.4 Sugar modifications
Sugar modifications have also been used to enhance stability and affinity. The o-

anomer of a 2’-deoxyribose sugar has the base inverted with respect to the natural anomer
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(Figure 10). ODNs containing ((-anomer sugars are resistant to nuclease degradation and

bind in a parallel mode to the RNA target.*

0 R=1 CH, o
| 2 CH,.CH,.CH, |
3 (CH,),CH,

4 CH,CH=CH,

OB 5 (CH,CH,0)CH,4 o. _B
6 (CH,CH,0),CH,

RO, OR 7 CH,CH(CH,)OCH, RO. F

Figure 10 2’ modified oligonucleotides

1.4.1 Sugar skeleton modifications

Apart from the 2’modifications of sugar moiety the other modifications related to

sugar skeleton are hexitol nucleic acids (HNA), D-Altriol nucleic acids (ANA),

pentapyranosyl, and threofuranosyl (TNA).

$3 % HO 2 z z
HO ~ % o HO 5 HO f &,
| |
-0 0 -0 -0 o O
D -ribo L-a.-Lyxo D-B -Xylo L-a-Arabino L-Threo nucleic acid
(TNA)

(4'—>3" pento-pyranosyl)

Figure 12 The family of four (4°—3”) penta-pyranosyl and thrieo fuanoysl oligonucleotides

The first two modifications were discoverd by Herdewijn et al,’'* and the later
two modifications were introduced by Eschenmoser group. The (1)-a-lyxopyranosyl-

(4’to3’)-oligonucleotide system a member of a pentopyranosyl oligonucleotide family
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containing a shortened backbone is capable of cooperative base-pairing and of cross-
pairing with DNA and RNA. In contrast, the corresponding (d)-D-ribopyransoyl-(4’(3’)-

. . .. .. .. 31b
oligonucleotides do not show base-pairing under similar conditions.

1.5 Locked nucleic acids (LNA)

LNA is a bicyclic nucleic acid where a ribonucleoside is linked between the 2’-
oxygen and the 4’-carbon atoms with a methylene unit (Figure 13). Locked Nucleic Acid
(LNA) was first described by Wengel®® and Imanish®** et al in as a novel class of

conformationally restricted oligonucleotide analogues.

Figure 13 Locked nucleic acid (LNA)

The design and ability of oligos containing locked nucleic acids (LNAs) to bind
super coiled, double-stranded plasmid DNA in a sequence-specific manner has been
described by Hertoghs et al**® for the first time. The main mechanism for LNA oligos
binding to plasmid DNA is demonstrated to be by strand displacement. LNA oligos are
more stably bound to plasmid DNA than similar peptide nucleic acid (PNA) “clamps' for

procedures such as particle mediated DNA delivery (gene gun).

1.6 Carbocyclic nucleic acid
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In carbocyclic nucleic acids, the furanose ring is completely replaced by saturated
cycloalkane or cycloalkene rings. The replacement of the furanose moiety of DNA by a

cyclohexene ring gives cyclohexene nucleic acids (CeNA).**
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Figure 14 Carbocyclic analogues

Incorporation of cylcohexenyl nucleosides in a DNA chain increases the stability
of a DNA/RNA hybrid. CeNA is stable against degradation in serum and a CeNA/RNA
hybrid is able to activate E. Coli RNase H, resulting in cleavage of the RNA strand. In
case of carbocyclic pyranosyl analogues, cyclohexanyl-nucleic acid (CNA, Figure 14)
was prepared in both enantiomeric (D/L) forms and D-CNA hybridizes to complementary

RNA as compared to DNA with reduced affinity.

1.7 Morpholino nucleosides
So far, only a few attempts to replace the entire (deoxy) ribose phosphate
backbone have been successful. One of this is the morpholino oligomer (Figure 15)

wherein the monomers are linked through a carbamate linkage.>>* The second generation
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of morpholino DNA with a phosphoramidate®® linkage exhibited better stability invitro
assay. To avoid the loss of bioactivity through major structural modifications and impart

only the nuclease resistance, oligonucleotides having only 5’ or 3’ terminal modifications

have been studied.
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Figure 15 Morpholino nucleoside

These have a central core of unmodified DNA structure, but at the ends have
either phosphorothioates or O2'-derivatized nucleosides that are resistant to 5'/3'
exonuclease susceptibility. Although these exhibited favorable properties for antisense

activity, many phosphorothioates showed non-antisense effects as well as leading to

adverse clinical side reactions.

Table 1 Activities of various DNA analogues towards Rnase H and nuclease
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Backbone analogues Activation of Rnase H Resistant to Nuclease Chiral center

Phosphorous Analogues

Phosphodiester Yes - NO
Phosphorothioate Yes + Yes
Phosphorodithioate Yes ++ NO
Methylphosphonoate NO ++ Yes
Phospohoraimidate NO + Yes
Alkylphosphoro triester NO + Yes
Non- Phosphorous Analogues

Sulfamate NO ++ NO
3’-Thrio formacetal NO ++ NO
Methylene methylimino NO ++ NO
3’-N-carbamate NO ++ NO
Morpholino carbamate ~ NO ++ NO
Peptide Nucleic acids NO ++ NO

-Rapidly degraded by Nuclease, + Resistant to Nuclease, ++ NO nuclease degradation

1.8 Base modifications

Modification of the heterocyclic bases may enhance binding affinity with the
complementary RNA fragment via WC bonding or with the duplex DNA via Hoogsteen
bonding and may impart nuclease resistance. These modifications may have an impact on
stacking interaction, hydrogen-bonding, donor/acceptor properties, pKa, steric or

electrostatic effects. Selected modified bases are shown in the Figure 16.
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Figure 16 Modified Nucleobases
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1.9 Spectroscopic methods for studying the DNA duplexes, triplexes and DNA-PNA
complexes.

A number of physicochemical techniques have been used to study the properties
of duplexes and triplexes of nucleic acids. In the spectroscopic methods, UV absorbance
and circular dichroism are very sensitive to the interactions of nearby bases which are

stacked in the helical complexes. The principles are outlined in the following sections.

1.9.1 UV Spectroscopy

The two strands of a DNA helix readily come apart when hydrogen bonds
between its paired bases are disrupted. This can be accomplished by heating a solution of
DNA (called DNA-melting) or by adding acid or alkali to ionize its bases. The melting
temperature (Tm) is defined as the temperature at which the duplex and the single strands
exist in equal proportion (50% each). DNA double helix, in which the two strands are
held together by several reinforcing bonds, is a highly cooperative structure. The double
helix is stabilized by the stacking of bases as well as by base pairing. Hydrogen bonding
contributes in the order of 5-15 kcal/mol/base pair to the stability of the nucleic acid helix
(electronic or intrinsic energy). This contribution is selective, i.e., there is a preferential
stability of the Watson-Crick guanosine-cytosine (G-C) pair relative to all other pairs.
Stacking interactions contribute approximately the same amount as H bonding. The DNA
melting is readily monitored by measuring its absorbance at a wavelength of 260 nm. A
plot of absorbance against the temperature of measurement gives a sigmoidal curve in the
case of duplexes and the midpoint of the transition gives the Tm. In case of triplexes, the
first dissociation leads to the duplex (Watson-Crick duplex) and the third strand

(Hoogsteen strand), followed by the duplex dissociation at higher temperature into two
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single strands. The DNA triplex melting shows a characteristic double sigmoid transition
with separate melting temperature (Tm) for each transition. The lower melting
temperature corresponds to the triplex(duplex transition while the second transition gives

the Tm of the duplex single strand (Figure 17).
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Figure 17 Schematic representation of thermal dissociation of DNA double and triple
helices. Mid point of the transition corresponds to the melting temperature.
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1.9.2 Circular dichroism

Circular dichroism37-38 is a technique to study the chiral molecules that have
chromophores. In case of nucleic acids, the sugar units of the backbone provide chirality
and the bases attached to the sugars are the chromophores. In the CD spectrum of a
polynucleotide with stacked bases, the magnitude of CD signals is larger in the 260-280
nm region and significantly higher at 200 nm than that of individual bases. The base
stacking in a chiral fashion induces the coupling of CD transitions leading to
characteristic patterns. Single stranded ODNs are structurally less well defined than
duplex ODNSs and their CD signal is smaller. The CD pattern of the nucleic acid reflects
the polymorphic forms of DNA such as A-, B-, and Z- forms. The CD signature of B-
form DNA as seen from longer to shorter wavelength is a positive band centered at 275
nm, a negative band at 240 nm, with a crossover at 258 nm (Figure 18). A-DNA is
characterized by a positive CD band at 260 nm that is larger than the corresponding B-
DNA band and a fairly intense negative band at 210 nm. Naturally occurring RNAs and
RNA-DNA hybrids adopt this polymorphic form. The left handed Z-form DNA shows a

negative CD band at 290 nm and a positive band at 260 nm.
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1.10 Peptide Nucleic Acids:

PNA is peptide nucleic acid and was invented by Neilsen et. al 1991°° with
physical properties similar to DNA or RNA but differing in the composition of its
"backbone." PNA does not occur naturally and is synthesized for use in biological

research and diagnostics.
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Figure 19 Chemical structure of DNA and PNA

DNA and RNA have backbone containing deoxyribose and ribose sugars
respectively, whereas the backbone of PNAs is composed of repeating N-(2-aminoethyl)-
glycine units linked by peptide bonds (Figure 19). The various purine and pyrimidine
bases are linked to the backbone by methylene carbonyl bonds. PNAs are depicted like
peptides, with the N-terminus at the first (left) position and the C-terminus at the right.

Since the backbone of PNA contains no charged phosphate groups, the binding between
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PNA/DNA strands is stronger than between DNA/DNA strands due to the lack of
electrostatic repulsion. Early experiments with homopyrimidine strands (strands
consisting of only one repeated pyrimidine base) have shown that the Tm ("melting"
temperature) of a 6-base thymine PNA/adenine DNA double helix was 31°C in
comparison to an equivalent 6-base DNA/DNA duplex that denatures at a temperature
less than 10 °C.**** Mixed base PNA molecules are true mimics of DNA molecules in

terms of base-pair recognition. PNA/PNA binding is stronger than PNA/DNA binding.

Synthetic peptide nucleic acid oligomers have been used in recent years in
molecular biology procedures, diagnostic assays and for potential therapeutics. Due to
their higher binding strength it is not necessary to design long PNA oligomers for use in
these roles, which usually require oligonucleotide probes of 20-25 bases. The main
concern of the length of the PNA-oligomers is to guarantee the specificity. PNA
oligomers also show greater specificity in binding to complementary DNAs, with a
PNA/DNA base mismatch being more destabilizing than a similar mismatch in a
DNA/DNA duplex. This binding strength and specificity also applies to PNA/RNA
duplexes. PNAs are not easily recognized by either nucleases or proteases,’’ making them

resistant to enzyme degradation. PNAs are also stable over a wide pH range. Finally,
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their uncharged nature should make crossing through cell membranes easier, which may

improve their therapeutic value.

1.10.1 Triplex formation with complementary DNA and RNA

Homopyrimidine peptide nucleic acids are known to form highly stable and
sequence specific triplexes upon binding to complementary homopurine sites of ss and
dsDNA.* Displacement of the second, homopyrimidine strand takes place upon binding
of PNA to dsDNA, forming a so-called P-loop. The extremely high stability of
PNA,/DNA triplexes™* is at least partly due to the charge neutrality of the PNA
backbone, that excludes electrostatic repulsion from the DNA molecule, and the presence
of additional hydrogen bonds between the Hoogsteen strand of the PNA and the oxygen
atoms of the DNA backbone. A unique property of PNAs is their ability to displace one
strand of a DNA double helix to form strand invasion complexes, which is an additional
attribute for their application as antisense/antigene agents. Such strand invasion process is
inefficient or absent in DNA or any other DNA analogues studied so far. The strand
invasion by PNA (Figure 20) is dictated by the formation of triple helical structures via
Watson-Crick and Hoogsteen binding modes and is by far confined to the polypyrimidine

PNA oligomers, which form PNA,:DNA triplexes.

1.10.2 Duplex formation with complementary DNA and RNA

PNAs obey Watson- Crick rules of hybridization with complementary DNA
(Figure 20) and RNA. Antiparallel PNA-DNA hybrids are considerably more stable than
the corresponding DNA-DNA complexes.*” The increased stability results in an increase

in Tm of approximately 1 °C/base. Antiparallel PNA-RNA duplexes are even more stable
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compared to DNA-RNA hybrids, and PNA-DNA duplexes.*’ The stability of parallel
PNA-DNA and PNA-RNA duplexes is almost exactly the same as that of (antiparallel)
DNA-DNA and DNA-RNA duplexes respectively. An interesting aspect of PNA-DNA
duplex formation is, that the Tm decreases with increase in salt concentration (ionic
strength) which is contrast to that of DNA-DNA duplex, for which increase in Tm with
salt concentration is observed.*’ Base pair mismatches result in reduction of the Tm value

by 8-20 °C.*! This discrimination is, in some cases, approximately double that observed

for DNA-DNA duplexes.

AH A

oo

. xf

d

o2 b ‘
Triplex invasion  yuple duplex Duplex invasion Triplex
invasion

Figure 20 Schematic representation of PNA binding for targeting ds DNA, PNA (Thick line)

1.11 Structure of PNA complexes

Till date the three-dimensional structures of four PNA complexes have been
established. The PNA-RNA* and PNA-DNA*® duplex structures were determined by
NMR methods, while the structures of a PNA,.DNA triplex47, PNA-PNA duplex48 and

PNA-RNA duplexes were solved by X-ray crystallography (Figure 21).
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PNA-RNA PNA-DNA PNA-DNA-PNA PNA-PNA

Figure 21 Structures of PNA complexes shown in (a) side view (b) top view.
The complexes from left to right PNA-RNA, PNA-DNA duplex, PNA-DNA-
PNA and PNA-PNA (ref Erickson, M. Nielsen, P. E. Quart. Rev. Biophysics
1996, 29, 369.)

1.11.1 Structure of PNA-DNA duplexes

Almost complete structural information has been deduced from the NMR
spectroscopic study of two antiparallel PNA-DNA duplexes (Figure 21).** The DNA
strand is in a conformation similar to the B-form, with a glycosidic anti-conformation,
and the deoxyribose in C2’-endo form. A more recent NMR study®’ showed that an
octameric antiparallel PNA-DNA duplex contained elements of both A-form and B-form.
The primary amide bonds of the backbone are in frans conformation and the carbonyl
oxygen atoms of the backbone-nucleobase linker point towards the carboxy-terminus of
the PNA strand. The CD spectra of antiparallel PNA-DNA complexes are similar to

DNA-DNA spectra and indicate the formation of right handed helix.***
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1.11.2 Structure of PNA-RNA duplexes

The first report elucidating the structure of a nucleic acid-PNA hydrogen-bonded
complex was reported by Brown et al** from solvent NMR solution structure study of
hexameric PNA, GAACTC, with complementary RNA. The study revealed that in PNA
all bases form Watson-Crick base pairs, the glycosidic torsion angle in the RNA strand
indicates an anti-conformation, and the ribose sugars are in the 3’-endo form. The RNA
strand thus resembles an A-form structure. The tertiary amide bonds all are in the cis-
conformation. The carbonyl group of the tertiary amide in PNA backbone is isosteric to
the C2’-hydroxyl group, which increases the solvent contact of the carbonyl oxygen
atom. The CD spectra of antiparallel PNA-RNA duplexes also indicate the formation of a

right-handed helix with geometry similar to the A- or B-form.

1.11.3 Structure of PNA,-DNA triplexes

The structure of PNA,-DNA triple-helix was resolved by the X-ray crystal
structure analysis of the complex formed by bis-(PNA) and its complementary
antiparallel DNA (Figure 21).*’ The nucleobases of the PNA strand bind to the DNA by
Watson-Crick pairing and Hoogsteen hydrogen bonding. The structure exhibited, both A-
form and B-form DNA, and forms a “P-helix” with 16 bases per turn. The DNA
phosphate groups are hydrogen bonded to the PNA backbone amide protons of the
Hoogsteen strand. These hydrogen bonds, together with additional Vander-waal’s contact
and the lack of electrostatic repulsion are the main factors responsible for the enormous
stability of the triplex. The deoxyribose sugar adopted C3’-endo conformation like A-
form and bases lie almost perpendicular to the helix axis, which is characteristic of B-

form DNA. The crystal structure is in agreement with the CD spectra of PNA,-DNA
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triple-helices measured in solution.”® The X-ray structure of self-complementary PNA-
PNA duplex bears a strong similarity to the P-form of PNA,-DNA triplex (Figure 21).*
Several general conclusions can be drawn from these structural studies, because
of its flexible backbone, PNA to a great extent is able to adapt its partner’s conformation
in the complexes. In the PNA-RNA and PNA-DNA duplexes the oligonucleotide adopts
close to its natural A and B-conformations respectively in terms of sugar puckering,
while the helix parameters have both A and B-form characteristics. The PNA however,
prefers a unique, different helix form, the P-form, which is adapted to some extent in the
PNA,:DNA triplex and completely in the PNA-PNA duplex. This P-helix is very wide
(28 A° diameter) and has a very large pitch (18 base pairs). In terms of base pair
conformations it is a very regular helix, and the base pairs are virtually perpendicular to

the helix axis.

1.12 Chemical modifications of PNA
The limitations of PNA include low aqueous solubility, ambiguity in DNA

binding orientation and poor membrane permeability. Structurally, the analogues can be
derived from modifications of ethylenediamine or glycine sector of the monomer, linker
to the nucleobase, the nucleobase itself or a combination of the above. The strategic
rationale behind the modifications (Dueholm et al., 1997) are (i) introduction of chirality
into the achiral PNA backbone to influence the orientation selectivity in complementary
DNA binding, (ii) rigidification of PNA backbone via conformational constraint to
preorganize the PNA structure and to entropically drive the duplex formation, (iii)
introduction of cationic functional groups directly in the PNA backbone, in a side chain

substitution or at the N or C terminus of PNA, (iv) to modulate nucleobase pairing either
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by modification of the linker or the nucleobase itself and (v) conjugation with ‘transfer’
molecules for effective penetration into cells. In addition to improving the PNA structure
for thera peutics, several modifications are directed towards their applications in

diagnostics.
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Figure 22 Chemical modifications of PNA

Solubility was improved by introducing positive charges in the PNA monomers or
by introducing ether linkages in the backbone. Charges were integrated into the PNA by
replacing the acetamide linker with a flexible ethylene linker’® (Figure 23a) or by the
attachment of terminal lysine residues™* (Figure 23c).

Recently, a novel class of cationic PNA (Figure 23b) (DNG/PNA) analogs has
been reported.”® 1In these alternating PNA /DNG chimeras, the O-(PO,)-O- linkage of

nucleotide was replaced by strongly cationic guanidino [N-C(=N+H)-N] function. These
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analogs with neutral and positive linker showed high binding affinity with DNA/RNA
targets.
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Figure 23 Positively charged PNAs a) Flexible ethylene linker,
b) Gaunidium linkages, C) Lysine residues

Introduction of negative charges in the PNA backbone (Figure 24) improved
aqueous solubility and showed good binding with both DNA and RNA.

However, these modified complexes were found to be less stable compared to the
unmodified PNA sequences.”® In a similar approach pPNA-Hyp chimeras were also
synthesized.”” Ether linked PNAs (Figure 24) showed co-operative binding with
complementary antiparallel RNA in a sequence specific manner.”® Oligomers with 29b
showed significantly lower affinity than 24a due to the increased flexibility of the side
chain homologation. The replacement of these monomers with a-methylated derivatives

led to significant enhancement in RNA binding affinity in case of 2R stereoisomer.
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Whereas, presence of 2§ isomer resulted in substantial decrease in Tm indicating

that the substitution in case of S configuration may sterically interfere with RNA binding.
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Figure 24 Anionic PNAs

To ensure sufficient water solubility for RNA binding experiments, lysine was
attached to the N/C terminus of these oligomers (Figure 25).>> This was followed by
another similar report using oxy-PNA oligomers bearing adenine as nucleobase. Binding
studies of these oligomers with complementary DNA showed all-or-none type
hybridization and with high sequence specificity useful for the detection of single base

mismatch DNAs.%°
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1.13 Construction of bridged structures

Conformationally preorganized DNA analogues such as locked nucleic acids®>*
(LNA) in which the prelocked 3'-endo sugar conformation, like in DNA:RNA hybrids,
favors its binding with complementary DNA/RNA sequences.’” Other examples include
conformationally frozen six-membered cyclohexenyl, hexitol,’! and altrito® nucleic
acids.

The cis and trans rotamers arising from the tertiary amide linkage in each PNA
monomer leads to different PNA:DNA/RNA hybridization kinetics in parallel and
antiparallel hybrids due to the high rotational energy barrier between cis and trans
rotameric populations. Any favorable structural preorganization of PNA may activate a
shift in equilibrium towards the preferred complex formation because of the reduced
entropy loss upon complex formation, provided that the enthalpic contributions suitably
compensate. This may be achieved if the conformational freedom in aeg-PNA is reduced

by bridging the aminoethyl/glycyl acetyl linker arms to give rise to cyclic analogs with

preorganized structure. Such modifications also restrain the fluctuation domains of the

51



aeg-PNA (glycyl and ethylene diamine) along with introducing the chirality into PNA
monomeric units with the possibility of further fine-tuning the structural features of PNA

to mimic DNA.

1.13.1 PNA with 5-membered nitrogen heterocycles

The naturally occurring amino acid trans-4-hydroxy-proline, a five-membered
nitrogen heterocycle with useful substitutions and well known and easily manipulated
stereochemistry,”"* % is a versatile, commercially available starting material amenable for
creating structural diversity to mimic the DNA/PNA structures. Many researchers have

exploited tramns-4-hydroxy-L-proline for the synthesis of a wide range of chiral,

constrained and structurally preorganized PNAs.

1.13.1a Aminoprolyl PNA

The introduction of a methylene bridge between B-carbon atom of the aminoethyl
segment and the a" carbon atom of the glycine segment of the aeg-PNA resulted in 4-

aminoprolyl PNA, acco,pained by creation of two chiral centers (Figure 26).°"
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Figure 26
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Incorporation of these monomers at N terminus of aeg-PNA enhanced the
inherent binding and also showed significant discrimination in the orientation of binding.
The stability of such complexes decreases with increasing number of chiral prolyl units
and homooligomers derived from each of the diastereomers (L and D-hydroxy proline)
completely failed to form duplexes. Incorporation of alternating 4-aminoprolyl and
glycine units®® stabilize the complex suggesting that in the homo-oligomer, inter-

nucleoside distances are too low.

1.13.1b Gly-Pro-Peptide PNA

Lowe ef al® used 4-Hydroxyproline for the synthesis of a novel chiral
prolylglycyl PNA. The methylene bridge was inserted between the a'"-carbon atom of the
glycine unit and the B'-carbon atom of the nucleobase linker of aeg-PNA (Figure 27).%%
Oligomers derived of  Prolylglycyl derived PNAs did not bind to the target

complementary sequences due to the high rigidity in the structure, which has the tertiary

amide nitrogen as part of a cyclic ring system on the backbone.
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Figure 27
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1.13.1c Aminoethylprolyl PNA (aep-PNA)

Bridging of the a"-carbon atom of the glycyl segment with the B'-carbon atom of
the nucleobase linker by a methylene group, accompanied by replacement of the side
chain carbonyl with a methylene group, leads to aep-PNA (Figure 28). The flexibility in
the aminoethyl segment of aeg-PNA was retained, unlike that in the proline-glycine
PNA. The oligomers comprising 4-(S)-2-(S/R) aepPNA thymine units showed very
favorable binding properties towards the target sequences without compromising the
specificity. The stereochemistry at the C-2 centre did not bring any significant effect on
the binding ability of the homooligomeric sequences. The mixed pyrimidine hairpin
sequences with cytosine and N-7 guanine aepPNA® units exhibited directional

discrimination in binding to parallel/antiparallel DNA sequences.
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1.13.1d Pyrrolidinone PNA:
A methylene bridge was inserted between the o carbon atom of the aminoethyl
segment and the '-carbon atom of the acetyl linker to the nucleobase of aegPNA (Figure

29).°7 The hybridization properties of PNA decamers containing this analogue with



complementary DNA, RNA and PNA strands were investigated. The oligomers
incorporating the (35,5R) isomer were shown to have the highest affinity towards RNA in
comparison with DNA.®® The fully modified decamer bound to rU;, with a small

decrease in binding efficiency with compared to aeg-PNA.
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In order to get the best characteristics from both the aegPNA and the aep-PNA,
monomer was synthesized restoring the amide character to the pyrrolidine ring nitrogen

via selective C5 oxidation of aep-proline derivatized intermediate® (Figure 20). aepone-

PNA oligomer stabilizes the derived triplexes with DNA but destabilizes the complexes

formed with poly (rA).
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Figure 29a
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1.13.1e Prolyl-(B-amino acid) peptide PNA

The conformational strain in the alternating proline-glycine backbone was
released by replacement of the a- amino acid residue by different f amino acid spacers
with appropriate rigidity.”” Novel pyrrolidinyl PNAs comprising alternate units of
nucleobases modified with D-proline, either D/L. aminopyrrolidine 2 carboxylic acid,

(1R,25)-2-aminocyclopentanecarboxylic acid or B alanine were synthesized (Figure 30).”!
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Figure 30

1.13.1f Pyrrolidine PNA and pyrrolidine PNA-DNA chimera

Insertion of a methylene bridge in aegPNA, linking the a-carbon atom of the
aminoethyl segment and the B'-carbon atom of the tertiary amide linker, afforded the
pyrrolidine PNA Figure 31.7* A fully modified (2R,4S) pyrrolidine PNA decamer formed
very stable complexes with both DNA and RNA targets. The incorporation of the (25,45)
thymine monomer into oligomers and mixed pyrimidine oligomers resulted in a
decreased binding efficiency with the target DNA/RNA sequences.””> The (2R,4R)
isomer was incorporated into a PNA:DNA dimer amenable to the synthesis of PNA:DNA
chimeras.”® The chimeric PNA:DNA bound to the target DNA with decreased efficiency

relative to the native DNA.
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Introduction of the a'-f methylene bridge led to another pyrrolidine-PNA in
which, unlike the previous analogues, the base is away from the pyrrolidine ring by one
carbon (Figure 31&1).72‘1’e The enantiomeric pairs (25,4S) and (2R,4R) formed antiparallel
complexes with RNA much stronger than that of aeg-PNA or other diastereomers. The
(2R,4S) pyrrolidinyl PNA analogues of all four bases lacked the discrimination effects

with respect to either parallel/antiparallel or DNA/RNA binding
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Figure 31a
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1.13.1g A cyclopentane conformational restraint for a peptide nucleic

Based on molecular modeling studies (S,S) cyclopentadiamine ring was used for
conformational restraint of the C2-C3 dihedral angle of the PNA backbone. The trans
cyclopentane modification improves the stability of PNA-DNA triplexes and PNA-RNA
duplexes for a poly-T PNA.” Recently cyclopentyl PNAs"*7 having cis and trans
isomers have been reported (Figure 32). The results suggest that these have a
stereochemistry dependent stabilization effect on binding both DNA and RNA. The
cpPNAs have better selectivity for mismatch DNA sequence and a higher binding to

complementary DNA sequence than the unmodified PNA.
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1.14 Thiazane and thiazolidine PNA
Bregant, et al.” introduced rigidity by induction of ring containing thiazane and
thiazolidine in the backbone of PNA (Figure 33). With the presence of sulfur in ring, both

PNAs showed improved solubility, but, the derived PNA/DNA and PNA/RNA triplexes

were destabilized by larg extent.
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1.15 PNA with six membered ring structures

The six-membered ring systems are conformationally more rigid when compared
to their five-membered counterparts due to high-energy barriers between chair-boat
conformations and preferred low-energy equatorial dispositions of substituents. The
binding abilities of hexose sugar phosphate containing oligonucleotide have been

extensively studied by Eschenmoser et al.”’

The ability of morpholino, hexitol, and
cyclohexene oligonucleotides to bind to DNA/RNA is well established and is dictated by
the conformational preferences of the six membered ring structures. The ability of six-

memberd ring to impart more rigidification into PNA backbone significantly effects the

hybridization properties of PNAs.

1.15a Glucose amine nucleic acids (GNA)
Novel glucosamine based oligonucleotide analogs (GNA) derived from
conformationally constrained sugar scaffold have been synthesized (Figure 34).” GNA

derived oligomers are highly water-soluble.
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Figure 34

In contrast to the homo DNA and hexose oligonucleotides, these bind to RNA to
form stable complexes with an overall affinity comparable to that of DNA to RNA and
are sequence selective. Thermodynamic parameters suggested an entropy gain in GNA

due to the pre-organized scaffold.

1.15b Aminopipecolyl PNA, pip-PNA

Insertion of an ethylene bridge between the «'"-carbon atom of the glycyl segment
and the B carbon of the aminoethyl segment afforded the isomeric analogue 5-
aminopipecolyl PNA (Figure 35).” The preliminary studies indicated that the
homothyminyl mixed-aegPNA sequences consisting the S5-aminopipecolyl unit form

stable complexes with target DNA oligomers.
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Figure 35
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1.15¢c Aminoethyl pipecolyl PNA (aepip-PNA)

Bridging the a'"-carbon of the glycyl unit with the B'-carbon of the nucleobase
linker by a two-carbon ethylene bridge leads to the homologous analogue of aep-PNA,**®
namely, aepip-PNA (Figure 36).%

This chiral six-membered analogue with (2S,5R) stereochemistry upon
incorporation into aeg-PNA-T8 homooligomer or into a mixed T/C PNA oligomer at
different positions stabilized the corresponding PNA,:DNA triplexes . This is interesting
since it was suggested earlier®” that six-membered piperidines are unlikely to stabilize
the PNA:DNA complexes.
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Figure 36 aepip-PNA
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1.15d Piperidinone PNA

Introduction of an ethylene bridge between the a carbon atom and ' carbon atom
in the aminoethyl and acetyl linker resulted in a six-membered ring piperidinone PNA
(Figure 37).% (3R,6R) and (3S,6R) Adenine monomers were synthesized and

incorporated into aegPNA which resulted in a large decrease in the duplex stability.

61



Boc

J}

CO,H

Figure 37 Piperidinone PNA
1.15e Cyclohexyl PNA (ch-PNA)

One of the earliest PNA modifications was to constrain the flexibility in the
aminoethyl segment by introducing a cyclohexyl ring (Figure 38).*' PNA oligomers that
contain cyclohexyl rings in the aminoethyl part showed similar hybridization properties
as unmodified aeg-PNA with complementary DNA where as the (R,R) cyclohexyl
moiety lacked such a property. The complexes formed by the two isomers were of the
opposite handedness, as evident from CD spectroscopy. The synthesis of ethyl cis-
(1S,4R/1R,2S)-2-aminocyclohex-1-yl-N-(thymin-1-yl-acetyl) glycinate was reported via
enzymatic resolution of the frans-2-azido cyclohexanols. The crystal structure of the
intermediate showed an equatorial disposition of the tertiary amide group, with the
torsion angle B in the range 60°-70°. UV-Tm experiments showed that (15,2R) isomer
preferred to bind RNA and (1R,2S) isomer showed higher affinity towards DNA in
homothymine sequences leading to stereo discrimination in recognition of DNA and

RNA.*

Figure 38 ch-PNA
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1.15f Aminoethyl-amino-cyclohexanoic acid:
Rigidity was introduced into the aeg-PNA by replacing the glycyl segment in the
backbone by a-amino cyclohexanoic acid (Figure 39).* Incorporation of these monomers

into oligomers and their DNA/RNA binding properties has not yet been reported.
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Figure 39 Aminoethyl-aminoc yclohexanoic acid

1.15g Morpholino PNA

The set of morpholino analogues with phosphonate esters, amide or ester
linkages between the morpholino nucleoside residues was synthesized (Figure 40).**
Preliminary results indicated that amide-linked morpholino PNAs were better

accommodated in the complexes than the ester or the phosphonate linked oligomers.
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Figure 40
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1.16 Modified nucleobases

Incorporation of modified nucleobases (Figure 41) would facilitate in
understanding the recognition process between natural nucleobases in terms of various
factors such as hydrogen bonding and inter-nucleobase stacking. Further, new recognition
motifs may also have potential applications in diagnostics. 2-aminopurine® hydrogen
bonds with U and T in reverse Watson-Crick mode and being inherently fluorescent, it
permits the study of the kinetics of PNA-DNA hybridization process. 2,6-Diaminopurine

has increased affinity and selectivity for thymine.*
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Figure 41Modified Nucleobases

Pseudo-isocytosine®’ is an efficient mimic of protonated cytosine for triplex
formation. E-base®™ was designed for the recognition of T:A base pair in major groove
and forms a stable triad with T in central position.

Other modifications like hypoxanthine® N4-benzoylcytosine and thiouracil’® have

also been incorporated as modified nucleobases. Combination of thiouracil in PNA chain
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and 2,6-diaminopurine in DNA has been used in the “double duplex invasion” for the

first time. 6-Thioguanine’ was found to decrease PNA-DNA hybrid stability

1.17 PNA-Conjugates

The covalent linking of PNA hybrids to various other molecules like peptides,
DNA, RNA etc. has been exploited to overcome the limitations of PNA such as
aggregation, solubility, cellular uptake and resistance to cellular enzymes and to impart

better therapeutic applications.

1.17.1 PNA-DNA Chimera
The successful applications of the remarkable DNA binding properties of PNAs
are sometimes (sequence/length dependent) hampered by their tendency to self-aggregate

and poor aqueous solubility. Overcoming these limitations and imparting other abilities
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Figure 42 PNA-DNA Chimera

for therapeutic applications such as cellular uptake, RNase H activation properties, have

been addressed by designing covalent hybrids or chimaeras of PNA with DNA,
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functional peptides and other effect or molecules. Three types of PNA-DNA chimeras
(Figure 42) are in place (i) 5'-DNA-linker X- PNA -pseudo-3"" (ii) pseudo-5'-DNA-linker
X- DNA-3' and (iii) pseudo -5'-PNA-linker X- DNA-3". Synthetic protocols have been
developed with protecting groups compatible for carrying out online synthesis of both
PNA and DNA to generate the chimeras. Several interesting properties were noticed in
such covalent hybrids such as co-operative stabilizing effects against proteases and
nucleases, enhanced water solubility and duplex/triplex stabilities dependent on the
structure of chimerae and the linker. The linker can also be a fragment of DNA to
generate PNA-(5')-DNA-(3")- PNA chimera which formed stable duplexes with both
DNA and RNA with a lower stability than corresponding DNA:DNA and DNA:RNA

duplexes.

1.17.2 PNA-Oligopeptide chimera

The conjugation of PNA with peptides containing basic amino acids like lysine
(Figure 43) or arginine resulted in an increase in solubility as well as formation of stable
complexes with DNA” due to the interaction of the positively charged amino acids of the
peptide with the negative anionic phosphate groups of DNA. A PNA-peptide chimera
involvinglinking a 10-mer oligopeptide containing serine, which is a substrate for protein

kinase A was used to assay phosphorylation of serine by kinase.”* The 5-mer PNA
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Figure 43 PNA-Peptide conjugation
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sequence HoN-TAGGGCOOH linked to the N-terminus of various
homooligomeric peptides of cationic amino acids lysine, ornithine and arginine are

shown to inhibit human telomerase.

1.17.3 PNA-Liposome chimera:
A liposome is a spherical vesicle with a membrane composed of a phospholipid
bilayer used to deliver drugs or genetic material into a cell. Liposomes can be composed

of naturally-derived phospholipids with mixed lipid chains.

Figure 44 PNA-adamantyl conjugation

The use of liposomes for transformation or transfection of DNA into a host cell is
known as lipofection. In an effort to equip PNAs with a lipophilic tail that would confer
liposome affinity,” PNA lipid (adamantyl) conjugates (Figure 44) have been prepared
and studied their liposome mediated cellular uptake.”® Liposomal delivery that is often
used for transfection with oligonucleotides has, not been successfully used for PNA
transport.

In recent years, some peptides that translocate over the plasma membrane in an
energy and endocytotic independent manner, have been designed and synthesized. An
extensively studied sequence, derived from the third helix of the Antennapedia

homeodomain,”” is called penetratin. Penetratin or penetratin analogs have been used to
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transport, moreover penetratin is not the only transport peptide that can mediate PNA
transport.”® Antisense PNAs targeted to Escherichia coli genes can specifically inhibit
gene expression, and attachment of PNA to the cell-permeabilizing peptide
KFFKFFKFFK dramatically improves antisense potency. The improved potency

observed earlier was suggested to be due to better cell uptake.

1.18 PNA-Applications

PNA has attracted major attention at the interface of chemistry and biology
because of its interesting chemical, physical, and biological properties and potential to act
as an active component for diagnostic, molecular biological and pharmaceutical
applications. According increase application fields of PNA, the development of cost-

effective method of PNA synthesis becomes more important.
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Figure 45 PNA-Lipd conjugate
1.18.1 Diagnostic applications
PNA has received great attention due to its several favorable properties including

chemical and thermal stability, resistance to the nuclease and protease, stronger and faster

binding affinity to the complementary nucleic acid, hybridization under low salt
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concentration, and higher specificity and sensitivity to the single mismatch. These

properties make PNA a powerful tool for diagnostic applications.

1.18.1a PCR clamping

Inhibition of PCR amplification of a specific target by ‘PCR clamping’® by
which a PNA oligomer is used to inhibit the amplification of a specific target, e.g., by
direct competition with a PCR primer has been used very successfully to detect and

100,101 . 102
7" PNAs were shown to serve as primers

screen for single base-pair gene variants.
for certain DNA polymerases eg. Klenow fragment of DNA polymerase I (E coli) and
reverse transcriptases, even though they have no phosphate residues to interact with
polymerase, which were presumed to be necessary for binding via highly conserved
amino acid residues. When PNA carrying a 5’-amino- 5’deoxythymidine at the carboxyl
terminal end was used as the primer, there was no elongation of PNA primer to yield a
PNA-DNA chimera, in cases of phage T4, phage T7 exo (Sequenase 2.0), Thermus
aquaticus and Deep Vent exo DNA polymerases, as well as HIV-1 reverse transcriptase.
It was also found that the elongation of PNA primer was less efficient for the Polymerase
(Thermus theromophilus) and the reverse transcriptases from avian myeloblastosis virus

(AMV) and moloney murine leukemia virus (M-MuLV).'”

1.18.1b Lightup probes
The method involves the detection of specific nucleic acid sequences in
homogeneous solution using a probe with such a dye covalently attached to PNA (peptide
104

nucleic acid) via an aliphatic linker (Figure 46). This so called LightUp probe ™ upon

hybridisation with complementary DNA, results in affording a strong enhancement of the
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fluorescence. Up to a fifty-fold increase in fluorescence intensity has been achieved with

a Lightup probes. The common binding mode of asymmetric cyanine dyes is intercalation

between the bases of DNA.
Probe
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Figure 46 Schematic representation of lightup probes

1.18.1c Molecular beacons (MB)
These represent probes carrying a fluorophore and a quencher at their
termini.'™ These probes are ingeniously designed to exhibit a fluorescence signal on

binding to complementary targets, thus allowing the real-time quantitative monitoring of

hybridization (Figure 47).
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Figure 47 Molecular becon

MB and other fluorescent probes have become very useful tools for DNA
diagnostics. To use them, however, DNA must be in a denatured single- stranded (ss)
form to allow Watson-Crick pairing of the MB to the target site. This requirement limits
applications of MB. To over come this Heiko Khun et all reported PNA becons for

duplex DNA.'®

1.18.1d Q-PNA:

It is a new fluorogenic method for sealed-tube PCR analysis using a quencher-
labeled peptide nucleic acid (Q-PNA) probe. The Q-PNA hybridizes to a complementary
tag sequence located at the 5' end of a 5' fluorophore-labeled oligonucleotide primer,
quenching the primer's fluorescence. Incorporation of the primer into a doublestranded
amplicon causes displacement of the Q-PNA such that the fluorescence of the sample is a
direct indication of the amplicon concentration. The Q-PNA is able to quench multiple

primers bearing distinct 5' fluorophores in a single reaction.'®

1.18.1e Micro Array:
An array is an orderly arrangement of samples. It provides a medium for matching

known and unknown DNA samples based on base-pairing rules and automating the
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process of identifying the unknowns.'”” In PNA micro array technology PNA probe is
synthesized either in-situ or by conventional synthesis followed by immobilization on-
chip. The array is exposed to the labeled DNA, and the identity and the abundance of the
complementary sequence are determined. This technology is use full in gene discovery,

disease diagnosis, pharmacogenomics and toxicogenomics.

1.19 Biological applications

1.19.1a PNA as anticancer agent (Inhibition of human telomerase)

PNA-peptide duplexes, which can penetrate into cells, have been used in anti-
cancer applications. In this manner, telomerase activity in human melanoma cells and
tumour specimens was inhibited by PNA conjugated with Antennapedia derived peptide

(Antp) at nm concentrations.'®*

bis-specific inhibitor
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Figure 48 Design of PNA-peptide conjugates for inhibition of human telomerase
Telomerase is almost ubiquitously expressed in human tumors. Human telomerase
is a ribonucleoprotein that adds repeated units of TTAGGG to the ends of chromosomes

108b
known as telomeres.

Human telomerase consists of a catalytic protein subunit the
telomerase- reverse transcriptase component (hTERT), one or more additional proteins

and an integral RNA component (hTR) that serves as a template for the synthesis of
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109

telomeric repeats. ~ The high telomerase activity found in tumor cells has aroused

10 Tnhibition of

interest in its use as a potential target for anticancer chemotherapy.
telomerase activity by conventional DNA oligomers and phosphorothioates showed poor
sequence selectivity of these compounds.''' In-vitro studies by Corey et al''? using
Telomere Repeat Amplification Protocol (TRAP) showed that PNA can inhibit the
telomerase activity by binding to RNA component of enzyme in picomolar to nanomolar
range and the inhibition is due to sequence-selective PNA-mediated inhibition of
telomerase activity.

In another approach PNAs were introduced into the cells by transfection using
cationic lipids113 (lipofection). These PNAs were directed to non-template regions of the
telomerase RNA that can overcome RNA secondary structure and inhibit telomerase by
intercepting the RNA component prior to the holoenzyme assembly. The presence of
cationic peptides at the N-terminus of the PNA resulted in enhanced inhibition of

14 In addition to these

telomerase activity when targeted to the RNA template.
applications, PNAs have been exploited for plasmid labeling'” and duplex DNA

capture,''® PNAs composed of trans-4-hydroxy-L-proline based monomers and

phosphono derivatives were used to isolate mRNA free of genomic DNA.

1.19.1b PNA as delivery agent.

A major limitation of non-viral gene therapy is the low efficiency of gene transfer
into target cells. PNAs can be use as adapters to link peptides, drugs or molecular tracers
to plasmid vectors. According to the binding site, the coupling of PNAs to plasmids has
no effect either on the transcription of genes included in the plasmid or on the plasmid's

physiological activities. Thus, this approach allows circumventing such barriers to gene
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transfer and fixing drugs to plasmids in order to enhance the gene delivery or tissue

17 observed an 8

specific targeting. Using a triplex forming PNA as linker, Braden et a
times higher nuclear localization of a coupled nuclear localization signal (NLS) than did

the free oligonucleotide (Figure 49).
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Figure 49 Schematic representation of the target site in the antisense Cy-5 oigonucleotide
hybridizing to the sense PNA-NLS peptide. The PNA-NLS/oligonucleotide complex binds

to the karvonherin-a/B nroteins. The xomnlex is then transnorted in to the nucleus.

1.20 Antisense and antigene applications

Originally conceived as agents for double stranded DNA binding, the unique
properties of PNAs as DNA mimics were first exploited for gene therapy drug design.
PNAs can inhibit transcription (antigene) and translation (antisense) of genes by tight
binding to DNA or mRNA. PNA-mediated inhibition of gene transcription is mainly due
to the formation of strand invaded complexes or strand displacement in DNA target.
Several in vitro studies have shown that the binding of PNA or bis-PNA to dsDNA can
efficiently block transcriptional elongation and inhibit the binding of transcriptional
factors and helicases. Thus, Boffa et al''® reported that PNA invasion of the tandem CAG

repeat of the human androgen receptor and the TATA binding protein, inhibits the

74



transcription of these genes. Application of PNAs as antisense reagents was first
demonstrated in 1992. The nuclear microinjection of a 15-mer PNA targeting the
translation start region of SV40 large T antigen mRNA inhibited transcription in cell

extracts. ' This inhibition was both

cRNA=<—  / \—=RNA;  RNA=— [ \—=RNA ,,

3t —— 5 3 — 5
a
l b\PNA
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5—\_/:73'
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Figure 50 Transcription initiation from PNA:DNA strand displacement loops

Schematic representation of in vitro transcription from purified DNA fragments containing a
single (a) or a double [two sites in cis] (b) or two sites in trans (c) PNA target showing the
displacement loops and the start and possible directions of RNA synthesis indicated by arrows
(full line:observed).

sequence-specific and dose-dependent. More recently, Mologni et al'?® reported the effect
of 3 different types of antisense PNAs on the in vitro expression of PML/RAR gene. The
PNAs used targeted various sites involving AUG sites, coding sequences and the 5'-

untranslated region (UTR).

1.20.1 PNA as artificial transcription promoters

In genetics, a promoter is a DNA sequence that enables a gene to be transcribed.
The promoter is recognized by RNA polymerase, which then initiates transcription. In
RNA synthesis, promoters are a means to demarcate which genes should be used for

messenger RNA creation and, by extension, control which proteins the cell manufactures.
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Homopyrimidine peptide nucleic acids (PNAs) form loop structures when binding to
complementary double-stranded DNA by strand displacement. RNA polymerase
recognizes these and initiates RNA transcription from PNA/double-stranded DNA strand
displacement complexes at an efficiency comparable to that of the strong Eschenchia cofl

lac UVS5 promoter.

1.20.2 PNA conjugates as artificial restriction enzymes

A restriction enzyme (or restriction endonuclease) is an enzyme that cuts double-
stranded DNA. This method involves peptide nucleic acid (PNA)-directed design of a
DNA-nicking system that enables selective and quantitative cleavage of one strand of
duplex DNA at a designated site, thus mimicking natural nickases and significantly
extending their potential (Figure 51). This system exploits the ability of pyrimidine PNAs
to serve as openers for specific DNA sites by invading the DNA duplex and exposing one
DNA strand for oligonucleotide hybridization. The resultant secondary duplex can act as
a substrate for a restriction enzyme, which ultimately creates a nick in the parent DNA.'*!

The efficiency of this cleavage is more than 10 fold enhanced when a tandem
PNA site is targeted and the site is trans oriented. Thus, PNA targeting makes the single
strand specific nuclease S1 behave like a pseudorestriction end nuclease. Tethering a
metal binding ligand such as Gly-Gly-His tripeptide to bis-PNA has been used to probe
the structure of the DNA. Gly-Gly-His tripeptide placed on either the Watson- Crick or
Hoogsteen bis-PNA strand forms a nickel complex that mediates cleavage at specific

sites on the proximal displaced and hybridized DNA strands.'*
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Figure 51. Artificial restriction enzymes: a) single cleavage by PNA
b) double strand cleavage by double PNA clamping.

1.21 Present work

The above sections describe the current literature on Peptide Nucleic Acids with
reference to structural variations and biological applications. The strand invasion
property along with its high affinity and specificity to complementary DNA/RNA has
prompted it as a useful tool in therapeutics and biology. However, due to limitations like
poor aqueous solubility, self-aggregation, poor cellular uptake and ambiguity in binding
orientation has limited further exploitation of PNA in practical applications. In order to
circumvent these problems further modifications and the synthesis of newer PNAs to
improve their properties, continue to elicit interest. To overcome the problems associated
with PNA, there is considerable interest in chemical modifications of PNA backbone to
enhance the selectivity as well as the discrimination towards the DNA/RNA and cellular
uptake. To induct these properties into PNA, certain degree of chirality and rigidity is

needed in PNA backbone.
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In this connection Chapter 2 deals with the synthesis and characterization of novel
amp monomers (Figure 52) and their site specific incorporation in to aeg PNA oligomers.
The rational behind the synthesis of amp monomers was to induce rigidity and chirality in
to the aeg backbone. The synthesis of these amp-monomers can be achieved by
bridging the backbone atoms with the side chain as shown in (Figure 53) to bridge the a-

carbon of the ethylendiamine with a'-carbon of the glycine unit.

\\"“O‘CO H

N COH N 2
NH Boc EH Boc
= moc
MO (25,5R) (2S,55)
® HOZ_)\
|‘“‘. N " COH rQ’u: CO,H |\\\' N COH
NH Boc NH Boc NH Boc
Fmoc Fmoc Fmee
(2R,5S) (2R,5R) (25,4S,5R)

Figure 52 amp (aminomethylprolyl) monomers

This modification restricts movement in both the aminoethyl and the glycyl

segments of the aeg-PNA and restrain the fluctuation region of y and 0 torsion angles.

\ E(X BY 6 (S II;II 4 ,’r-- "
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Chapter 3 describes the biophysical studies various amp PNA oligomers (octamers)
were synthesized, by incorporation of (25,5R), (25,5S), (2R,5S), (2R,5R) and (25,4S,5R)
amp PNA monomers at specific sites to investigate the binding efficiency and selectivity
towards DNA/RNA. The UV-melting studies were carried out with all synthesized
oligomers (Table-1) and the Tm data was compared with the control aeg-PNA-Ts. The
CD spectra of amp PNA single strands and corresponding complexes with
complementary DNA were recorded.

Chapter 4 is divided in to two sections, section I presents a brief account of
various synthetic methodologies to achieve the synthesis of 2,5-disubstitiuted
pyrrolidines.

Section II describes the chemical studies towards synthesis of (25,5S) Pyrrolidine
dicarboxylic acid and (25,4S,5R) Bulgecinine (Figure 54) by employing electrochemical
oxidation to functionalize the C5 carbon of the proline and 4-hydroxyl proline
respectively. These disubstituted pyrrolidne based natural products with structure close to

amp PNA monomers (Figure 52).

HO
HO— " I
\[ | N CO,H
oH H
(28,5S) Pyrrolidine dicarboxylic acid (2S,4S,5R) Bulgecinine

Figure 54
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CHAPTER 2

Synthesis and assignment of configuration of amp-monomers and

it’s incorporation into aeg-PNA oligomers.

2.1 Introduction
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Among all the DNA mimics, PNA introduced by Nielsen et. al' in 1991 has been
found to mimic many properties of DNA. The structure of PNA is remarkably simple, the
repeating unit of PNA consisting of N-(1-aminoethyl)-glycine units linked by amide
bonds and the nucleobases (A, G, C and T) attached to the backbone through methylene
carbonyl linkages. Thus PNA lacks sugar and phosphate groups, making it acyclic,
neutral, achiral and homomorphous. PNA is resistant to cellular enzymes and has strong
affinity towards complementary DNA/RNA. Homopyrimidine PNA oligomers bind
strongly to complementary DNA by Watson-Crick and Hoogsteen bonding to form
[(PNA),:DNA] triple helices that are much more stable than the corresponding DNA-
DNA hybrids. The unique character of PNA is binding to duplex DNA by strand invasion
forming both parallel (N-terminus of PNA to 5’ end of the DNA) and antiparallel C-

terminus to 5’ end respectively) complexes.

[e]

Figure 1 Chemical structure of DNA and RNA

In contrast to homopyrimidine sequences, mix sequences of PNA bind to

complementary DNA/RNA with 1:1 stoichiometry to form duplexes. Here binding can be
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in either parallel or antiparallel mode, the latter mode having higher stability than parallel
hybrids with high sequence specificity and afﬁnity.2 These favorable hybridization
properties™ with high chemical and bio-stability’ make PNA a promising lead for
development as efficient antisense agents and medicinal drugs.” However inspite of these
advantages, PNA suffers from poor membrane permeability, inadequate solubility
problems, ambiguity in binding orientation and lack of selectivity towards DNA/RNA.

These characters limit PNAs potential as an antisense agent.

To address the limitations of PNA for biological applications several
modifications have been introduced into the classical PNA monomer® and many of these
modifications have resulted in only marginal effects in terms of hybridization properties.
However, these studies have pointed out the importance of rigidity and preorganization of
PNA for effective complexation with complementary DNA. From this laboratory there
have been several reports on the introduction of novel five membered pyrrolidine rings
into PNA backbone to impart chirality as well as conformational constrain in the PNA

backbone’ resulting in both neutral and positively charged PNA oligomers (Figure 2).
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B pipecolyl-PNA!®
CO,H

ip-PNAS
o 4-OH-amp-PNA amp-PNA

Figure 2 Conformationally constrained PNA analogues’

2.2 Rationale behind the design:
The work presented in this thesis is directed towards the introduction of chirality
and conformational constrain in the classical PNA backbone to control the orientation

selectivity and specificity in binding by preorganization. This can be achieved in several
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ways as shown in Figure 2 to obtain neutral and positively charged monomers. Bridging
the B-carbon of ethylene diamine unit and a”-C of glycine unit with a methylene afforded
the neutral ap-PNA analogues. Bridging the a-a" carbons of the classical PNA results the
another class of neutral monomers (amp-PNA). Bridging the a-f', B-a' and a"-B' gave
the positively charged preorganized PNA monomers. These kind of modifications
involve the introduction of rigidity to the flexible aminoethyl glycyl backbone and or
nucleobase side chain, simultaneously introducing chirality in the molecule wit h the

generation of one or two asymmetric centers.

 H 8 H S HN
YNQ/BlN/ﬂ(N/\' Boc E\A\N/‘ln/OH L \'\'J@i"‘WOH
o) X1 H

(@] o o' (0] 0
x2 O ﬂ
X3

B
aeg-PNA B=AGC&T amp PNA
L/D-cis/trans

Figure 3 Rational behind the design

The present work is directed towards the synthesis of aminomethyl prolyl amp-
PNA which were designed by bridging the a-a" carbons of the classical aeg-PNA with
ethylene bond (Figure 3). This novel approach creates two chiral centers and less rigidity
in aeg backbone compared to other cyclic modifications. This modification restricts
movement in both the aminoethyl and the glycyl segments of the aegPNA and restrain
the fluctuation region of y and J torsion angles.

A similar kind of modification but containing a sulphar atom in the ring was

reported by Chassaing et. al in 2001 (Figure 3a).*
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S S
Boc 1 B 1
E\/LN COZH ch\\“"lLN COQH

073 O;g
B B
syn-amt-PNA monomer anti-amt-PNA monomer
Figure 3a amt-PNA monomers
2.3 The Objectives of the present chapter are:
1. Functionalization of C5 of the proline ring to introduce a methoxy function that can be

subsequently used for the conversion to the amino-methyl group, which is a part of the

aminoethyl segment of the aeg PNA backbone.

43 -

! \

2 HN I, \
MeO'V”'%@"""COZCH3 = W\N/WCOZCHs

Boc Boc

2. Synthesis of N-(tert-butoxycarbonyl)-fluorenylmethoxycarbonyl-aminomethyl- L/D
proline isomers (Figure 4) for the synthesis of the PNA oligomers starting from L/D-

proline.
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I‘m-z \ >"u CO,H """ cO,H (D-Proline Derived)
NH Boc NH Boc
Fmoc Fmoc
(2R,5S) (2R,5R)
22 23

Figure 4 amp (aminomethylprolyl) monomers

3. Synthesis and characterization of amp-PNA oligomers (Figure 5) employing both

orthogonal and submonomer strategy.

4. Biophysical studies of the characterized amp-PNA oligomers using thermal UV- and

CD-spectroscopy.

———

————

Jog
bl
S

PNA amp PNA

N §

(70
H

7

!

NH

[e)
N

NH

Figure 5 Chemical structure of PNA and amp-PNA
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2.4 Synthesis of amp-PNA monomers
Synthesis of (2S,5S ) and (2S, 5R) -N1-(tert-Butoxycarbonyl)-5-[(NFluorenyl-

methoxycarbonyl) aminomethyl]-Proline (9 and 10)

The synthesis of target amp PNA monomers 9 and 10 (Figure 4 and Scheme 1)
was achieved starting from L-proline 1, which on treatment with thionyl chloride in
methanol afforded the 2-carboxymethyl ester 2 as its hydrochloride salt. The ring
nitrogen (N1) of the ester 2 was protected as fert-butoxycarbonyl by treatment with fert-
butyl carbazide and triethyl amine in dioxane/water to provide the WN-(tert-
butoxycarbonyl) proline carboxymethyl ester 3. This was then subjected to electro-
chemical oxidation employing Ross-Eberson- Nyberg reaction.!” Earlier reports'’ on use
of this reaction on substituted pyrrolidine have revealed that the methoxylation occurs at

the least substituted site adjacent to the nitrogen atom.

4 3 SOCl, MeOH, Dioxane/H,0,
2 rt, 10h, 98% NEty, 50 °C, 90%. &
9 9
SN\ coH = N\~ COMe Boo, = N\~ ~Co,Me
H H,CI- Boc
1 2

0-5°C, 12h, 98%

3
MeOH, TBATFB,
Graphlte electrode

N&CO Me + MeONQ\ CO,Me
Boc

4 4
DCM, TMSICN,
TMSiOTF(Cat),
A & -35 °C, 30min, 50%.
cN” YT TCOMe 4 o™ TCOMe
Boc Boc
6. S
major (25,5R) minor (25,55)

Scheme 1: Synthesis of (2S,5R) and (2S,5S5) nitriles
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The anodic oxidation involved the treatment of ester 3 with methanol as a solvent-
reagent and tetrabutylammonium-tetraflouroborate as a supporting electrolyte and
passing a constant current of 0.06F/cm” (260 mA) using graphite electrodes. The reaction
mixture was cooled to ice temperature before passing the current and the temperature of
the reaction was maintained between 0-10 °C for about 12 h. The efficiency of the
reaction depends on controlling the temperature and current optimally to avoid the
formation of C-2 and C-5 dimethoxylated products. Compound 4 formed in 95% yield, as
a non-separable diastereomeric mixture. The formation of C5-methoxylated compound
was confirmed by the observance of multiple peaks for C5-methoxy (OCHj;) at & 3.30-
3.45 in '"H NMR and appearance of peaks for (OCH;) at 8 51.64 in °C NMR. The
mechanism of methoxylation (Scheme 2) involves electrochemical removal of one
electron from the lone pair on nitrogen in the initial step when inert supporting
electrolytes (an electrolyte added to the solution for the sole purpose to increase the
solution conductivity, while the electrolyte does not take part in any reactions) are used.'®
This reaction was explored in the synthesis of C-5 methoxyproline, which is the key

intermediate in the synthesis of amp submonomers.
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Scheme 2: Mechanism of electrochemical oxidation

The diastereomeric mixture of compound 4 was treated with TMSCN in DCM
employing catalytic amount of TMSTF at —35 °C for about 30 min, the reaction was
quenched at - 35 °C using dry methanol resulting the formation of C5-nitriles'’ 5 and 6 in
50% yield. The product obtained as diastereomeric mixture was separable by
chromatography on neutral alumina. The formation of compounds 5 and 6 confirmed by
appearance of new peaks in the IR spectrum at 2260 cm™', and appearance of a signal at &

118 (C5-nitrile group) in the >C NMR.
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Scheme 3: Synthesis of (25,55) and (25,5R) amp-PNA monomers

The diastereomers 5 and 6 showed different sign and magnitude of optical
rotation of 5 (Ja]p= —93.7) and 6 ([a]p= +41.8). These were individually subjected to
hydrogenation at 65 psi, in MeOH employing Raney Ni as catalyst to afford the 5-
methylaminoproline methyl esters 7 and 8. The identity of compounds 7 and 8 was
confirmed by the appearance of peaks at 3100 and 3200 cm™ in the IR spectrum due to
the 5-methyl amino group. These amino compounds upon hydrolysis in 2N NaOH in
MeOH yielded the sodium salt of the acid, which on treatment with fluorenyl
chloroformate afforded the required amp monomers 9 and 10 in 30% yield, along with
the by-product 10a (Scheme3). Compound 10a was characterized by NMR and Mass

spectral data. When the reduction reaction was carried out in the presence of Pd(OH),
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formation of compound 10a was observed in high percentage compared to that of the
required monomers 9 and 10 (Scheme 3). The formation of compounds 9 and 10 was
supported by observance of characteristic signals for Fmoc aromatic protons at 6 7.26-
7.78 in "H NMR and appearance of peaks for (Fmoc-CO) at & 141.2 in °C NMR. The
observed mass for compound 9 is 491.50 (M+Na) and for compound 10 is 491.15
(M+Na) was in agreement with calculated mass 466.
Electro-oxidation

Electroorganic chemistry can be classified into two categories, that is, direct and
indirect reactions. In both categories, the reaction is initiated by transfer of electron
between electrode and a substrate A, and as shown in eqn (1), the substrate A is
transformed to an anion radical or a cation radical depending on the transfer of electron.
When the starting substrate A is radical or ionic species, the pattern of transformation of
A is such as shown in eqn 2, where -e means the removal of one electron, and -2e means

removal of two electrons; +[e] means addition of electrons in appropriate numbers.

-€ -€ - -€
Az_ —_— A —_— —_— + — A2+ 1
+e +e +e +e
-e -
AT A— A 2
+e +e

Electro-organic chemistry is to investigate the chemical behavior of activated
species of A in solution. The generation of the similar activated species may be possible
by using common organic reactions. The chemical behavior of the same activated species
is, however, often different between electro-organic chemistry and common organic

chemistry. One of the major causes of this difference is that in an electro-organic
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reaction, the activated species is not formed uniformly in homogeneous solution, but is
generated only on the surface of electrode, whereas in common organic reactions, the
active species is uniformly distributed in the solution. This difference in location of
generation of activated species and in distribution of activated species brings about great
difference in the reaction of the activated species.

Argon Cathod

Anode

./

Electro Chemical Cell

Viewed from the standpoint of organic synthesis, electroorganic chemistry has
remarkable characteristics. In common organic reactions the reaction generally takes
place between nucleophilic reagents (Nu) and electrophilic reagents (E), while reaction
between reagents of the same polarity is not possible. Therefore, the inversion of polarity
of one of the reagents is essential for carrying out the reaction between Nu and Nu or E
and E. The inversion of polarity of reagents (Umpolung) is, however, not facile in
common organic reactions, whereas in electroorganic reaction, the process of formation

of the activated species is the Umpolung itself as shown in eqns (1) and (2). Thus, one of
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the major characteristics of electro organic chemistry is the facility of Umpolung, which

makes a variety of organic syntheses possible.

2.5 Assignment of absolute stereochemistry at Cs position of amp PNA monomers (9
and 10).

An important aspect remaining in the characterization of (25,55) and (25,5R) amp
PNA is the assignment of the configuration at C5 position where a new chiral center was

generated upon anodic oxidation. This was achieved as described in Scheme-4.

l\u--'D\CO H— l\\“"Q\CO H— NO Cyclisation

N 2 2
NH Boc NH2 Boc
Fmoc 9 o DMF,HOBT,HBTU
—_| DEA/DCM (50%) — DIPEAI, 100
8h,rt.
Boc
N o
NH Boc NH Boc NH
Fmoc 10 212 13

Scheme 4 Configuration assignment of compound 9 and 10 amp monomers

Compounds 9 and 10 were individually treated with 50% DCM/DEA at rt for
about 8 h to furnish the amino acids 11 and 12. Compound 12 when treated with
HOBT/HBTU, in DMF, amino acid 12 furnished the compound 13. The formation of
compound 13 was confirmed by appearance of peaks in IR spectrum at 1690 cm™ and
observance of carbonyl (CONH) peaks at & 172 in °C spectrum. The observed mass for
compound 13 is 227.11 (M+1) was in agreement with the calculated mass 226. In case of
amino acid 11, no cyclisation product was observed. In compound 12 and hence in 10 the
C5 and C2 substituents must be are cis to each other to obtain the cyclized product. Since

the configuration at C2 is known in acid 10, which is same as in starting material L-
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proline, the absolute configuration at C5 in the compound 10 that is cis to C2, would be R
(2S,5R). The absolute configuration of acid 9 is therefore (25,55). In another approach the
configuration at C5 was assigned by preparing (25,5S5) pyrrolidine dicarboxylic acid a

marine natural product from the nitrile ester 5, which is discussed in chapter 4. '

Vel
NC ™'\~ ~~CO,CH,

Boc Boc
> (28,55) Pyrrolidinediarboxylic acid

HO,C “"Q‘co H

2

Scheme 4a

2.6 Synthesis of (2R,5S) and (2R,5R)-N1-(tert-Butoxycarbonyl)-5-[(N- Fluorenyl
methoxycarbonyl) aminomethyle]-proline (22 and 23).

The synthesis of (2R)-5-[(N-fluorenylmethoxycarbony) aminomethyl-N1-
(tertbutoxycarbonyl) proline 22 and 23 were similarly achieved starting from D-proline
14 (Scheme 6). The steps involved esterification of D-proline, protection of the ring
nitrogen, C5-functionalization by anodic oxidation and conversion of the 5-methoxy-N1-
(tertbutoxycarbonyl) proline methyl ester 17 to the separable C5-nitrile diastereomers 18

and 19.
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4 3 SOCl, MeOH, Dioxane, H,O,
5[ 1 5; rt, 10h,98% NEt;, 90%. { E',,
" —_— ' —_—
|’_\|l COZH N ] Cone BOC,N3 EOC Cone
H,CI- 16
14 1=

MeOH, TBATFB,
0-5 °C, 12h, 98%

260mA,
Graphite electrode

NO OMe D

0N "
Meo™ Ny "COMe + Meo" “NT T COMe

Boc Boc
17

DCM, TMSICN,
TMSIOTF(Cat),

D / 5 -35°C, 30min, 50%.
N7 "COMe 4 oW COMe

CN
Boc Boc
minor major
19 (2R,5R) 18 (2R,5S)

Scheme 5: Synthesis of (2R,5R) and (2R,5S) nitriles

The two nitrile compounds were subjected to reduction to get the amino- methyl
ester 20 and 21, which were hydrolysed using 2N NaOH, followed by protection of the
amino group employing Fmoc-Cl to furnishe the required amp PNA monomers 22 and
23. The integrity of these monomers were confirmed by the appearance of peaks for
(Fmoc protons) at 8 7.74-7.28 in '"H NMR and observance of peaks for (Fmoc aromatic
carbons) at §127.57-125.21 in >C NMR. The observed mass for compound 22 is 467.16
(M+1) and for compound 23 is 467.48 (M+Na) both in agreement with the calculated

mass 466.
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(2R,5R)
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Scheme 6: Synthesis of (2R,5R) and (2R,5S)-amp monomers.

2.7 Assignment of absolute stereochemistry at C5 position of
compound 18 and 19

(amp monomers).

The absolute stereochemistry at C5 of the compounds 18 and
19 was assigned as described in Scheme-7. The two 5-cyano proline
esters 18 and 19 were individually subjected to hydrolysis in 6 N HCI
for about 14 h to afford the hydrochloride salt of the

"
—>Nc"'£N>"'cone —>Hozc"'£N>"'cozH —=H,CO,C™" :Nj 'CO,CH,

Boc H,Cl |2_|6
18 24

1) DCM, TMS-CN,

MeO"’O\

3) MeOH, SOCI2 (2.5 equiv.),

COH—1 TMSOTF (cat), —1 2) 6 N HCI, reflux,
Boc 235 °C, 30 min, 50%. 18 h. NaHCO;, 30%.
! e )
NC’Q "'co,Me HOZC’Q"' COH H,CO,C™ N7 " CO,CH,

Boc

H,ClI
19 2

25
Scheme 7 Configuration assignment of esters 18 and 19

H
27

pyrrolidine 2,5-dicarboxylic acids 24 and 25. These diacids were
subjected to esterfication employing SOCI, in MeOH followed by
neutralization to furnish the diester 26 and 27 in 30% vyield. The
magnitude of the optical rotation of compound 26 is [a]p= 0 since the
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configuration at C2 in ester 18 is known as R, the stereochemistry at
C5 of diester 26 is cis to C2 (meso) with R configuration, and hence
the configuration of ester 18 is (2R,5S). The stereochemistry of
compounds amp 22 and 23 are therefore (2R,5S) and (2R,5R)
respectively.
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2.8 4-Hydroxy amp monomer:
Rational behind the design

The amp monomers (9, 10) and (22, 23) enable the study of the constrain and
steric effects on the hybridization properties of incorporated PNA oligomers with
complementary DNA. It will not provide any information about conformational effect of
the proline ring. Proline is a cyclic imino acid and the bridging of the a-carbon atom to
the main chain amide nitrogen atom by 3 methylene bridge imposes further constrain on
the main chain torsion angles ¢ and y (Figure-5A).

o) O

- (04
@ X X1
§C Cp
c
¥
B

Figure-5: Main chain torsion angles of amino acid residues in polypeptides A;
Endocyclic torsion angles in amino acid proline B.

Proline and substituted-proline rings exhibit two types of ring-pucker, and in
analogy to ribo and deoxyribo sugars, they are named as N (y-exo) and S (y-endo)
puckers. These ring-puckers are also expressed in terms of endocyclic torsion angles
(Figure 5B). In proline the two puckers are almost equally preferred and the energy
barrier to inter-conversion is very low.”’ However, in 4-substituted prolines, depending
on the steric and electronic effects exerted by the 4-substituent, pyrrolidine ring may

prefer any one of the ring-pucker, as found in both its crystal structures and in solution.”
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This pucker preference has been attributed to the phenomenon of hydroxyl-amide gauche

effect.?t %

Y-exo (N) v-endo (S)

Figure 6: Ring-puckers of the pyrrolidine ring in proline and substituted proline

Gauche effect on the ring-pucker preferences

Gauche effect may be described as “the preference of two electronegative atoms
X and Y in vicinally substituted ethanes to remain gauche with respect each other rather
than anti”.'* This effect surprisingly arises from a combination of dipole repulsion and
steric effects among the electronegative atoms on the vicinal substituents that are
expected to remain anti to each other. Many molecules containing N, O, P, S, F or Cl
show a preference for gauche conformation. The origin of the gauche effect is not very
clear and ab initio quantum chemical calculations underestimate the gauche effect. o-
Hyper-conugation®” and bent- bonds™ have been proposed to explain the phenomenon of
the gauche effect. In 4-substituted prolines, the steric repulsion between the amide-ring
nitrogen and the 4-substituent should result in a pseudo-equatorial positioning of the 4-
substituent i.e., anti with respect to the ring amide-nitrogen. For example, 4R-
hydroxyproline and 4R-fluoroproline may be expected to exhibit y-endo ring-pucker
(Figure-7). However analysis of X-ray crystal structure, 'H-'H and ""F-'H coupling
constant analyses confirm the pseudo-axial positioning of fluorine and the resulting y-exo
ring —pucker®. This suggests that the gauche effect may be a dominating factor in

determining the ring-pucker preference for proline with 4-electronegative substituent.
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Similarly, in 4-S-fluoroproline with an opposite stereochemistry at C-4 the gauche effect

leads to y-endo ring-pucker (Figure 7B). %

anti

A H

\\ Gauche . .

\\ (2S,4S) /

Figure 7: Newman and saw-horse projections depicting the gauche effect and the
gauche effect and the resulting pucker preferences in the prolines with
electronegative A 4R-substituent; B 4S-substituent
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In view of such 4-substituent effects on pyrrolidine ring conformation and hence
consequently on the backbone, 4-substituted aminomethyl prolyl PNA monomers were
synthesized.

2.9 Synthesis of 4-hydroxy aminomethyl prolyl (amp) monomer (35)

The synthesis of 4-hydroxy ampPNA monomer was achieved (Scheme 8a)
starting from N-Boc hydroxyproline 28, which on treatment with DMS/K,COj in acetone
afforded the methyl ester of hydroxyproline 29. This under Mitsunobu conditions using
acetic acid yielded the acetate 30, which on electrochemical anodic oxidation afforded
the methoxy compound 31 as a nonseparable distereomeric mixture. Treatment of 31
with TMSCN in presence of BF;Et,0O in DCM, furnished the cyano derivatives 32

(minor) and 33 (major).

HO
z HO,_ AcO AcO
i .o e
N "COH ———= rN-‘ NCOMe = Z_)\ ﬁ’MO“’Z_A\
Boc 95% Boc 2 90% N° "COMe 750, MU *NT TCO,Me
28 29 Boc Boc
30 31
25% | iv
HO

AcO AcO o

1
C02H - \C"™

-+— w
NH Boc 15% N TCOMe 750, NCTNNTScoMe+ NC N7 Y CO Me
Fmoc Boc H H ’
35
34 33 32
Major Minor

Scheme 8a Synthesis of 4-hydroxy-amp monomer 35

Reagents and conditions: (i) Acetone, K,CO; (3 equiv.), DMS (2 equiv.), Reflux 5 h; (ii) THF,
DEAD (1.2 equiv.), (Ph);P (1.1 equiv.), CH;CO,H (1.1 equiv.), rt, 8 h; (iii) MeOH, TBATFB, 260 mA, 0-
5°C, 6 h; (iv) DCM, BF; Et,0 (2.2 equiv.), TMSIiCN (3.5 equiv.), 0 °C-rt, 3 h; (v) DCM, (Boc),0, DMAP
(Catlytic), rt, 12 h; (vi) (a) MeOH, RaneyNi, NEt; (3 equiv.), 60 Psi, rt, 4 h, (b) MeOH, 2 N NaOH, (c)
Dioxane/H,0, Na,CO; (2 equiv.), Fmoc-ClI (1.2 equiv.).
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The ring nitrogen in cyano derivative 33 was protected as Boc by treating with
Boc anhydride in DCM employing catalytic amount of DMAP to provide nitirle
compound 34. The formation of compound 34 was confirmed by the observance of peaks
for (C5-CN) in IR at 2260 cm™ and the appearance of the peak for (C5-CN) at & 118 in
5C NMR. The observed mass for the compound 34 is 313 (M+1) was in agreement with
calculated mass 312. The configuration at C-5 was assigned from the small coupling
constant of H-4 and H-5 as reported in literature® (Scheme 8b). This was subjected to
hydrogenation at 60 psi in the presence of Raney/Ni, followed by hydrolysis using 2N
NaOH in MeOH to afford the sodium salt of 4-hydroxy aminomethyl proline (not
isolated). This on treatment with Fmoc-Cl in presence of 10% Na,CO; in dioxane

furnished the 4-hydroxy amp monomer 35.

In,, j=6Hz CHH:.,
j=8Hz C/, H,,
2 TCO,CH, NCT 5NN 2 TCO,CH,
Boc

Boc
2,5-trnas Major 2,5-cis Minor

Scheme 8b Assigning the configuration at C5 of compound 34>

The integrity of 4-hydroxy amp monomer 35 was confirmed by the observance of
characteristic peaks for (Fmoc protons) at 8 7.71-7.20 in '"H NMR and appearance of
peaks for (Fmoc aromatic carbons) at 8127.57-125.21 in °C NMR. The observed mass
for compound 35 is 505.13 (M + Na) which was in agreement with the calculated mass
482. Employing BF;.Et,O during the cyanation reaction afforded the ester compound 33

as the major isomer, with the diastereomeric ratio being 80:20.
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2.10 Synthesis of Aminoethylglycyl (aeg ) PNA monomers.

To study the influence of modified monomers on hybridization properties of PNA
oligomers, amp PNA monomers were site specifically incorporated in aeg PNA
oligomers along with the unmodified aeg PNA monomers, which were synthesized as
described in Scheme 9.

The synthesis was carried out as reported in literature®”>*

starting from the readily
available 1,2-diaminoethane (Scheme 9). The monoprotected derivative of 36 was
prepared by treating a large excess of 1,2-diaminoethane with di-#-butyloxyanhydride in
THF under high dilution conditions to minimize the formation of di-Boc derivative. The
di-Boc compound being insoluble was removed by filtration. The N1-t-Boc-1,2-

diaminoethane was then subjected to N-alkylation using ethylbromoacetate and NEt; as

base in acetonitrile to give compound 38. The aminoethyl glycine ester 38 was not stable

THF, (Boc),0 npp CHSCN.NEt, - BoeN o~ CO,Et
/\/NHz _— BocN/\/ 2 — H H/\g
HN -5oCrt, 24h,  H o BrCH,COCO,Et,
% 65% 0 °C-tt, 4-5 h, 38

60%
Dioxane/water (1:1)
Chloroacetyl chloride,
Na,CO5 , 70%

MeOH DMF, K2C03'B N
-
BOCE\/\N/YCOZH -— BocN\/\N/\n/COZEt OCH\/\N

2NNaOH, H 70 °C, 45min,
03& 0 tt, 5 h, 80% ozg 0 it, 18 h, 70% 0 0
B

CO,Et

B Cl
44:B=T 40:B=T 39
45:B= Cebz 41:B= Cebz
46:B= Acbz 42:B= Acbz
47:B=G 43:B= 2-amino-6-chloro purine

Scheme 9 Synthesis of aeg PNA monomers

117



for longer time at room temperature and was treated with chloroacetyl chloride in
aqueous dioxane with Na,COj as a base to yield the chloro compound 39. The ethyl N-(z-
Bocaminoethyl)-N-(chloroacetyl)-glycinate 39 was used as a common intermediate for
the preparation of all the four PNA monomers.

Alkylation of the ethyl N-(~-Boc-aminoethyl)-N-(chloroacetyl)-glycinate is
regiospecific to N1 of thymine. Thymine was reacted with ethyl N-(#-Boc-aminoethyl)-N-
(chloroacetyl)-glycinate using K,CO; as a base to obtain N-(¢#-Boc-aminoethylglycyl)-
thymine ethyl ester 40 in high yield. In case of cytosine, the exocyclic-amine N4 was
protected as Cbz (Scheme 10b) to obtain 52,%* which was used for alkylation employing
K,COs; as the base to provide the N1-substituted product 41. Adenine was treated with
K,COs in DMF to give potassium adenylate, which was then reacted with ethyl N-(z-Boc-
aminoethyl)-N-(chloroacetyl)-glycinate to obtain N-(z-Bocaminoethylglycyl)-adenine
ethyl ester 42 in moderate yield. The alkylation of 2-amino-6-chloro purine with ethyl N-
(-Boc-aminoethyl)-N-(chloroacetyl)-glycinate was facile with K,COs as the base and
yielded the corresponding N-(#-Boc-aminoethylglycyl)-(2-amino-6-chloro purine) ethyl
ester 43 in excellent yield. All the compounds exhibited "H and °C NMR spectra were

consistent with the reported data.””?

The ethyl esters except that of cytosine monomer
were hydrolyzed in the presence of 2N NaOH to give the corresponding acids 44, 45, 47,
which were used for solid phase synthesis.

In case of 2-amino-6-chloropurine monomer ester hydrolysis, the chloro group is
oxidized to keto group to give guanine monomer 47. Cytosine monomer is more

susceptible to Cbz deprotection in strong basic conditions and so in this case mild base

LiOH was used for hydrolysis to afford the monomer acid 46.
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The need for the exocyclic amino group protection for adenine and guanine was
eliminated, as they were found to be unreactive under the conditions used for peptide
coupling.

2.11 Alkylation of Nucleobases:

amp PNA oligomers were synthesized by employing the submonomer*® strategy,
in which the nucleobases were coupled to the ring nitrogen of amp monomer on solid
support by converting to their Nl-acetic acids, coupling was performed using
HOBT/HBTU to obtain the amp PNA oligomers.

2.11.1 Synthesis of N*- Thyminyl Acetic Acid (49)

Thymine 48 was alkylated *° as described in (Scheme 10a) using chloroacetic acid
in ag KOH solution under reflux conditions for about 2h, maintaining the pH of the
reaction by controlled addition of chloroacetic acid to the reaction mixture which is a key

factor to obtain the acid 49 in good yields.

o 0
CH
CH 3
HNJ]/ 3 CICH,CO,H j\)ﬁ/
)\ KOH, 110 0C, 2h 0% >N
o” N 55%
CO,H
48 49 °

Scheme 10a: Synthesis of N!-Thyminyl Aceticacid
2.11.1 Synthesis of N*-Benyloxycarbonyl N*-cytosinyl Acetic Acid (53)
For the synthesis of ester 52, protection of the exocyclic amino group of cytosine
50 is required in order to prevent the chain extension from this position during the
peptide synthesis. The protection was done via its benzyloxycarbonyl derivative,” using
benzyl chloroformate in anhydrous pyridine which afforded the protected derivative N4-

benzyloxycarbonyl cytosine C*™ 51 (Scheme 10b).
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Scheme 10b: Synthesis of N*-Benyloxycarbonyl N'-cytosinyl Acetic Acid

The Nl-alkylation of C* 51 was carried out using ethylbromoacetate and potassium
carbonate in dry DMF to furnish the ester 52. This on hydrolysis using 2N LiOH
provided the required N4-(benzyloxycarbonyl) cytosin-1-yl acetic acid 53.
2.11.2 Synthesis of (N°-Benyloxycarbonyl) N°- Adenyl Acetic Acid (56)

The exocyclic amine of adenine 54 was protected as benzyloxycarbonyl using
benzyl chloroformate as in Scheme 10c in anhydrous DMF employing NaH as base to
obtain the NC®-benzyloxy derivative 55. This was subjected to alkylation with
ethylbromoacetate in DMF using K,COj as base and the resultant ester was hydrolyzed in

2N NaOH to afford the acid 56.

o 0
1)DMF, K,CO
T EO)9SequiV)2 3 NJLO/\:)
N N> DMEF, Na H, Cbz-Cl BICH,CO.CH.CH, NN
N 0°CRT.4h.50% > [ »
N7 N 0 k 2)2 N NaOH, 70% K\N

K[rOH
54 55 56

Scheme 10c: Synthesis of (N°-Benyloxy carbonyl) N°- Adenyl Acetic Acid
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2.12 Solid Phase peptide Synthesis:

The solid phase peptide synthesis was devised by R. B. Merrifield in 1959. In this
method the peptide is bound to an insoluble support in contrast to the solution phase
method, and offers great advantages. The C-terminal amino acid is linked to an insoluble
matrix such as polystyrene beads having reactive functional groups, which also acts as a
permanent protection for the carboxylic acid (Figure 8). The No-protected amino acid is
coupled to the resin bound amino acid either by using an active pentaflurophenyl (pfp) or
3-hydroxy-2, 3-dihydro-4-oxo-benzotriazole (Dhbt) ester or by in situ activation with
carbodiimide reagents. The excess amino acid is washed out and the deprotection and

coupling reactions are repeated until the desired peptide is achieved.

Preactivation
B
O O
T Y HO
: : Jk_f
! ;T COCH,CH,NHBoC}
............................ HBTU NHtBoc
HOBt -
DIEA
SYNTHESIS
TFA/DCM |
& In
o Y
o
TFA/DCM N)l\/N
N\/\NHtBoc_> .—H NN,
Coupling Deprotection
B B
o o
TFMSA/TFA o o)
NHBoC ——= Lstk/N\/\ N ",
H
" Cleavage n-1
CLEAVAGE

Figure 8 Schematic representation of solid phase peptide synthesis
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The need to purify intermediates at every step is obviated. Finally, the resin bound
peptide and the side chain protecting groups are cleaved in one step. The advantage of the
solid phase synthesis are (i) all the reactions are performed in a single vessel minimizing
the loss due to transfer, (ii) large excess of monomer carboxylic acid component can be
used resulting in high coupling efficiency, (iii) excess reagents can be removed by simple
filtration and washing steps and (iv) the method is amenable to automation and semi
micro manipulation. The aeg-PNA oligomers and the modified amp PNA oligomers were
synthesized by standard solid phase peptide synthesis®®™ protocols using both Boc and

Fmoc strategies.

@O~

Merrifield

_CHZO_Q—CHZOH

WANG
CH, OMe
Q MeO
alad Q:
MBHA i RINIEHZ

Gesid— Y~ ~~—(ocH; omy,0-chycHy

TENTAGEL

Figure 9: Some examples of resins used in SPPS
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The readily available MBHA resin was chosen as the polymer
matrix on which the

aeg PNA oligomers as well as the amp PNA oligomers were assembled. This resin yields
the peptides with C-terminal amides upon cleavage at the end of the synthesis. The first
amino acid is attached via amide linkage that can be cleaved easily at the end of the
synthesis either by acidolysis to get the free peptide acid or by aminolysis to get the
carboxyamide.

In the present work the orthogonal strategy was employed to construct the amp
PNA oligomers followed by subsequent attachment of the nucleobases (sub monomer)
strategy (Scheme 9). The aeg PNA monomers used have the amino function protected as
the tert-butoxycarbonyl group and the modified bifunctional amp monomers (9, 10, 22,
23 and 35) have the primary amino function protected as the Fmoc group and the ring
nitrogen as fert-butoxycarbonyl group.

In both the cases, HOBT/HBTU activation coupling strategy was employed.’' The
use of Fmoc protection has drawback in PNA synthesis, as small amount of acyl
migration is observed under basic conditions from the tertiary amide to the free amine
liberated during the piperidine deprotection step.*> However, Fmoc protection employed
in case of the amp PNA monomers was found to be convenient for extending the
oligomers. In the present study all the oligomers were built on MBHA resin using [3-
alanine as the C- terminal spacer- amino acid linker. Being achiral, its interference in
spectral properties and hydrophobicity of the resulting PNA oligomers were negligible
The amine content on the resin was determined by the picrate assay and found to be 2

mmol/g and loading value was suitably lowered to approximately 0.250 mmol/g by
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partial acetylation of total amine content using calculated amount of acetic anhydride.**~**

Free -NH, on the resin available for coupling was again estimated before starting
synthesis. The PNA oligomers were synthesized using repetitive cycles (Scheme 11),
each comprising of the following steps:

a) Deprotection of the N1-tert-butoxycarbonyl function using 50% TFA in DCM

b) Neutralization of the TFA salt to get the free amine using 5% DIPEA in DCM

c¢) Deprotection of Fmoc group using 20% piperidine in DMF.

d) Coupling of the amine on resin with 3 to 4 equivalents of free carboxylic function of
the incoming amino acid using HOBT(1-hydroxybenzotriazole)HBTU in DMF as
solvent.

e) Capping of the unreacted amino groups using Ac,O / Pyridine in CH,Cl; in case
coupling does not go to completion. Scheme 11 represents a typical Solid phase peptide
synthesis cycle. The deprotection of the N-~-Boc protecting group and the coupling
reactions were monitored by Kaiser’s test.’* Alternatively, chloranil®® and De Clercq™
tests are useful to detect the secondary amine. The #-Boc-deprotection step leads to a
positive Kaiser’s test, where in the resin beads as well as the solution are blue in color
(Rheumann’s purple). On the other hand, upon completion of the coupling reaction, the

Kaiser’s test is negative, the resin beads remain colorless.
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Scheme 11: Schematic represntation of solid phase peptide synthesis using
orthogonal and submonomer strategy

2.13 Synthesis of amp PNA oligomers
Homopyrimidine Oligomers

The various PNA oligomers synthesized in the present study are shown in Table
1. The unmodified PNA oligomers Tg and T,y were synthesized using the Boc protected
aeg PNA monomers (57 and 58). These were used as the control sequences for
comparing the properties of the amp PNA oligomers. The synthesis of the oligomers (59
to 87) was achieved by incorporating the chiral, conformationally constrained modified

amp PNA monomers at specific positions in the aeg-PNA oligomeric sequences. The
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synthesis was done on solid support in a similar way, but using Fmoc chemistry for the
amp monomer coupling and Boc chemistry for the aeg PNA monomer coupling to extend
the oligomers. Since the amp monomers do not carry the nucleobases, these were
introduced at desired positions by sub monomer coupling. After this, the amp amino acid
that has acid stable Fmoc group at amino methyl terminus was treated with TFA to
deprotect the ring nitrogen. The thyminyl acetic acid was then reacted with the resin
using HOBT/HBTU as coupling agent to attach the nucleobases to the ring nitrogen. This
was followed by treatment with 20% piperidine to remove base labile Fmoc group from
aminomethyl terminus for initiating the next cycle (Scheme 11). This method involving
orthogonal coupling proceeded with good efficiency leading to high purity products. It
also circumvented the problem of pre-synthesis of amp monomers for each of the bases.
amp PNA homo oligomers 65, 71, 77 and 83 were synthesized using sub monomer
strategy,”™ each oligomer requiring 16 steps for completion of the sequence.
2.13.1Purine-Pyrimidine mix sequence

The polypyrimidine sequences discussed in the previous section are known to
form triplexes with the complementary DNA in 2:1 (PNA,:DNA) stoichiometry. With the
aim of studying the duplex forming potential of the present modification, amp monomers
were also incorporated into a mixed decamer sequences 64, 70, 76, 82 and 87 containing
both the purines and pyrimidines using the Boc and Fmoc chemistry. The corresponding

unmodified control aeg PNA sequence is 58.
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2.14 Cleavage of the PNA Oligomers from the Solid Support:

The oligomers were cleaved from the solid support, using trifluoromethane-
sulfonic acid (TFMSA) in the presence of trifluoroacetic acid (TFA) (‘Low, High
TEFMSA-TFA method”)’” which yields peptide oligomers blocked as amides at their C-
terminus. The synthesized PNA oligomers were cleaved from the resin (oligomer
attached to B-alanine derivatized MBHA resin) using this procedure to obtain sequences
bearing [(-alanine-amide at their C-termini. A cleavage time of 60-90 min at room
temperature was found to be optimum. The side chain protecting groups were also
cleaved during this cleavage process. After cleavage reaction, the oligomer was
precipitated from methanol with dry diethyl ether.

2.15 Purification and characterization of PNA oligomers

All the cleaved oligomers were subjected to initial gel filtration to remove small
molecule impurities. These were subsequently purified by reverse phase HPLC (high
pressure liquid chromatography) on a semi-preparative C8 RP column by gradient
elution using an acetonitrile in water or by isocratic elution in 10% acetonitrile-water on a
semi- preparative HPLC RP C4 column.

The purity of the oligomers was then checked by reverse phase HPLC on a C18
RP column and confirmed by MALDI-TOF mass spectroscopic analysis.”® a-cyano-4-
hydroxycinnamic acid (CHCA) was used as the matrix and dry droplet method was
employed in MALDI-TOF mass spectroscopic analysis. Some representative HPLC
profiles and mass spectra are shown in appendix of this chapter. The purified PNA 57-87

sequences obtained are listed in Table 1
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Table 1 PNA Oligomers synthesized for the present study

Entry  Sequence PNA Sequence
code
1 aegPNA 57 H-T-T-T-T-T-T-T-T-(CH3),-CO,NH;
2 aegPNA58 H-G-T-A-G-A-T-C-A-C-T-(CH,),-CO,NH,
3 ampPNA 59 H-(tsg)-T-T-T-T-T-T-T-(CH,),-CO,NH,
4  ampPNA 60 H-T-T-T-(tsp)-T-T-T-T-(CH,),-CO,NH,
5 ampPNA 61  H-T-T-T-T-T-T-T-(tsg)-(CH,),-CO-NH,
6 ampPNA 62 H-T-T-T-(tSR)-T-T-T-(tSR)-(CHz)z-COQNHQ
7 ampPNA 63 H-T-T-T-(tsr)--T-T-T-(tss)-(CH,),-CO,NH;
8 ampPNA 64 H-G- (tSR)-A-G-A-(tSR)-C-A-C-(tSR)-(CHz)z-COQNHz
9 ampPNA 65 H-(tsr)s-(CH;),-CO,NH;
10 ampPNA 66 H-(tgs)-T-T-T-T-T-T-T-(CH,),-CO,NH,
11 ampPNA 67 H-T-T-T-(tss)-T-T-T-T-(CH,),-CO,NH,
12 ampPNA 68 H-T-T-T-T-T-T-T-(tss)-(CHz)z-COzNHz
13 ampPNA 69 H-T-T-T-(tss)-T-T-T-(tss)-(CH2),-CO,NH;
14 ampPNA 70  H-G- (tss)-A-G-A-(tss)-C-A-C-(tss)-(CH;),-CO,NH;
15 ampPNA 71 H-(tss)s-(CH,),-CO,NH;
16  ampPNA 72  H-(tgs)-T-T-T-T-T-T-T-(CH,),-CO,NH,
17 ampPNA 73  H-T-T-T-(tgs)-T-T-T-T-(CH,),-CO,NH,
18  ampPNA 74 H-T-T-T-T-T-T-T-(tgs)-(CH2)»-CO,NH,
19 ampPNA 75 H-T-T-T-(trs)-T-T-T-(trs)-(CH,),-CO,NH,
20 ampPNA 76 H-G- (trs)-A-G-A-(trs)-C-A-C-(trs)-(CH,),-CO,NH;
21 ampPNA 77 H-(tRs)g-(CHz)z-COQNHz
22 ampPNA 78 H-(tgg)-T-T-T-T-T-T-T-(CH,),-CO,NH,
23 ampPNA 79 H-T-T-T-(tgg)-T-T-T-T-(CH,),-CO-NH,
24 ampPNA 80 H-T-T-T-T-T-T-T-(tgr)-(CH2),-CO,NH,
25 ampPNA 81 H-T-T-T-(tRR)-T-T-T-(tRR)-(CHz)z-COQNHz
26 ampPNA 82 H-G- (tRR)-A-G-A-(tRR)-C-A-C-(tRR)-(CHz)z-COQNHz
27 ampPNA 83 H-(trr)s-(CH;),-CO,NH;
28 ampPNA 84 H—(tsSR)—T—T—T—T—T—T—T—(CHz)z—COZNHz
29 ampPNA 85 H-T-T-T-(tssg)-T-T-T-T-(CH,),-CO>NH,
30 ampPNA 86 H-T-T-T-T-T-T-T-(tSSR)-(CHz)z-COQNHz
31 ampPNA 87 H-G-T-A-G-A-(tssr)-C-A-C-T-(CH,),-CO,NH,

A/G/C/T = aeg PNA Adenine/Guanine/Cytosine/Thymine monomers, tsg = (25,5R)-amp-PNA
Thymine monomer, tss = (25,55)-amp PNA Thymine monomer, trs = (2R,55)-amp-PNA
Thymine monomer, tgg = (2R,5R)-amp PNA Thymine monomer, tssg = (2S5,4S5,5R)-amp PNA
Thymine monomer
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2.16 Synthesis of Complementary Oligonucleotides

The oligodeoxynucleotides 88-91 (Table 2) were synthesized on a Pharmacia
Gene Assembler Plus DNA synthesizer using the standard -cyanoethyl phosphoramidite
chemistry. The oligomers were synthesized in the 3'-5' direction on a CPG solid support,
followed by ammonia treatment. The oligonucleotides were de-salted by gel filtration,
their purity as ascertained by RP HPLC on a C18 column was found to be more than 98%
and were used without further purification in the biophysical studies of PNA. The RNA
oligonucleotides 92-94 (Table 2) which are complementary to PNA oligomers 57-87
were obtained commercially from Genomechanix, Gainesville, FL, along with the HPLC
purity and mass spectral data.

Table 2 DNA/RNA Oligonucleotides

Entry Sequence Code Sequence Type
DNA sequence 5’ to 3’ Corresponding to PNA
1 DNA 88 CGC AAAAAAAA CGC Match
2 DNA 89 CGC AAAACAAA CGC Mismatch
3 DNA 90 AGTGATCTAC Antiparallel
4 DNA 91 CATCTAGTGA Parallel
RNA sequences 5’ to 3’
5 RNA 92 CGCAAAAAAAA CGC Match
6 RNA 93 AGUGAUCUAC Antiparallel
7 RNA 94 CAUCUAGUGA Parallel

2.17 CONCLUCIONS

This chapter describes the synthesis of amp and aeg PNA monomers and
sitespecific incorporation of amp monomers into aeg PNA oligomers. The monomers
were synthesized starting from L/D proline, with additional methoxy functionality at C5
being introduced by electrochemical anodic oxidation. These were then transformed to

the aminomethyl group to form part of the chiral PNA backbone. The modified PNA
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monomers were introduced at desired places into the PNA oligomers by solid phase
synthesis using submonomer strategy. This has the advantage for introduction of any of
the bases during the solid phase synthesis, without making all pre-formed monomers. The
oligomers was cleaved from the resin, purified by HPLC and charecterised by MALDI-
TOF.

Next chapter describes the hybridization studies of above synthesized amp/aeg-
PNA oligomers with DNA and RNA.
2.18 Experimental

All reagents were obtained from commercial sources and used without further
purification. NaH was obtained from Aldrich as 60% suspension in paraffin oil and the
paraffin coating was washed off with pet-ether before use to remove the oil. The
supporting electrolyte tetrabutyl ammonium tetrafluoroborate was obtained from Aldrich
and used as such without further purification. All the solvents were dried according to
literature procedures. IR spectra were recorded on a Perkin Elmer 599B instrument. 'H
NMR (200MHz), *C NMR (50 MHz) spectra were recorded on Bruker ACF200
spectrometer fitted with an Aspect 3000 computer. All chemical shifts are with reference
to TMS as an internal standard and are expressed in d scale (ppm). The values given are
directly from the computer printout and rounded to the decimal place. TLCs were carried
out on (E.Merck 5554) precoated silicagel 60 F254 plates. TLCs were visualized with
UV light and/or ninhydrin spray, followed by heating after exposing the HCI for the
deprotection of the tert-butoxycarbonyl group. Optical rotations were measured on
JASCODIP-181 polarimeter. All TLCs were run in pet-ether containing appropriate

amount of ethyl acetate or dichloromethane containing appropriate amount of methanol
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to get the rf value 0.5. All the compounds were purified by column chromatography using
100-200 silica gel obtained from Sisco Research Laboratory. In NMR spectra that show
splitting of peaks due to the presence of rotameric mixtures, arising from the tertiary
amide linkage, the major rotamer is designated as maj. and the minor rotamer as min. The
ratio of major: minor is 80:20 unless otherwise mentioned. In cases, where minor isomer
is <10% only the peaks of major rotamer are reported. Melting points of the compounds
reported are uncorrected.
Methyl (2S) N1-(tert-Butoxycarbonyl) Proline carboxylate 3

L-Proline 1 (10 g, 87 mmol) was suspended in methanol (100 mL) and cooled to 0
°C with stirring. To this was added thionyl chloride (7 mL, 95.7 mmol, 1.1 eq.) dropwise
over a period of 10 min. Stirring was continued at 0 °C for 4 h. and then at ambient
temperature until the completion of the reaction (12 h). Removal of methanol under
vacuum gave an oily ester hydrochloride salt 2 (14.1 g, 97.9%). This hydrochloride salt
was used for the next step without further purification.

Ester hydrochloride 2 (10 g, 60.4 mmol) was dissolved in dioxane/water

(1:1v/v, 100 mL). To this were added triethylamine (23 mL, 166 mmol, 2.75 eq.) and
BocN; (11.2 g, 78.5 mmol, 1.3 eq.) and the mixture was stirred at 50 °C for 24 h, under
argon atmosphere. After the completion of the reaction, the mixture was concentrated to a
paste by rotary evaporation, the mixture was diluted with H,O (75 mL), and extracted
with ether (3 x 50 mL). Combined ether layer was washed with H,O (2 x 25 mL),
followed by brine and dried over sodium sulphate. Evaporation of the solvent and

purification by column chromatography using 60-120 silica gel and 10% ethyl acetate-
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petroleum ether as eluent afforded 12.1 g of 3 as a yellow oily liquid. Yield 12.1 g,

82.9%.

Methyl (2S)-N1-(tert-Butoxycarbonyl)-5-methoxy proline carboxylate 4
N-(tert-Butoxycarbonyl)-L-proline methyl ester 3 (8 g, 34.9 mmol) was dissolved
in a 0.5 M solution of tetrabutylammonium tetrafluoroborate in methanol (100 mL). The
reaction flask was cooled to 5 °C in an ice bath. The stirred solution was oxidized at a
carbon anode and cathode using a constant current (270 mA). After the completion of
reaction (12h.) solvent was evaporated under reduced pressure and the residue was
treated with ether (3 x 75 mL) leaving the supporting electrolyte as a crystalline solid.
The combined ether layers were concentrated under vacuum to get the crude product as
an oil which was purified by flash chromatography on 60-120 silica gel by isocratic
elution using 10% ethyl acetate/petroleum ether as eluant to get the methoxylated product

4 (7.8 g, 86%).

'HNMR (CDC15200 MHz) & 5.35-5.10 (m, 1H, H2), 4.45-

Meow&w - 4.15 m,1H, H5), 3.80-3.70 (m, 3H, -OCHj3 of ester), 3.45-

N 270 3.30 (m, 3H, -OCHj3),2.50-1.65 (m, 4H, H3 & H4), 1.55-1.35

O=( (d, 9H, Boc); 153.9methyl); BC NMR (CDCl;5,200 MHz) 8

o 173.0, 172.8 (-C=0O ester); 89.7, 88.4 (C5); 80.3 (tertiary

/}\ carbon); 59.1, 58.7 (C2); 55.9, 55.6, 54.9; 51.6 (-OCHs);
32.3,30.9, 30.0, (C3); 28.0 (Boc methyl); 26.9 (C4).

4

Methyl (2S)-N1-(tert-butoxycarbonyl)-5-cyano proline carboxylate 5 and 6

To a solution of 4 (2.46.0 g, 9.5 mmol) in anhydrous dichloromethane (25 mL)
was added TMSTT (0.25 mL,) at —35 °C, followed by slow addition of TMSCN (1.46 mL,
10.9 mmol, 1.15 eq.). After the completion of the reaction (30 minutes) methanol was

added to the reaction mixture and the solvents were evaporated under reduced pressure.
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The residue was purified by column chromatography using neutral alumina (Al,O3) with

10% ethylacetate/ petether as eluant to get the diastereomeric nitriles 5 (minor isomer,

upper spot on tlc R¢ 0.30 in 10% ethylacteate-petroleum ehter) 0.69 g & 6 (major isomer,

top spot on tlc R¢ 0.3 in 10% ethylacetate-petroleum ether) 1.43 g. The diastereomeric

ratio is (35: 70).

Minor isomer 5

NC ““O‘COZCH

N 3

(6]

- 7L0Jk

Major isomer

NC’O‘COZCH

N

o

o)

N

6

3

'H NMR (CDCl; 200 MHz) & 4.77-4.64 (dd, J = 2.5 Hz,
1H, H2), 4.46-4.33 (dd, J = 3.75, 1H, HS5), 3.74 (s, 3H,
OCHj;), 2.55-2.2 (m, 4H, H3 & H4), 1.51-1.42 (d, 9H, 3 x
CH;); °C NMR (CDCl; 400 MHz): & 171.90 & 171.71
(ester.CO), 152.4 (Boc.CO), 18.2 (cayano), 82.3, 81.8 (C-
(CHs)3), 59.4, 59.0 (C2), 52.3 (C5), 47.5, 47.2 (COOCH3),
30.3, 29.8 (C3), 28.1 (C4), 28.0 (CH3)3; Ms (m/z): (M+1) =
255 (5 %), 188.04 (85 %), 155.06 (100 %). [a]*°b = — 93.7
(C =0.365, CHCI3).

'H NMR (CDCls, 200 MHz): § 4.70-4.55 (m, 1H, H2), 4.52-
4.26 (m, 1H, H5), 3.75 (s, 3H, ester -OCH3), 2.45-2.19 (m,
4H, H3 & H4), 1.52-1.43 (d, 9H, (CHs);); *CNMR

(CDCls, 400 MHz): § 172.4, 172.2 (ester.CO), 152.7, 152.6
(Boc.CO), 118. 8, 118.7 (cayano), 82.4, 81.9 (C-(CHs)3), 58.
9, 58.5 (C2), 51.9 (C5), 47.7, 47.6 (COOCH;), 30.0,
29.5(C3), 29.2(C4), 28.2 (CH;)s. Ms (m/z): (M+1) = 254.41
(5%), 277.41 (100 %), 221 (10 %), 144.60 (13 %), 95 (100
%); IR cm™ (neat): 2246, 1755, 1747, 1713. [o]*°p = +41.8
(C =0.665, CHCL).

(2S, 5R) -N1-(tert-butoxycarbonyl))-[5-(flourenylemthoxycarbonyl)aminomethyl]

Proline 9

To a solution of 5 (0.4 g, 1.55 mmol) in methanol (2 mL) was added NEt; (0.5

mL) followed by raney Ni (400 mg). The mixture was subjected to hydrogenation at 65

psi , after completion of the reaction (4h) , reaction mixture was filtered through celite

pad and the solvent was evaporated under reduce pressure to get amino ester 7 (not
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isolated) as a oily liquid. This was subjected to hydrolysis using 2N aq. NaOH (2mL) and
methanol (2 mL). After 30 minutes excess of sodium hydroxide was neutralized using
potassium bisulfate and the pH was adjusted to 7.0. Methanol was removed by rotary
evaporation and the residue was redissolved in 10% Na,CO; (2 mL) the reaction mixture
was cooled to 0 °C in an ice-bath. To this was added of dioxane (2 mL) (peroxide free)
followed by the slow addition of Fmoc-Cl (0.44 g, 1.7 mmol, 1.1 eq.) in dioxane at 0 °C.
Stirring was continued at 0 °C for 4 h. followed by room temperature stirring for 18 h.
The reaction was monitored by TLC, after the completion of the reaction contents were
poured in ice- water and extracted with ether (2 x 20 mL) to remove the unreacted
chlroformate. The aqueous phase was chilled in ice and acidified by the addition of
saturated KHSO4 solution. The pH of the solution was brought to 2.0 at which the
compound started getting separated as foam. This was then extracted with ethyl acetate (3
x 10 mL) and dried over MgSO, and the solvent was removed under vacuum to get the
crude product as a solid. This was purified by flash column chromatography on 60-120

silica gel using ethyleacetate/petether (0.3 Ry) as eluant to get 0.27 g, 37 % of the desired

product 9.
'H NMR (CDCls, 400 MHz) & 7.78-7.345 (m, 8H),
O 5.95-5.90(s,1H), 4.50-4.14(m,5H), 3.36-3.30(m,2H),
Q. ) 2.26-1.75(m,4H), 1.44(s,9H). °C NMR (CDCl;, 400

o NN\ A~con MH2): 8 177.4,175.5 (acid CO),156.8 (Boc.CO), 154.9
PooX (Fmoc.CO), 143.7, 143.6, 127.4, 126.8, 124.9, 124.6,
? 119.7 (Fmoc.carbons), 80.9 (C-(CHjs)s), 65.6, 66.2, 59.
/i\ 8,57.5,52.5, 46.9, 45.0, 44.0, 28.3, 28.0 (Boc.(CH3)3),

9 26.6; Ms (m/z) : 491.50 (M+Na), (10%) , 475 (100%),

[a]®5 =+40.5 (C=0.2, CHCI;)
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(2S,5S) -N1-(tert-butoxycarbonyl))-[5-(flourenylemthoxycarbonyl)aminomethyl]

Proline 10
To a solution of 6 (0.4 g, 1.55 mmol) in methanol (2 mL) was added NEt; (0.5

mL) followed by raney Ni (400mg). The mixture was subjected to hydrogenation at 65
psi, after completion of the reaction (4h) , reaction mixture was filtered through celite pad
and the solvent was evaporated under reduce pressure to get amino ester 7 (not isolated)
as a oily liquid. This was subjected to hydrolysis using 2N aq. NaOH (2mL) and
methanol (2 mL). After 30 minutes excess of sodium hydroxide was neutralized using
potassium bisulfate and the pH was adjusted to 7.0. Methanol was removed by rotary
evaporation and the residue was redissolved in 10% Na,CO; (2 mL). The reaction
mixture was cooled to 0 °C in an ice-bath. To this was added of dioxane (2 mL) (peroxide
free) followed by the slow addition of Fmoc-Cl (0.44 g, 1.7 mmol, 1.1 eq.) in dioxane at
0 °C. Stirring was continued at 0 °C for 4 h. followed by room temperature stirring for 18
h. The reaction as monitored by TLC, after the completion of the reaction contents were
poured in ice- water and extracted with ether (2 x 20 mL) to remove the unreacted
chlroformate. The aqueous phase was chilled in ice and acidified by the addition of
saturated KHSO, solution. The pH of the solution was brought to 2.0 at which the
compound started getting separated as foam. This was then extracted with ethyl acetate (3
x 10 mL) and dried over MgSOy4 and the solvent was removed under vacuum to get the
crude product as a solid. This was purified by flash column chromatography on 60-120
silica gel using ethyleacetate/petether (0.3 R¢) as eluant to get 0.27 g, 37 % of the desired

product 10 along with undesirable 10a as the major product 0.48 g, 45 %.
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'H NMR (CDCls, 400 MHz) § 7.74-7.72 (d, J = 2.5,
O 2H), 7.60-7.58 (d, J = 2.5, 2H), 7.38-7.27 (m, 4H) 6.21-
6.15 (bs, 1H), 4.44-4.40 (m, 5H,) 3.52-3.43 (m, 2H,

Q H\/C>‘COH H2)9 224_183 (ma 4H)a 143 (S, 9H,), 13C NMR

O
\(I)I/ o= (CDCL, 400, MHz): & 177.6, 177.1 (acid.CO), 157.0
o (Boc.CO), 154.8, 154.4, 144.2, 143.8, 144.2, 143.8,
/i\ (Fmoc.CO), 127.6, 126.7, 125.2, 119.8, (Fmoc.aromatic
10 carbons), 81.2 (C-(CHs)3), 67.0, 66.9, 58.3, 57.5, 47.0,

443, 43.5, 28.6, 28.2, 28.1 (Boc.(CH3)3); Ms (m/z):
491.15 (20%) (M+1+Na), 265.04 (100%), [a]*5 = -
35.5 (C = 0.4, CHCL3)

Synthesis of compound 13

To a solution of 12 (50 mg, 0.204 mmol) in DCM (2 mL) was added diethyl
amine (1 mL) at room temperature the mixture was stirred for 4h, after completion of the
reaction solvent was evaporated under reduced pressure to get the 12 (not isolated). To a
solution of 12 in DMF, HOBT(43.48mg, 0.321 mmol) and HBTU (121.75 mg, 0.321
mmol) were added at room temperature and stirred at for about 8h, DMF was evaporated
and the mixture was dilute with H;O (5 mL) and extracted with ethyleacetate (2 x 10
mL). Drying of the combined organic phases (Na,SOj,), evaporation of the solvent, and

purification by column chromatography afforded 10 mg of 13 (46.1%) as a white solid.
Boc 'HNMR (CDCls, 200 MHz) § 6.5-6.25 (t, 1H, amide), 4.43-
N o 4.36 (m. 2H, H2 & H5), 3.71-3.64 (dd, J = 10, 4 Hz, 1H),
3.03-2.96 (dd, J =7, 14 Hz, 1H), 2.20-2.05 (m, 3H ), 1.80-
1.74 (m, 1H). 1.43 (s, 9H, 3 x CHs); *C NMR (CDCl;, 400
NH MHz): § 172.4, 153.6, 80.7, 59, 50.6, 47.5, 30.1, 28.2, 27.9;

13 IR y 3240 (br), 1690, cm™; Ms (m/z): (M+1) = 227.11
(25%), , (2 M") 453 (85%), (2M+Na) 475 (100%).
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Methyl (2R)-N1-(tert-Butoxycarbonyl) proline carboxylate 17

To a solution of 14 (6 g, 52.2 mmol) in methanol (50 mL) was added thionyl
chloride (4.2 mL, 57.4 mmol, 1.1 ) as discussed in the case of compound 1. Removal of
methanol gave the ester 15 as a hydrochloride salt (8.30 g, 96 %). This was used as such
for the next step without further purification. The ester 15 (5 g, 30.2 mmol) was dissolved
in 1:1 dioxane/water, treated with triethylamine (10.5 mL, 75.5 mmol,) and BocNj; (5.2
mL, 36.2 mmol) under argon atmosphere at 50 °C. Usual work up and purification as
mentioned for the L-isomer gave the tertbutoxycarbonyl derivative 16.

Yield: 6.1 g, 88 %.

'H NMR (CDCl;, 200 MHz): & 4.35-4.10 (m, 1H, H2), 3.72

O CO.CH (s, 3H, CH 3), 3.60-3.25 (m, 2H, H5A & H5B), 2.30-1.70
N 20 (m, 4H, H3 & H4), 1.38 (d, 9H, 3 x (CHs);); *C NMR
O=( (CDCls, 200 MHz): 6 173.3 (ester CO), 153.4 (Boc.CO),
Q 79.2 (C(CHs)3), 58.8 & 58.5 (C2), 51.5 (-OCH3), 46.1 (C5),
/‘\ 30.6 & 29.6 (C3), 27.9 ((CHs)3), 23.4 (C4); [a]°25 = + 61.30

(C=1.135, CHCly). IR cm™ (neat): 2977, 1747, 1699;

Methyl (2R)-N1-(tert-Butoxycarbonyl)-5-methoxy proline carboxylate 17
The ester 16 (4.5 g, 19.7 mmol) was oxidized electrochemically to get the 5-
methoxy product 17 as a diastereomeric mixture after the work up and purification as

mentioned for the L-isomer 3. Yield 4.4 g, 88%.

'H NMR (CDCls, 200 MHz): 8 5.35-5.05 (m, 1H, H2), 4.40-
MeOW—O"" CO,CH, 4.15 (m, 1H, HS), 3.80-3.60 (m, 3H, ester methyl), 3.50-3.25

N (m, 3H, methoxy), 2.50-1.70 (m, 4H, H3 & H4), 1.60-1.30
O=( (d, 9H, 3 x CH3); *C NMR (CDCls;, 200 MHz): & 159.5
Q (Boc.CO), 153.5 (ester.CO), 88.7, 88.0, 87.9, 80.1, 79.9,
/N\ 59.1, 58.7, & 58.3, 55.5, 55.3 & 54.7, 51.7 & 51.4, 47.7,

32.4,31.7, 30.6, 29.6, 27.6, 26.5.

137



Methyl (2R)-N1-(tert-Butoxycarbonyl)- 5-cyano proline carboxylate 18 & 19

To a solution of 17 (2.46.0 g, 9.5 mmol) in anhydrous DCM (25 mL) were

added TMSCN and TMSTT (1 %) at -35 °C to get the product 18 and 19 as separable

diastereomeric mixture after the work up and purification as mentioned for the L-isomer.

Major isomer 18 and minor isomer 19 in 68:32 ratio.

Major isomer 18

NC™ <N>"' CO,CH
oL

o

AN

18

3

Minor isomer 19

NC’Q"’ CO,CH
o={

0o

AN

19

3

'H NMR (CDCls;, 400 MHz): & 4.78-4.65 (dd, 1H), 4.46-
4.38 (dd, 1H), 3.74 (s, 3H), 2.60-2.13 (m, 4H,), 1.52-1.43 (d,
9H,). *C NMR (CDCls;, 400 MHz): & 172.0, 171.8 (ester
CO), 152.5 (Boc.CO), 118.0 (cyano), 82.4, 82.0 (C-(CH3)3),
59.5, 59.1 (C2), 52.4 (C5), 47.6 (COOCHj3), 30.4 (C3), 29.9,
29.6 (C4), 28.6, 28.1 (Boc.(CH3)3); Le-Ms (EI) m/z (M+1) =
254, (M + Na) = 277.54 (100%), 158.68 (20%) [a]°2 = -
39.8° (C = 0.4, CHCL); IR cm™ (neat): 2934, 2243, 1747,
1715;

'H NMR (CDCls, 400 MHz): § 4.78-4.67 (dd, J =2 Hz, 1H),
4.46-4.38 (dd, J = 2 Hz, 1H), 3.74 (s, 3H), 2.60-2.13 (m,
4H), 1.60-1.25 (d, 9H,); °C, NMR (CDCls;, 400 MHz): &
1722, 172.0, (ester.CO), 152.5 (Boc.CO), 118.6, 118.8
(cyano), 82.2, 81.7 (C-(CHs)3), 58.7, 58.4 (COOCH3), 52.3,
52.2 (C2), 48.1 (C5), 47.6, 29.7 (C3), 28.4 (C4), 28.0
(Boc.(CH3)3); Le-Ms (EI) m/z (M) = 254, (M+Na) = 277
(5%), 128.66 (100%); [a]P250 + 101.5° (C = 0.476, CHCls);
IR cm™ (neat): 2243, 1747, 1716.
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(2R,5S)-N1-(tert-butoxycarbonyl)-[5-(flourenylmethoxycarbonyl)aminomethyl]
Proline 22.
'H NMR (CDCls, 400 MHz): & 7.74-7.22 (d, J = 2 Hz,
O 2H,), 7.60-7.59 (d, J = 1 Hz, 2H), 7.45-7.15 (m, 4H,
Q. aromatic), 6.20-5.95 (s, 1H, -NH), 4.43-4.04 (m, 5H, -
o N\““Q...,,CO ., CH, -CH2, CH2), 3.60-3.25 (m, 2H), 2.45-1.65 (m, 4H,
\g/ o=( ° H3 & H4), 1.43 (s, 9H, 3 x CH;); *C NMR (CDCls,
? 400 MHz): 8 177.3 (acid.CO), 157.4, 157.0 (Boc.CO),
/i\ 154.9, 154.4, 144.0, 143.7, 141.2 (Fmoc.CO), 127.6,
22 126.7,125.21, 119.9, 119.8 (Fmoc.aromatic.carbons),
81.2 (C-(CHas)3), 67.0, 60.5, 59.8, 58.4, 58.0, 47.1, 44.4,
43.5,29.0, 28.2, 27, 28.2, (Boc.(CHs)3) 28.0 [a]°2s = -
35° (C = 0.26, CHCI3) Lc-Ms (EI) m/z (M +1) =
467.16 (5%), 45.11 (100%) .

(2R,5R)-N1-(tert-butoxycarbonyl)-[5-(flourenylmethoxycarbonyl)aminomethyl]
Proline 23.

'H NMR (CDCls, 400 MHz) § 7.74-7.72 (d, J = 2 Hz, 2H,
O aromatic), 7.58-7.65 ( m, 2H, aromatic), 7.37-7.28 (m, 4H,
Q. aromatic), 6.00 (bs, 1H,-NH), 4.45-4.00 (m, 5H, -CH, -CH
o ﬁ\,Q...,,COH 2, -CH,NH), 3.77-3.69 (m, 1H), 3.31-3.05, (m, 2H), 2.28-
Y o= © 173 (m, 4H, H3 & H4), 1.42 (s, 9H, 3 x CH;); *C NMR
o (CDCls, 400 MHz): § 177.4 (acid CO), 158.9, (Boc.CO),
/|\ 155.2, 154.8, (Fmoc.CO), 143.9, 141.4, 141.3, 127.6, 127.0,
23 125.1, 124.8, 119.9, 119. 9, 81.2, 80.8, 67.0 (C-(CHa)s),
66.8, 57.7, 472, 45.5, 47.3, 455, 28.6, 28.4, 282
(Boc.(CHs)s), 27.0; Le-Ms (E) m/z (M+1) = 467.48 (5%)

245.15 (100%). [a]P250 = +38° (C = 0.027, CHCl5).

(2R,5S5)-Pyrrolidine-2,5-dimethyldicarboxylate 26

To a solution of 18 (0.4 g, 1.57 mmol) 6 N HCI (10 mL) was added refluxed for
24 h, and reaction mixture was concentrated under vacuo to obtain the hydrochloride salt
of dicarboxylic acid 24, yield 0.28 g (92%). The resultant salt was dissolved in methanol
and cooled to 0 °C and SOCI, (0.25 mL) was added in a drop wise fashion. The reaction
mixture was further stirred at room temperature for 12 h and concentrated under vacuo.

The residue was treated with saturated aqueous NaHCOj5 solution and the aqueous layer
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was extracted with ethyl acetate (3 x 10 mL), dried over Na,SO4, concentrated in vacuo to

afforded 200 mg of 26, yield (75%). R¢= 0.25 (Ethylacetate/Petether = 1:0).

2H, H2,H5), 3.73 (s, 6H, CO,CHj3), 2.95 (bs, 1H, -NH),
N 2.14 (m, 2H), 1.80 (m, 2H); *C NMR (CDClL;, 125
26 MHz) 174.1 (COCHs), 59.9 (C2 & C5), 51.8 (OCHs),
29.4 (C3 & C4). [a]P25 = 0 (0.01, CHCl3)

O 'H NMR (CDCl;, 500 MHz): & 3.81-3.83 (t, J = 10 Hz,
H,COo,C™ "' CO,CH,

(2R,5R)-Pyrrolidine-2,5-dimethyldicarboxylate 27

«O 'H NMR (CDCl;, 500 MHz): & 4.0-3.98 (t, J = 10 Hz,
2H, H2,H5), 3.73 (s, 6H, CO,CHs), 2.18 (m, 2H), 1.96
CO,CH

0T 2 (m, 2H); ®°C NMR (CDCls, 125 MHz) 174.8 (COCH3),

57 59.4 (C2 & C5), 51.8 (OCH3), 29.4 (C3 & C4); [P =
+32° (0.01, CHCl5)

Compound 29
To a solution of 28 ( 10 gm, 43.29 mmoL ) in acetone ( 500 mL ) K,CO; ( 23.37

gm, 129 mmoL) was added followed by slow addition of dimethyl sulphate (5.76 gm,
4.42 mL) and refluxed for 5h, after completion of the reaction concentrated the reaction
mixture and dilute with H;O (35 mL), followed by extraction with ethyl acetate (3 x 50
mL). Drying of the combined organic phases (Na,SOjs), evaporation of the solvent and

purification by column chromatography afforded 9.5 gm of 29 (89.6%) as white solid.

HO 'H NMR (CDCls, 200 MHz): § 4.44-4.3 (m, 2H, H3, H2),
Z—>‘ 3.70 (s, 3H, -CO2CHj3), 3.57-3.26 (m, 2H, H5), 2.35-2.15
co.ch (m, 1H, H3), 2.10-1.90 (1H, H3), 1.42-1.37 (d, 9H, J = 10

B Hz -3 x CHs); °C NMR (CDCls, 200 MHz): & 173.4,

” 173.2 (ester CO), 154.3, 153.7 (Boc CO), 80.0, 60.2, 68.5,
(C4), 57.6, 57.2 (C2), 54.3 (C5), 51.7 (OCH3), 38.6, 37.9
(C3),27.8 (Boc CO); IR v 3018, 1745, 1720 cm’".
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Compound 30
To a solution of 29 (4 gm, 16.32 mmolL) in THF (60 mL), was added
triphenylphosphein ( 4.7 gm, 17.95 mmoL) as THF solution (15 mL) and reaction
mixture was cooled to ice temperature, to this acetic acid (1.18 gm, 17.95 mmoL)
followed by DEAD (3.41 gm, 16.32 mmoL) were added drop wise fashion and the
reaction mixture was stirred at ambient temperature for 10h, after completion of the
reaction solvent was removed and diluted with H,O (25 mL) followed by extraction with
ethyl acetate (3 x 40 mL). Drying of the combined organic phases (Na,SOj,), evaporation
of the solvent and purification by column chromatography by 100-200 silica-gel afforded
4.3 gm (93.4%) of 30 as a oily liquid.
'H NMR (CDCl;, 200 MHz): § 5.26-5.22 (m, 1H, H3), 4.52-
AcQ 4.34 (dd, J =2 Hz, 1H, HI1), 3.75 (s, 3H, -CO,CH3), 3.73-3.49

(m, 2H, H4), 2.60-2.20 (m, 2H, H2), 2.01 (s, 3H, -OCOCH3),
1.48-1.43 (d, J = 10 Hz, 9H, -CO,C(CHs)3); *C NMR (CDCls,

H
X COLH 00 MHz):  172.1.171.8 (-COCH3), 169.8 (OCOCHs). 153.7,
30°° 153.2 (COOC(CHs)3), 179.9 (1Bu-C), 72.9, 71.8 (C4), 57.9, 57.5

(C2), 52.4, 52. 4 (CO-OCH3), 52.2, 51.9 (C5), 36.4, 35.5 (C3),
28.5, 28.4, (Boc-C(CHs);), 21.0 (OCO-CHs); IR y 3020,
1737,1693 cm™; Ms: m/z = 288 [M+1] (6%), 277 (10%), 228
(93%), 188 (100%), 128 (96%) ; [0]°2° = -25.33 (C = 0. 073,
DCM).

Compound 31
To a solution of 30 (6 gm, 20.90 mmol) in methanol was added tetrabutyl-

ammonium tetrafluoroborate (8 gm). The reaction flask was cooled to 5 °C in an ice bath.
The stirred solution was oxidized at a carbon anode and cathode using a constant current
(270 mA). After the completion of reaction 8h, solvent was evaporated under reduced
pressure and the residue was treated with ether (3 x 75 mL) leaving the supporting

electrolyte as a crystalline solid. The combined ether layers were concentrated under
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vacuum to get the crude product as an oil which was purified by column chromatography
on 100-200 silica gel by isocratic elution using 10% ethyl acetate/petroleum ether as
eluant to get the methoxylated product 31 (3.5 gm, 66%)).

'H NMR (CDCls, 200 MHz) & 5.36-5.26 (m, 1H, H4),

AcO 4.95-4.73 (m, 1H, H2), 4.50-4.17 (m, 1H, -H5), 3.72-3.70
(3H, -OCHj), 3.47-3.43 (3H, OCH3), 2.64-2.50 (m, 1H,
Voo H3), 2.18-1.99 (4H, H3, COOCH3), 1.48-1.41 (m, 9H, Boc

N COMe methyl); °C NMR (CDCl; 200 MHz) & 172.6, 171.5

Boc

31 (COOCH;), 1702, 189.9 (OCOCH3), 153.7
(COOC(CHs)3), 80.9, 84.7, 81.4, 80.8, (OCHs), 75.9, 74.7,
71.4, 70.8, (C4), 58.4, 57.8 (C2), 55.6, 54.7 (CO,CHj),
33.4, 32.4, 31.0, 30.2, (C3), 28.2, 28.0, (COOC(CHs)s),
20.7, (OCOCH; ); Ms: m/z [M+1] = 260 (33%), 277
(55%), 128 (100%) ; IR v 3020, 2401, 1737.74, 1706.88
cm

Compound 33
To a solution of 31 (1 gm, 3.15 mmoL) in DCM was added TMSICN (0.812mL,

6.3 mmoL) and reaction mixture was cooled to ice temperature, to this BF;-O(Et), (
0.997 mL, 7.875 mL ) was added drop wise fashion and stirred at ambient temperature
for 14h, after completion of the reaction Na,COs (160 mg, 0.5 mmoL) was added and
stirred for 2h to quench the excess Lewis acid present in the reaction. Evaporation of the
solvent, and purification by column chromatography using neutral alumina afforded 150

mg of 33 (23%) as an oily liquid.

AcO 'H NMR (CDCl; 200 MHz) & 5.31-5.28 (d, J = 6 Hz, 1H,
H4), 4.23 (s, 1H, H2), 4.06-3.99 (dd, J = 4 Hz, H5), 3.77
_— (s, 3H), ( 2.72-2.57 (m, 1H, H2), 2.33-2.26 (m, 1H, H2),

N Co,Me 2.03 (s, 3H, OCOCH3); *C NMR (CDCl; 200 MHz) &
33 173.4 (CO,CH3), 169.5 (OCOCH3), 118.0 (CN), 76.0 (

CO-OCHj3), 58.0 (C5), 53.7 (C4), 52.3 (C2), 34.5 (C3),
20.4 (OCO-CHs); IR y em™ 3022., 2954, 1741
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Compound 34
To a solution of 33 (150 mg, 0.678) in DCM was added di teritarybutyloxy

carbonate (591.8 mg, 2.712 mmoL) followed by catalytic amount of DMAP (16.56 mg,
0.135 mmoL) at ice temperature and stirred at ambient for 8h. evaporation of the solvent

and purification by flash chromatography afforded 220 mg of 34 ( 97%) as a oily liquid.

ACO 'H NMR (CDCl; 200 MHz) § 1.54-1.45 (d, J = 18 Hz,
COOC(CHs)s ); 2.05-2.04 (d, J = 2 Hz, -OCO-CH), 2.47-

o 240 (d, J = 16 Hz, H3), 2.81-2.64 (m, IH, H3), 3.76 (s,
N7 YCOMe  3H) 4.61-447 (m, 1H) 4.68-4.64 (d,J =8 Hz m, 1H).

o=< 5.38-5.36 (d, J = 4 Hz, 1H, H4), *C NMR (CDCl; 200

o MHz) 8 171.0, 170.6 (CO,CH), 169.4, 169.0 (OCO-CHj),

/f\ 152.5, 15221 (COOC(CHs)s). 115.7, 115.6 (CN), 82.8.
82.1, (COOC(CHs)s), 76 (OCHs), 58.0, 57.7 (C2). 53.6.

34 53.5 (C2), 53.6, 53.5 (C5), 52.5, 52.3 (C4), 35.2, 34.1

(C3), 20.5 (OCO-CHs); Ms: m/z = 333 [M+Na] (3%),
235.21(20%), 102.11 (100%).

Compound 35
To a solution of 34 (220 mg, 0.709 mmol) in methanol (2 mL) was added NEt;

(0.29 mL, 2.127 mmol) followed by raney Ni (250 mg). The mixture was subjected to
hydrogenation at 65 psi, after completion of the reaction (4h), reaction mixture was
filtered through celite pad and the solvent was evaporated under reduce pressure to get
amino ester 7 (not isolated) as a oily liquid. This was subjected to hydrolysis using 2N aq.
NaOH (1mL) and methanol (2 mL). After 30 minutes excess of sodium hydroxide was
neutralized using potassium bisulfate and the pH was adjusted to 7.0. Methanol was
removed by rotary evaporation and the residue was redissolved in 10% Na,COs3 (1 mL)
the reaction mixture was cooled to 0 °C in an ice-bath. To this was added of dioxane (2
mL) (peroxide free) followed by the slow addition of Fmoc-Cl (201 mg, 0.719) mmol,
1.1 eq.) in dioxane at 0 °C. Stirring was continued at 0 °C for 4 h. followed by room

temperature stirring for 18 h. The reaction as monitored by TLC, after the completion of
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the reaction contents were poured in ice- water and extracted with ether (2 x 15 mL) to
remove the unreacted chlroformate. The aqueous phase was chilled in ice and acidified
by the addition of saturated KHSOj4 solution. The pH of the solution was brought to 2.0 at
which the compound started getting separated as foam. This was then extracted with ethyl
acetate (3 x 10 mL) and dried over MgSO, and the solvent was removed under vacuum to
get the crude product as a solid. This was purified by flash column chromatography on
60-120 silica gel using ethylacetate/petether (0.3 Rf) as eluant to get 135 mg, (39 %) of
the desired product 35 as a cream color solid.

'H NMR (CDCl; 200 MHz) § 7.69-7.65 (d, J = 8
Q Hz, 2H), 7.53-7.49 (d, J = 8 Hz, 2H), 7.31-7.17 (m,
4H), 5.94 (bs, 1H, -NH), 4.40-3.91 (m, 6H), 3.40-

HO
O’ o 3.26 (m, 1H), 3.21-3.07 (m, 1H), 2.29-1.94 (m, 2H,
VN\"'" Neon B3 3C NMR (CDCl; 400 MHz Hz)8 176.0, 159.0
4 =( 2 154.4, 143.8, 143.26, 127.7, 127.0, 125.2, 124.9,
119.9, 81.3, 73.2, 67.3, 52.6, 47.23, 43.4, 36.4,

(6]
Q 28.2; Ms: m/z = 505.13 [M+Na] (3%), 277 (20%),
/|\ 199 (75%), 155 (100%)

35

N1-(t-Boc)-1,2-diaminoethane (37)

1,2-diaminoethane (20 g, 0.33 mol) was taken in THF (500 ml) and cooled in an
ice-bath. Boc-anhydride (5 g, 35 mmol) in THF (150 ml) was slowly added with stirring.
The mixture was stirred for at ambient temperature for 16 h and the resulting solution
was concentrated to 100 ml. The N1, N2-di-Boc derivative not being soluble in water,
precipitated, and it was removed by filtration. The corresponding N1-mono-Boc
derivative was obtained by repeated extraction from the filtrate in ethyl acetate. Removal
of solvents yielded the mono-Boc-diaminoethane 37 (3.45 g, 63%, Rf = 0.25, DCM:

MeOH; 9:1).
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'H NMR (CDCls, 200 MHz) & 5.21 (br s, 1H, NH), 3.32 (t, 2H, J=8
BoeN” AN Hz), 2,54 (t, 2H, J=8 Hz), 1.42 (s, 9H).

H 37

Ethyl N-(2-Boc-aminoethyl)-glycinate (38)

The N1-(Boc)-1,2-diaminoethane 37 (3.2 g, 20 mmol) was treated with ethyl
bromoacetate (2.25 ml, 20 mmol) in acetonitrile (100 ml) in the presence of N(Et); (6.05
gm, 60 mmol) at 0 °C, the mixture was stirred at ambient temperature for 12 h. The
reaction mixture was concentrated to paste and diluted with H,O (20 ml), and extracted
with ethyl acetate (5 x 20 mL). Drying of the combined organic phases (Na,SO4) and
evaporation of the solvent afforded 4.3 gm (83%) of 38 as oily liquid.

'H NMR (CDCls, 200 MHz) 8 5.02 (br s, 1H, NH), 4.22 (q,
CO.E
B"CE\/\E/\H/ = OH, J = 8Hz), 335 (s, 2H), 3.20 (1, 2H, J = 6Hz), 2.76 (t,
38 © 2H, J = 6Hz), 1.46 (s, 9H), 1.28 (t, 3H, J = 8Hz).

Ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate (39)

The ethyl N-(2-Bocaminoethyl)-glycinate 14 (4.0 g, 14 mmol) was taken in 10%
aqueous Na,COs (75 ml) and dioxane (60 ml). Chloroacetyl chloride (6.5 ml, 0.75 mmol)
was added in two portions with vigorous stirring. The reaction was completed within 5
min. The reaction mixture was brought to pH 8.0 by addition of 10% aqueous Na,COs
and concentrated to remove the dioxane. The product was extracted from the aqueous
layer with dichloromethane and was purified by column chromatography to obtain the
ethyl N-(Bocaminoethyl)- N-(chloroacetyl)-glycinate 39 as a colorless oil in good yield

(4.2 g, Yield, 80%; R,= 0.3, ethyeacetate:petroleum ether; 2:8).
f
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o 'H NMR (CDCls, 200 MHz) § 5.45 (br s, 1H), 4.1- 4.9 (S,
BocN t
N 2H), 4.00 (s, 2H), 3.53 (4 2H), 3.28 (q, 2H), 1.46 (s, 9H),
O (0]
1.23 (t, 3H, J=8Hz).

39

N-(Boc-aminoethylglycyl)-thymine ethyl ester (40)

Ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate 39 (1.0 g, 3.Immol) was
stirred with anhydrous K,CO; (0.47 g, 3.4 mmol) in DMF with thymine (0.41 g, 3.25
mmol) to obtain the desired compound 40 in good yield. DMF was removed under
reduced pressure and the oil obtained was purified by column chromatography to afford
40. (1 g, Yield 83%; R¢= 0.2, MeOH:DCM; 5:95).

0 'H NMR (CDCls, 200 MHz): 8 9.00 (br s, 1H, T-NH), 7.05
(min) & 6.98 (maj) (s, 1H, T-H6), 5.65 (maj) & 5.05 (min) (br

| s, 1H, NH), 4.58 (maj) & 4.44 (min) (s, 1H, T-CH,), 4.25 (m,
NIY) 2H, OCH,), 3.55 (m, 2H), 3.36 (m, 2H), 1.95 (s, 3H, T-CHs),
Oj) 1.48 (s, 9H), 1.28 (m, 3H); *C NMR (CDCls) &: 170.8,

169.3, 167.4, 164.3, 156.2, 151.2, 141.1, 110.2, 79.3, 61.8,

0
61.2,48.5,48.1,47.7,38.4,28.1, 13.8, 12.2.
BocN/\/N\)LOEt
H
4

0

N-(Boc-aminoethylglycyl)-(N4-benzyloxycarbonyl cytosine)ethyl ester (41)

A mixture of NaH (0.25 g, 6.2 mmol) and N4-benzyloxycarbonyl cytosine 17
(1.24 g, 6.2 mmol) was taken in DMF and stirred at 75 °C till the effervescence ceased.
The mixture was cooled and ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate 39 (2.0
g, 6.2 mmol) was added. Stirring was then continued at 75 °C to obtain the cytosine
monomer, N-(Boc-aminoethylglycyl)-(N4-benzyloxycarbonyl cytosine)ethyl ester 41, in

moderate yield (1.75 g, 69%; ).
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/ﬁ\ 'H NMR (CDCls, 200 MHz): 8 7.65 (d, 1H, C-H6, J =
N o/\O 8Hz), 7.35 (s, SH, Ar), 7.25 (d, 1H, C-H5, J = 8Hz), 5.70

B e (br s, 1H, NH), 5.20 (s, 2H, Ar-CH2), 4.71 (maj) & 4.22
o (min) (br s, 2H), 4.15 (q, 2H), 4.05 (s, 2H), 3.56 (m, 2H),
Oj) 5 3.32 (m, 2H), 1.48 (s, 9H), 1.25 (t, 3H).
BocN” \/u\OEt

N-(Boc-aminoethylglycyl)-adenine ethyl ester (42)

NaH (0.25 g, 6.1 mmol) was taken in DMF (15 ml) and adenine (0.8 g, 6.1 mmol)
was added. The mixture was stirred at 75 °C till the effervescence ceased and the mixture
was cooled before adding ethyl N- Boc-aminoethyl)-N-(chloroacetyl)-glycinate 39 (2.0 g,
6.1mmol). The reaction mixture was heated once again to 75 °C for 1 h, when TLC
analysis indicated the disappearance of the starting ethyl N-(Boc-aminoethyl)-N-
(chloroacetyl)-glycinate. The DMF was removed under vacuum and the resulting thick
oil was taken in water and the product, extracted in ethyl acetate. The organic layer was
then concentrated to obtain the crude product, which was purified by column
chromatography to obtain the pure N- (Bocaminoethylglycyl)-adenine ethyl ester 42.
(Yield 75%; R¢= 0.2, MeOH:DCM; 5:95).

'H NMR (CDCls, 200 MHz): 8 8.32 (s, 1H), 7.95 (min) &
NHo7.90 (maj) (s, 1H), 5.93 (maj) & 5.80 (min) (br, 2H), 5.13

</ | \/)N (maj) & 4.95 (min), 4.22 (min) & 4.05 (maj) (s, 2H), 4.20 (m,
N 2H), 3.65 (maj) & 3.55 (min) (m, 2H), 3.40 (maj) & 3.50
Oj) o] (min) (m, 2H), 1.42 (s, 9H), 1.25 (m, 3H).
BocN” \)I\OEt
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N-(Boc-aminoethylglycyl)-2-amino-6-chloropurine ethyl ester (43)

A mixture of 2-amino-6-chloropurine (1.14 g, 6.8 mmol), K,CO; (0.93 g, 7.0
mmol) and ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate 39 (2.4 g, 7.0 mmol)
were taken in dry DMF (20 ml) and stirred at room temperature for 4 h. K,COs3 was
removed by filtration, and the DMF, by evaporation under reduced pressure. The
resulting residue was purified by column chromatography to obtain the N-(Boc-
aminoethylglycyl)-2-amino-6- chloropurine ethyl ester (43) in excellent yield (2.55 g,

90%; R¢=0.25, MeOH:DCM; 5:95).

Cl 'H NMR (CDCls, 200 MHz): & 7.89 (min) & 7.85 (maj) (s,
</N | \/)N\ 1H), 7.30 (s, 1H), 5.80 (br s, 1H, NH), 5.18 (br, 2H), 5.02
V7 ONTUNH,  (maj) & 4.85 (min) (s, 2H), 4.18 (min) & 4.05 (maj) (s, 2H),
© 0 3.65 (maj) & 3.16 (min) (m, 2H), 3.42 (maj) and 3.28 (min)
Bocﬁ/\/'\'\)\oa (m, 2H), 1.50 (s, 9H), 1.26 (m, 3H).
43

Hydrolysis of the ethyl ester functions of PNA monomers (General method):

The ethyl esters were hydrolyzed using 2N aqueous NaOH (5ml) in methanol
(5ml) and the resulting acid was neutralized with activated Dowex-H+ till the pH of the
solution was 7.0. The resin was removed by filtration and the filtrate was concentrated to
obtain the resulting Boc-protected acids (21-24) in excellent yield (>85%). In case of
cytosine monomer ethyl ester, mild base 0.5 M LiOH was used to avoid deprotection of
the exocyclic amine-protecting group by strong bases.
Thymine N1-acetic acid 49

To thymine 48 (5 g, 39.7 mmol) and potassium hydroxide (3.8 g, 79.4 mmol) in

H,0 (30 mL) was added chloroacetic acid slowly (3.1 g, 39.7 mmol) in water (12 mL).
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The pH of the solution was adjusted and kept at 10 by drop wise addition of aq. KOH
solution. After refluxing for 2h, the solution was cooled and acidified to pH 2 with conc.
HCI. The resulting precipitate was filtered, washed with cold water and dried to obtain
the crude product, recrystallized from water to get pure 49 (4.9 g, 66%) as a white solid.
mp 258 °C (260-261 °C).
N4-Benzyloxycarbonyl cytosine 4
Cytosine 50 (1 g, 9 mmol) was suspended in dry pyridine (15 mL) and cooled to

0°C. To this was added bennzyloxycarbonyl chloroformate (3.0 mL, 18 mmol. ) drop
wise over a period of 15 min. under nitrogen atmosphere. The reaction mixture was
stirred overnight. The pyridine suspension was evaporated to dryness in vacuo. To this
were added water (10 mL) and 4N hydrochloric acid to bring the pH to 1. The resulting
white precipitate was filtered off, washed with water and partially dried. The wet
precipitate was boiled in absolute ethanol (25 mL) for 10 min. cooled to 0°C, filtered,
washed thoroughly with ether, and dried, in vacuo to get 52 as a white solid.

'H NMR (DMSO Dg): 8 7.85-7.70 (d, 1H, H6), 7.45-7.20 (m, 5H, aromatic), 7.00-

6.80 (d, 1H, HS), 5.15 (s, 2H, benzyl CH2). Mass (m/e) 245 (M+).

Ethyl (N4-Benzyloxycarbonyl- N1cytosinyl) acetate 52

A suspension of N4-Benzyloxycarbonyl cytosine 51 (0.5 g, 2 mmol) and K,CO;
(0.28 g, 2 mmol) in dry DMF was cooled to 0°C and ethyl bromoacetate (0.133 mL, 1.2
mmol, 0.6 eq.) was added drop wise and the mixture was stirred vigorously overnight,
filtered and evaporated to dryness. Water (7 mL) and 4 N HCI (0.2 mL) were added and

the mixture was stirred for 15 minutes at 0° C, filtered, and washed with water (2 x 10
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mL). The isolated precipitate was purified by column chromatography on silica gel using

ethylacetate/petether as an eluent to get the pure ester 52 as a white solid. Yield 0.48g,

71%.
o 'H NMR (CDCls, 200 MHz): & 7.75 (bs. NH), 7.60-7.45
HNJ\O/\Q (d, 1H, H6), 7.45-7.30 (m, 5H, aromatic), 7.30-7.20 (d,
> 1H, H5), 5.20 (s, 2H, benzyl CH2), 4.60 (s, 2H, N-CH2),
O)\N | 4.35-4.15 (q, 2H, -CH2), 1.35-1.20 (t, 3H, CH3). Mass
KWO\B (m/e) 331 (M+1).
O
52

N4-Benzyloxycarbonyl cytosine-N1-acetic acid 53
Ester 52 (0.25 g, 0.74 mmol) in water (1.5 mL) was treated with 2N NaOH (1.5

mL) for 15 min. filtered, cooled to 0°C and neutralized with 4N HCI (0.5 mL). The
product acid was isolated by filtration and the precipitate was washed thoroughly with
water to get the free acid 53 as a white solid. Yield 0.195 g, 92 %.

o 'H NMR (DMSO Dg): & 10.2 (bs, 1H), 8.10-7.90 (d, 2H,

N)LO/\© H6), 7.60-7.25 (m, SH), §7.05-6.90 (d, 1H, H5), 5.2 (s, 2H,
C
”L)%

benzyl CH,), 4.5 (s, 2H, N-CH,).
CO,H

53

2.19 Functionalization of MBHA resin

The commercially available MBHA resin has loading value of (2meq/g) which is

not suitable for oligomer synthesis. Hence it is required to minimize the loading value to
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0.17-0.27 meq/g to avoid the syntheses problems due to aggregation of developing
oligomer. Dry resin (2 gm) was taken in solid phase funnel and swelled in DCM (20 mL)
for 1 h. The solvent was drained off and the resin was treated with calculated amount of
acetic anhydride in 5% DIPEA /DCM solution for about 15 min then the solvent was
drained off, resin was washed with DCM and DMF thoroughly to remove the traces of
acetic anhydride and dried in vacuum descicator. The dried resin was taken in to solid
phase funnel and swelled in DCM for about 1h and functionalized with Boc protected -

allanine.

2.19.1 Picric acid assay for the estimation of the amino acid loading

The functionalized dry resin (5 mg) was taken in a sintered funnel and swelled in
CH,Cl, for 1 h. The solvent was drained off and the resin was treated with 50%
TFA/DCM for 15 min (1 mL x 2) each time. The resin was thoroughly washed with
CH,Cl, and the TFA salt was neutralized with 5% diisopropyl ethylamine for 2 min (1
mL x 3). The free amine was treated with picric acid 0.1 M in DCM (2 mL x 3) 3 min for
each time. The resin was thoroughly washed with CH,Cl, to remove the unbound picric
acid. The picrate bound to amino groups was eluted with 5% diisopropyl ethylamine in
CH,Cl,, followed by washing with CH,Cl,. The eluant was collected into a 10 ml
volumetric flask and made up to 10 ml using CH,Cl,. An aliquot (0.2 ml) of picrate
eluant was diluted to 2 ml with ethanol and the optical density was measured at 358 nm,
and the loading value of the resin (0.27 meq/g) was calculated using the molar extinction

coefficient of picric acid as ¢355=14,500 cm ' M at 358 nm.
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Table 3 HPLC and MALDI-TOF mass spectral analysis of modified amp-PNAs

Entry PNA Retention Time Calculated Mass Observed Mass
(min)

1 aeg PNA 57 7.696 2215 2218.58 [M + 3H]
2 aegPNA 58 11.330 2793 2832.28 [M + K]
3 SR-amp PNA 59 8.174 2241 2240.28

3 SR-amp PNA 60 7.730 2241 2240.83

5 SR-amp PNA 61 8.14 2241 2241.37

6 SR-amp PNA 62 8.168 2267 2265.86 [M -1H]
7 SR/SS-amp PNA63 8.970 2267 2268.47 [M + 1H]
8 SR-amp PNA 64 11.075 2871 2876.31 [M+5]

9 SR-amp PNA 65 9.719 2423 2423.34

10 SS-amp PNA 66 8.177 2241 2243.51 [M + 2H]
11 SS-amp PNA 67 7.834 2241 2239.97

12 SS-amp PNA 68 8.101 2241 22447 [M + 3H]
13 SS-amp PNA 69 8.30 2267 2266.19[M -1H]
14 SS-amp PNA 70 11.059 2871 2874.73 [M+3H]
15 SS-amp PNA 71 11.066 2423 2423.80

16 RS-amp PNA 72 8.165 2241 2244.09 [M + 3H]
17 RS-amp PNA 73 8.132 2241 2263.28 [M + Na]
18 RS-amp PNA 74 8.143 2241 2242.00 [M + 1H]
19 RS-amp PNA 75 8.306 2267 2267.08
20 RS-amp PNA 76 11.119 2871 2894.37 [M+ Na]
21 RS-amp PNA 77 11.547 2423 2425.48[M + 2H]
22 RR-amp PNA 78 7.944 2241 2240.88[M + 1H]
23 RR-amp PNA 79 7.845 2241 2263.28[M + Na]
24 RR-amp PNA 80 8.236 2241 2242.85[M + 2H]
25 RR-amp PNA 81 8.855 2267 2268.47[M + 1H]
26 RR-amp PNA 82 11.512 2871 2878.74 [M+ TH]
27 RR-amp PNA 83 10.286 2423 2425.09[ M + 2H]
28 SRR-amp PNA 84 8.617 2257 2261.60 [M +9]
29 SRR-amp PNA 85 8.891 2257 2259.70 [M + 3H]
30 SRR-amp PNA 86 8.379 2257 2252.83 [M —4H]
31 SRR-amp PNA 87 9.247 2835 2836.47 [M + 1H]
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Figure 37 Reverse phase HPLC- Profiles of amp/aeg PNAs

Figure 37a HPLC- Profiles of amp/aeg PNAs 57-63
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Figure 37b HPLC-Profiles of amp-PNAs 64-69
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Figure 37c HPLC-profiles of amp-PNAs 70-75
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Figure 37d HPLC-Profiles of amp-PNAs 76-81
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Figure 37e HPLC-Profiles of amp-PNAs 82-87
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Figure 38 MALDI-TOF spectra of amp/aeg PNA oligomers
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Figure 38b MALDI-TOF spectra of amp-PNAs 63-69
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Figure 38c MALDI-TOF spectra of amp-PNAs 70-75
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Figure 38d MALDI-TOF spectra of amp-PNAs 76-81
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CHAPTER 3
Biophysical studies
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3 Introduction
Biophysics is an interdisciplinary field in which the techniques from the physical

sciences are applied to understand the biological structure and function. Some of the
biophysical techniques useful in studying structures of nucleic acid and analogues are as

follows.
3.1 Biophysical techniques

3.1.1 Transmission electron microscopy (TEM): TEM is a very direct way of
determining macromolecular structure, which has reached near-atomic resolution for
protein structures in the 1990s. In the 1930s, Ruska'® built the first EM, using
electromagnetic lenses to focus the electron beam. The TEM is used heavily in both
material science/metallurgy and the biological sciences. In both cases, the specimens

must be very thin and able to withstand the high vacuum present inside the instrument.

3.1.2 EPR spectroscopy:

EPR can be used to identify biological molecules that contain free radicals or
transition metal ions in their structure. Even more usefully EPR is a quantitative
technique i.e. we can determine the concentration of unpaired electrons present in a
sample even if we do not know the exact nature of the free radical being observed. EPR
spectroscopy has been shown to be useful in understanding the pathophysiology and
underlying chemical mechanism of a wide range of diseases. Examples studied include
Parkinson's disease, birth asphyxia, stroke, septic shock, kidney damage and coronary

heart disease.
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3.1.3 Neutron scattering:

Neutrons are most aptly applied to the determination of hydration patterns and the
structure of macromolecules, their complexes, interaction and dynamic activity. Neutron
scattering is not a mainstream technique in biomedical research. The interaction of
neutrons with nuclei is very weak and consequently the longer times are needed to collect
a large amount of high resolution data using them (for example, weeks of measuring time
for neutron crystallography). Alternatively, it is often found that the amount of sample
required is very large, or that the amount of information (e.g. spatial resolution) provided

is very small.

3. 1.4 X-ray Crystallography:

It is the principal method by which the detailed 3-dimensional
structures of molecules - especially those present in living systems
have been discovered.

3. 1. 5 Circular Dichroism Spectroscopy CD:

CD spectroscopy belongs to a class absorption spectroscopy that can provide
information on the structures of many types of biological macromolecules. Circular
dichroism is the difference between the absorption of left and right handed circularly-
polarised light and is measured as a function of wavelength. The absence of regular
structure results in zero CD intensity, while an ordered structure results in a spectrum
which contains both positive and negative signals.

Circular dichroism spectroscopy is particularly effective for determining whether

a protein is folded, and if so characterizing its secondary structure, tertiary structure, and
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the structural family to which it belongs. It is possible to compare the structures of a
protein obtained from different sources (e.g. species or expression systems) or comparing
structures for different mutants of the same protein demonstrating difference in solution
conformation after changes in manufacturing processes or formulation studying the
conformational stability of a protein under stress (thermal stability, pH stability, and
stability to denaturants) and how this stability is altered by buffer composition or addition
of stabilizers and excipients. CD is excellent for finding solvent conditions that increase
the melting temperature and/or the reversibility of thermal unfolding, conditions which
generally enhance shelf life.

Determining whether protein-protein interactions alter the conformation of protein
is possible from observing changes in the sub function spectrum of the complex from the
sum of the individual components. CD spectroscopy is usually used to study proteins
(Table 1) in solution, and thus it complements X-ray methods that study the solid-state.
There is also a limitation, in which many proteins are embedded in membranes in their
native state, and solutions containing membrane structures are often strongly scattering.

CD is also sometimes measured in thin films.

CD of soluble proteins

Table 1 Characteristic CD-signatures of different peptides
o-helix positive m->r* 190-195 nm 60,000 to 80,000 deg cm? dmol™!

negative g->n* 208 -36,000 + 3,000

negative n->n* 222 -36,000 + 3,000
B-sheet positive n->r* 195-200 30,000 to 50,000

negative n->n* 215-220  -10,000 to -20,000

random negative g->r* ca. 200 -20,000

positive n->n* 220 small
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Figure la: Typical CD spectra of poly-L-lysine peptides

3. 2 CD spectroscopy of PNA:

CD spectroscopy is also useful for monitoring the structural changes of nucleic
acids in solutions and for diagnosing whether new or unusual structures are formed by
particular polynucleotide sequences. PNA is non-chiral and hence CD silent. Chirality
can be induced in the achiral PNA strand by linking chiral moieties like amino acids,'
peptides,” or oligonucleotides® to the PNA termini. PNA can also been rendered chiral by

the incorporation of chiral amino acids in its backbone.*"'

The CD is predominantly an
effect of coupling between the transition moments of the nucleobases as a result of their
helical stacking. The reliance on CD spectroscopy to study nucleic acid conformations
has stemmed from the sensitivity and ease of CD measurements, the non-destructive
nature of measurements and the fact that conformations can be studied in solution.

Although detailed structural information, such as X-ray crystallography or NMR

spectroscopy is not available from CD spectra, but it can provide a reliable determination
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of its overall conformational state when compared with the CD spectra of reference
samples. In case of nucleic acids, the sugar units of the backbone provide chirality and
the bases attached to sugars are chromospheres. In the CD spectrum of polynucleotide
with stacked bases, the magnitude of CD signals is larger in the 260-280 nm region where
the nucleobases absorb and significantly higher at 200 nm. The PNA backbone is
inherently achiral and does not exhibit CD signals. The complex formed as a
consequence of the binding of achiral PNA and chiral DNA leads to the formation of a
chiral complex and thus CD assumes importance in the characterization of such

complexes.

|

Ellipticiy at
260nm

mole fraction —

Figure 1b CD mixing showing PNA:DNA binding stoichiometry

Job’s plot'? (CD mixing) involving CD spectroscopy, is used to find out the
binding stoichiometry of PNA:DNA complexes'® in which the evolvement of ellipticity
at specific wavelength is followed as a function of the mole fraction of added PNA/DNA

(Figure 1Db).
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3. 3 UV-Spectroscopy

Monitoring the UV absorption at 260 nm as a function of temperature has been
extensively used to study the thermal stability of nucleic acid system and consequently,
PNA:DNA/RNA hybrids as well. Increasing temperature perturbs this system, inducing a
structural transition by causing disruption of hydrogen bonds between the base pairs,
diminished stacking between adjacent nucleobases and larger torsional motions in the
backbone leading to a loss of secondary and tertiary structure. This is evidenced by an
increase in the UV absorption at 260 nm, termed as hyperchromicity. The DNA melting
is readily monitored by measuring its absorbance at a wavelength of 260 nm. A plot of
absorbance versus temperature gives a sigmoidal curve in case of duplexes/triplexes and
mid point of transition gives the Tm (Figure 2A). In case of triplexes, the first transition
corresponding to triplex melting to the duplex (Watson—Crick duplex) and the third
strand (Hoogsteen strand). This is followed by second transition due to the duplex
dissociation at higher temperature into two single strands. The DNA triplex thus shows a
characteristic double sigmoidal transition with separate melting temperatures for each
transition.

A non-sigmoidal (e.g., linear) transition with low hyperchromicity is a
consequence of non-duplexation (non-complementation). In many cases, the transitions
are broad and the exact Ti,s are obtained from the peak in the first derivative plots. This
technique has provided valuable information regarding complementary interactions in

nucleic acid hybrids involving DNA, RNA and PNA.
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The UV mixing experiments are carried out by mixing the appropriate oligomers
in different molar ratios keeping the total concentration constant. The stoichiometry of

paired strands may be obtained from the mixing curves, in which the optical property at

A B

Ao Aszeo

temperature —= mole fraction —==

Figure 2 Schematic representation of A.UV-melting (thermal stability), B.UV-mixing

a given wavelength is plotted against the mole fraction of each strand, known as Job’s
plot. Two triplex forming oligomers are mixed in various proportions, which can form
1:1, 1:2 or 2:1 complex, depending on the conditions in the medium and binding ability
of the two interacting oligomers. By varying the oligomer proportions, one gets a UV
mixing curve. The hypochromic change in absorbance upon formation of double and
triple stranded complexes results in inflection points at either 0.5, 0.33 or 0.67 mole
fraction of one strand (Figure 2B). These points correspond to the complete involvement
of strands in complexes.

The fidelity of base-pairing in the PNA:DNA complexes can be examined by
challenging the PNA oligomer with a DNA strand bearing a mismatch at a desired site,
preferably opposite the site of modification. The base mismatch leads to the absence or
incorrect hydrogen bonding between the bases and causes a drop in the measured melting

temperature. A modification of the PNA structure is considered good if it gives a much
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lower Tm with DNA sequences containing mismatches as compared to that with
unmodified PNA. It is to be pointed out that in all biophysical experiments described

herein, the modified PNAs are always evaluated against the unmodified control PNA.

3. 4 Gel electrophoresis

Electrophoresis is a technique used to separate, purify and characterize the
macromolecules - especially proteins and nucleic acids - that differ in size, charge or
conformation. As such, it is one of the most widely used techniques in biochemistry and
molecular biology. This technique is based on the observation that protein:DNA
complexes migrate more slowly than free DNA molecules when subjected to
nondenaturing polyacrylamide or agarose gel electrophoresis. Because the rate of DNA
migration is shifted or retarded upon protein binding, the assay is referred as a gel shift or
gel retardation assay.

Gel mobility-shift assay is based on the fact that the electrophoretic mobility of a
DNA-fragment in a native polyacrylamide gel typically is reduced by the presence of a
PNA strand displacement complex. The shift in gel mobility is apparently not due to the
increase in mass but rather reflects structural changes. In addition, the gel-shift assay is
fast and technically simple and therefore often used to determine the degree of binding.
Frequently, binding of PNA results in not only one but two or more shifted bands. These

distinct bands presumably reflect structural isomers or alternative stoichiometry.

PRESENT WORK:
3. 5 CD Studies: Effect of Chiral PNAs

The achiral PNA backbone does not show any significant CD spectrum. However,

single-stranded (ss) PNAs with modified chiral backbone when complexed with
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complementary DNA sequences are capable of exhibiting characteristic CD signals. A
preferred handedness in the complex may be induced by introducing chiral centers within
the PNA strand. The process is described as a “seeding of chirality, beginning from the
terminal base pair and migrating through the stack of the bases”."* The presence of chiral

monomers reorganizes the single stranded PNAs and also enhance the helical preferences

of the PNA:DNA complexes.

3.5.1 CD studies (2S,5S), (2S,5R), (2R,5S) and (2R,5R) of amp monomers

The CD-spectra of methanolic solutions of amp monomers 22 (2R,5S), 10 (28,
5R), 23 (2R,5R) and 9 (2§,5S5) are shown in Figure 3A. A positive ellipticity was
observed for the monomer 22 (2R,5S) and a negative ellipticity was observed for the
monomer 10 (25,5R). Trans monomers 9 (25,55) and 23 (2R,5R) showed positive

ellipticity (Figure 3B).
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Figure 3: CD spectra of enantiomeric amp monomers (A) 22 (2R,5S) and 10 (25,5R), (B) 23
(2R,5R) and 9 (25,55). Buffer: 10 mM sodium phosphate, 10 mM NaCl, pH 7.3.
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3. 5. 2 CD studies of single strand amp PNA oligomers:

As part of the chimeric backbone in amp-aeg-PNA oligomers, the chirality of
amp-PNA oligomers was thought to direct the preferred structure of ssPNAs. These
monomers were therefore incorporated into triplex forming homopyrimidine PNA Tg
sequences at N-terminus (PNA 59, 66, 72, 78 and 84), C-terminus (PNA 61, 68, 74, 80
and 86), with in the sequence (60, 67, 73, 79 and 85) and simultaneously at two positions
i.e. at C terminus and second amp unit at the fifth (62, 63, 69, 75 and 81). In PNA 63 (25,
5R) amp-PNA monomer was incorporated at C-terminus and (2S5,55) amp-PNA monomer
was incorporated at fifth positions respectively to study the additivity of any structural
pre-organization due to preferential base stacking. Although the CD spectra of the amp-
PNA-T;3 single strands differed depending on the stereochemistry and the number of
ampPNA units. These amp-PNA single strand oligomers exhibited CD signals with

maxima at 230-260 nm and minima at 210 nm (except amp-PNA 62 and 75) irrespective
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Figure 4 (A) CD Spectra of ss amp-PNA 63, and PNA75 (B) ss amp-PNA
81 and 69. Buffer: 10 mM sodium phosphate, 10 mM NaCl, pH 7.3
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of the stereochemistry of the pyrrolidine unit. The effect of substitution of the
enantiomeric single pyrrolidine cis monomers (25,5R and 2R,5S) and trans monomers
(28,58 and 2R,5R) in the central position of the oligomers 60, 67, 73, 79 and 85 did not
reflect in CD. When two units of pyrrolidine enantiomers were present in the PNA
oligomers 62, 63, 69, 75 and 81 a close mirror image relationship emerged in their CD
profiles (Figure 4). CD spectral data on single strand chiral PNAs thus suggested that

propagation of chiral induction.

3. 5. 3 CD studies of amp-PNA,:DNA/RNA triplexes:

Upon complex formation with the complementary DNA, the CD exhibited by the
amp-PNA:DNA complex (triplexes) was similar to that of the aeg-PNA:DNA control
triplex in which DNA makes a major contribution to the CD of the complex (Figure 5).
However, PNA, a polyamide, can be expected to form helices via intramolecular
hydrogen bonding leading to a racemic mixture of right-hand and left- handed helices,

with no observable net CD. Upon complexation with DNA/RNA, which are chiral

Ellipticity (mdeg)

'15 v T v T v T v T v
200 220 240 260 280 300
Wavelength (nm)

Figure 5 CD Spectra of ssDNA 88, ssaeg-PNA 57 and complex of (aeg-PNA
57),:DNA 88. Buffer:10 mM sodium phosphate, 10 mM NacCl, pH 7.3.
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molecules, PNA:DNA/RNA triplexes/duplexes exhibit strong CD signals. It is known
that formation of PNA triplexes is accompanied by appearance of positive CD bands at
258 nm and 285 nm that are not present in PNA complexes and exhibit characteristic CD

signatures due to chirality induced by DNA/RNA (Figures 6, 7 and 8).
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Figure 6 (A-B) Representative CD spectra of ss(25,5R), (2S,5S) and ss(2R,5S)-amp-PNA
oligomers. (C-D) CD spectra of triplex complexes of amp-PNAs with DNA 88. (Buffer: 10 mM
sodium phosphate, 10 mM NaCl, pH = 7.3). DNA 88 = 5°(CGC-AAAAAAAA-CGC)3’
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Figure 7 (A-C) Representative CD spectra of ss(2R,5S), ss(2R,5R) and s5(2S,4S,5R)-
amp-PNA oligomers. (D-F) CD spectra of triplex complexes of ss(2R,5S), (2R,5R) and
55(2S,4S8,5R) amp-PNAs with DNA 88. (Buffer, 10 mM sodium phosphate, 10 mM
NaCl, pH = 7.3). DNA 88 = 5°(CGC-AAAAAAAA-CGC)3’
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Figure 8 Representative spectra of amp-PNA,:RNA triplexes. A) CD profiles of (2S,5R)-
amp-PNA,:RNA triplexes. B) CD-Spectra of (25,55) amp-PNA,:RNA triplexes.

3. 5. 4 CD studies of Homooliogomers

Homooligomeric octamers, each bearing eight modified units of (2S,5R)-amp-
PNAGS, (25,55)-amp-PNAT1, (2R,55)-amp-PNAT7, and (2R,5R)-amp-PNA83 amp PNA
were also synthesized to study the effect of only modified backbone. Homooligomer
(2S5,5R)-PNAGS exhibited negative ellipticity with CD signal maxima at 240 nm and
minima at 210 nm, whereas (2R,55)-PNA77 exhibited CD signal with maxima at 210 nm
and minima at 240 nm. Thus a mirror image relationship has emerged in the CD profiles
of the enantiomeric homooligomers (2R,55)-amp-PNA 65 and (2R,5S5)-amp77 (Figure
9A). The CD profile of homooligomers PNA (2S,55)-amp-PNA71 and (2R,5R)-amp-
PNA 83 also exhibit a mirror image relationship (Figure 9B). Upon complex formation
with complementary DNA, CD positive maxima at 220-230 nm and 260-280 nm,
negative minima at 246 nm with crossover points at 240-250 nm were observed. The
positive bands in the region of 260-280 nm seen in the CD spectra of complexes, are

characteristic of PNA,:DNA triplex. (Figure 8).
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3. 6 Binding Stoichiometry: CD and UV-mixing Curves

Ultraviolet (UV) absorption and circular dichroism (CD) measurements are
extremely useful to determine the stoichiometry and stability of duplexes and triplexes.
The stoichiometry of the paired strands may be obtained from the mixing curves, in
which the optical property at a given wavelength is plotted as a function of the mole
fraction of each strand from isodichroic and isoabsortive point (Job’s plot)."” The
combination of absorption and CD spectra provides unambiguous determination of the
complex formation and strand stoichiometry than is provided by absorption spectra alone.

Various stoichiometric mixtures of amp-PNA65 and DNA88 were made with
relative molar ratios of (amp-PNAG65:DNA88) strands of 0:100, 20:80, 40:60, 50:50,
60:40, 80:20, 100:0, keeping all the same total strand concentration 2 pM in

sodiumphosphate buffer, 100 mM NaCl (10 mM, pH 7.3). The samples with the

individual
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Figure 10 A) CD-curves for mixture of amp-PNA 65 and the complementary DNA 88 =5’
(CGC-AAAAAAAA-CGC) 3° mixtures in the molar ratios of 0:100, 10:90, 20:80, ,40:60,
50:50, 60:40, 80:20, 100:0 (Buffer, 10 mM Sodium phosphate pH 7.3, 10 mM NaCl), B)
UV-job plot corresponding to 248 nm.
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strand combinations were annealed and the CD spectra were recorded (Figure 10A). The
CD spectra at different molar ratios show a isodichroic point (wavelength of equal CD
magnitude) around 265 nm. This systematic change in the CD spectral features upon
variable stoichiometric mixing of PNA and DNA components can be used to generate
Job’s plot which indicated a binding ratio of 2:1 for the amp-PNA,:DNA complexes,
expected for triplex formation. UV- absorbance spectra were recorded for the mixtures of
amp-PNA 65:DNA 88 in different proportions as mentioned above. A mixing curve was
plotted, using absorbance at fixed wavelength (An.x 260 nm) against mole fractions of
amp-PNA 65. Figure 10B shows the change in A, observed for the mixtures of different
molar fractions. There is a drastic shift in the Ay« value when the concentration of amp-
PNA 65 in the mixtures increased to 70%, which further increases behind that proportion.
These results supports the formation of (amp-PNA 65),:DNA 88 triplexes. Same results

were observed with (2R,55)-amp-PNA 77 (Figure 11B).
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Figure 11 A) CD-curves for mixtures of (2R,55)-amp-PNA 77 and the complementary DNA
88 5’(CGC-AAAAAAAA-CGC)3’ in the molar ratios of 0:100, 10:90, 20:80, ,40:60, 50:50,
60:40, 80:20, 100:0 (Buffer, 10 mM Sodium phosphate pH 7.3, 10 mM NaCl), B) CD-job plot
corresponding to 248 nm .
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The UV-titration (Figure 12 and 13) experiments involving the stoichiometric
addition of amp-PNAs 69, 81 and 86 to DNA 88 led to a decrease in UV absorbance with
amp PNAs. The absorbance showed a similar saturation minima around 2:1 stoichiometry

suggesting the formation of a PNA,:DNA triplex.
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Figure 12 A) UV-titration of (2S,55)-amp-PNA 69:DNA 88 complexes. B) UV-titration of
(2R,5R)-amp-PNA 81:DNA 88 complexes. Buffer 10 mM Sodium phosphate pH 7.3, 10 mM
NaCl. DNA 88 = 5°(CGC-AAAAAAAA-CGC)3’
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Figure 13 UV-titration of (2R,4S,5R)-amp-PNA 86:DNA 88 complexes. Buffer, 10 mM
Sodium phosphate pH 7.3, 10 mM NaCl. DNA 88 = 5’(CGC-AAAAAAAA-CGC)3’
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3. 7 CD Spectra of duplexes:

The amp-PNA:DNA duplexes (Figure 14) show CD profiles similar to that of
aeg-PNA:DNA duplex, with a positive band at 277 nm and a low intensity negative band
at 250 nm. The single stranded ampPNAs containing chiral (25,5R)- and (2R,5S)-
aminomethyl prolyl units have strong and distinct CD spectra PNA 64 and 76 (Figure
14A and 14B). The single strand ampPNAs having chiral (25,5S), (2R,5R) and (25,4S5,5R)
units exhibited week CD signature PNAs 70, 82 and 87. The dominant CD contributions
from DNA, strands in the complexes, differences are due to SR/RS and SS/RR are not

apparent.
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Figure 14 (A-B) CD profiles of amp-PNA:DNA duplexes. C) CD-Spectra of ssRNA-93 and
94. D) CD spectra of aeg-PNA 58 duplexes with RNA-93 and 94. (E-F) Duplex of (2S,5R)-
amp-PNA-64 and (2S,55)-amp-PNA-70 with corresponding antiparallel and parallel
sequences 93 and 94. (Buffer, 10 mM Sodium phosphate pH 7.3, 10 mM NaCl). DNA-90 =
5’AGTGATCTAC3’ (antiparallel); DNA-91= 5°CATCTAGTGA; RNA-93=5"
AGUGATICTUAC3’: RNA- 94 = 5°CATICUAGIIGA?R’.
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3. 8 UV-Melting studies of (2S,5R) and (2S, 5S) am-pPNA,-DNA triplexes
H H
N N
% VQ\'ﬁ ){ \N"Q\'ﬁ
0 0 o 0

B B
(28,5R) (2S,5S)

Flgure 15 (25,5R) and (25,5S) amp-PNAs

Hybridization studies of modified PNAs (Figure 15) with complementary DNA
88 sequences were done by temperature dependent UV-absorbance experiments. The
stoichiometry for homopyrimidine PNA,;:DNA complexation as established by UV
absorbance mixing data at 260 nm (Job’s plot),15 was 2:1 ratio (Figure 10A). The thermal
stabilities (7,) of PNA,:DNA triplexes were obtained for different PNA modifications
with complementary DNA 88 (Figure 16) given in Table 2.

Table 2 shows the T;, values for PNA;:DNA complexes derived from various
aeg-PNA and amp-PNA sequences of different stereochemistry and degree of
modification. The first derivative plots of temperature-percent hyperchromicity for
PNA,:DNA triplexes indicated a single transition (Figure 16 A to C), characteristic of
both PNA strands dissociating simultaneously from DNA in a single step. The T, values
(Table 2, entry 2 and 8) indicate that the amp-PNA oligomers 59 and 66 having single
modification at N-terminus exhibited stabilization compared to the unmodified PNA Ty
homooligomer 57. One (2S,5R)-amp unit at the N-terminus has a better stability of its
complex with the complementary DNA 88 as compared to (25,55). The situation was
reversed for the corresponding modification at C-terminus; the (2S,55)-amp-PNA 68
(Table 2, entry 4) forming a much more stable hybrid compared to that of the (25,5R)-

amp-PNA 61 oligomer (Table 2, entry 10). The amp-PNA oligomer 60 (Table 2) having
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modification in the center of the sequence destabilized the complexes with DNA 88
(Table 2, entry 3), while amp-PNA oligomer 67 (entry 9) having the same modification
with (28,5S) stereo- chemistry stabilized the complex with DNA 88 in comparison to the
control PNA 57 (entry 1).

Table 2 UV-Melting temperatures (7m values in °C) of ampPNA,:DNAS88 triplexes.

Entry Tm°C  AT,°C
PNA

1 aegPNA 57 H-T-T-T-T-T-T-T-T-(CH; ),-CONH; 43

2 ampPNA 59 H-tgr-T-T-T-T-T-T-T-CH; ),-CONH, 53 +10
3 ampPNA 60 H-T-T-T-tsg-T-T-T-T-(CH,),-CONH, 35 -8
4 ampPNA 61 H-T-T-T-T-T-T-T-tsg-(CH,),-CONH, 46 3
5 ampPNA 62 H-tgg. T-T-T-tsg-T-T-T (CH;),-CONH, 39 -4
6 ampPNA 63 H-tgg T-T-T-tgs-T-T-T (CHZ)Z'CONHZ 45 +2
7 ampPNA 65 H-(t tt t t t t )sg-(CH,),-CONH, 77 +34
8 ampPNA 66 H-tgs-T-T-T-T-T-T-T-CH; ),-CONH, 47 +4
9 ampPNA 67 H-T-T-T-tss-T-T-T-T-(CH;),-CONH, 43 -
10 ampPNA 68 H-T-T-T-T-T-T-T-tss-(CH,),-CONH, 50 +7
11 ampPNA 69 H-tss. T-T-T-tgs-T-T-T (CH;),-CONH, 44 +1
12 ampPNA 71 H-(tttttttt)ss-(CHy)-CONH, 43 -

Buffer: 10 mM sodium phosphate, 10 mM NaCl, pH 7.3. T,, values are accurate to () 0.5°C.
Experiments were repeated at least thrice and the 7}, values were obtained from the peaks in the

first derivative plots. A 7m indicates the difference in 7m with the control experiment aeg-PNA
57. T and t indicating aeg and amp-PNA respectively. DNA 88 = 5°(CGC-AAAAAAAA-CGC) 3°

In case of amp-PNA oligomers 62, 63 and 69 (Table 2, entry 5, 6 and 11) having
two modified units, one at N-terminal and another at center, a decrease in 7, was
observed in case of (2S,5R)-amp-PNA 62, whereas (2S,5S)-amp-PNA 69 stabilized the
complex with DNA 88 in comparison to control PNA 57. PNA 63 contains two
diastereomeric amp units, (25,5R)-amp at N-terminus and (2S,5R)-amp unit at the center
of the sequence and stabilized the triplex with DNA 88 better than PNA 62 and 69 having

the two identical modifications (SS or RR). Thus a synergetic effect was observed when
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two diastereomeric amp units were site specifically incorporated in to PNA oligomer
(entry 6).

Octamers bearing eight modified units as in homooligomers of (2S,5R)-amp PNA
65, (25,55)-amp-PNA 71, were synthesized to study the effect of stereochemistry on
completely modified backbone. Significantly, in contrast to singly and doubly modified
analogues, the all-modified homooligomeric, homochiral amp-PNA-(2S,5R)-65 exhibited
high thermal stabilities (AT, = +34 °C) compared to the unmodified PNA 57.
Homooligomeric, homochiral (25,55)-amp-PNA 71 (AT, = -1 °C, entry 12 ) marginally
destabilized the complex with DNA 88.

The amp-PNA sequence with single modification in the center with (25,5R)-amp-
PNA 60, largely destabilized the complex with DNA 88. This could be a result of
introduction of unfavorable conformational discontinuity at the modification site.
However, in the fully modified oligomer 65 with the same stereochemistry, the stability
is regained perhaps due to the uniform conformational change over the entire backbone,

without any sharp discontinuities.
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Figure 16 (A, B and C) UV-Melting profiles of (25,5R)-amp-PNA),:DNA 88 and

((28,58)-amp-PNA),:DNA 88 complexes. (D, E and F) UV-Melting first derivative

curves of (2S,5R) and (25,55)-amp-PNA triplexes. (Buffer, 10 mM Sodium phosphate

pH=7.3, 10 mM NaCl), DNA 88 = 5’ (CGC-AAAAAAAA-CGC)3’
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3. 8. 1 UV-Ty, Studies of Duplexes

The oligothymine sequences described above were found to form triplexes in
which the relative binding orientation (parallel-antiparallel) of the two PNA strands
involved in complex formation does not matter. In order to study the parallel and
antiparallel orientational preferences of PNA:DNA binding, mixed purine pyrimidine
sequences that form duplexes were synthesized.

The mixed 10-mer PNA sequences PNA 58, has been demonstrated to form
duplexes with the complementary DNAs 90 (antiparallel) and 91 (parallel) and hence
useful to examine the orientational selectivity in binding to DNA. Hence, T}, studies of
PNA:DNA duplexes derived from PNA oligomers (PNA 64 and PNA 70) containing
(2S,5R) and (2S,5S)-amp-PNA units were carried out. The duplexes were constituted by
individually mixing equimolar amounts of complementary achiral aeg-PNA 58 and chiral
amp-PNAs 64 and 70 with DNA oligomers 90 and 91 in phosphate buffer. The UV-Ty,
profiles of complexes PNAs 58, 64 and 70 with DNA sequences 90 and 91 designed to
bind in antiparallel and parallel orientations respectively is shown in Figure 17 and the
values given in Table 3. In both PNAs, the antiparallel duplex was more stable than the

parallel duplex.
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(Buffer, 10 mM Sodium phosphate, 10 mM NaCl, pH = 7.3,). DNA 90 = 5
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The unmodified PNA 58 with achiral S-alanine at C-terminus formed duplex with
complementary DNA in both parallel and antiparallel orientations, with parallel mode
slightly destabilizing than the antiparallel duplex. (Table 3, Figure 17 A and D).
However, the modified (2S,5R)-amp-PNA 64 destabilized both the antiparallel and
parallel duplexes, while the (25,5S)-amp-PNA 70 marginally stabilized the antiparallel
duplex and destabilized the parallel duplex by 13 °C in comparison to control PNA-58.
T values are listed in Table-3. The results indicate that the (25,5R) and (2S5,55)-amino
methyl-aegPNA oligomers bind preferentially in ap-mode with complementary DNA.
The difference in the Ty, of antiparallel and parallel duplex complexes of amp-PNA
oligomers reflects the selectivity in orientational binding towards DNA 90 and 91.

It is seen that the (2S,55)-amp-PNA 70 discriminates between parallel and

antiparallel binding much better than the (25,5R)-amp-PNA 64

Table 3 UV-Melting temperatures (in °C) of (2R,5S) and (2R,5R)-amp-PNA:DNA ap/p duplexes
Entry

PNA Tm A H#AT,
T
1 ampPNA 58 H-G-T-A-G-A-T-C-A-C-T-(CH,),CONH, 50 (ap) - 2
2 ampPNA 58 H-G-T-A-G-A-T-C-A-C-T-(CH,),CONH, 48 (p) , -
3 ampPNA 64 H-G-tsg -A-G-A-tsp-C-A-C-tsp-(CH),CONH, 43 (ap) -7 4
4 ampPNA 64 H-G-tsg-A-G-A-tsp-C-A-C-tsp-(CH),CONH, 392 (p) -9 -
5 ampPNA 70 H-G-tss -A-G-A-tss-C-A-C-tss-(CH,),CONH, 51 (ap) 1 14
6 ampPNA 70 H-G-tss-A-G-A-tss-C-A-C-tss-(CH),CONH,  36.41(p)  11.6 i

A/G/C/T = aeg-PNA Adenine /Guanine /Cytosine /Thymine monomers, tsg = (25,5R)-amp-PNA
Thymine monomer, tss = (25,55)-ampPNA Thymine monomer. *AT,, Indicate the difference in
T with the control experiment aeg-PNA 58. #AT, Indicate difference in the Ty, of antiparallel
and parallel binding modes. The values reported here are the average of 3 independent
experiments and are accurate to £0.5°C. Tm = melting temperature (measured in the buffer 10
mM sodium phosphate, 10 mM NaCl, pH = 7.3). DNA 90 = 5’AGTGATCTAC3’; DNA 91 = %’
CATCTAGTGA3’.
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3. 8. 2 Mismatch studies of (2S,5R) and (2S,5S)-amp-PNA with DNA 89.

The complexes of PNAs were constituted with DNA containing a mismatch base
(Figure 19). The PNA,:DNA complexes comprising the amp-PNAs (61, 65 59 and 68)
and DNA 89 having a single mismatch were subjected for UV-melting. The T}, of the
mismatched complexes (2S,5R)-amp-PNA 59:DNA 89 and (2S,5R)-amp-PNA 61 with
DNA 89 indicated that these were destabilized to a larger extent (AT, = 16 °C and 22 °C
respectively, Table 4, Figure 19). The PNA,:DNA complex comprising the (2S,55)-amp-
PNA 68 and DNA 89 exhibited a destabilization of (AT, = 17 °C), while the complex
comprising homooligomer amp-PNA 65 and DNA 89 having a single mismatch gave
linear, non-sigmoidal plots and failed to show any peak in the first derivative plots. As a
consequence, no melting temperature was detected for these complexes (Figure 19,
DNAS89:PNAG65), while the T, of unmodified aeg-PNA 57 with DNA 89 having one

mismatch decreases by 9.4 °C.

TTTTTTTT PNA
CGCAAACAAAACGC DNABS9
TTTTTTTT PNA

Figure 18 Mismatched PNA,:DNA complex

Thus (2S5,5R) and (25,55)-amp-PNA modifications induce higher destabilization
of mismatch complexes in comparison to unmodified PNA 57 and this suggests a greater

discrimination of DNA mismatches by amp-PNAs.
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Figure 19 (A) UV-Melting profiles of amp-PNA 59 and aeg-PNAS57 with DNA 89,
(B) UV-Melting profiles amp-PNAs 61, 65, and 68 with DNA 89. (C,D) UV-Melting
first derivative curves of mismatched aeg-PNA,:DNA 89 and amp-PNA,:DNA 89
mismatched complexes. (Buffer, 10 mM Sodium phosphate pH = 7.3, 10 mM NacCl).

DNA 88 = 5°CGCA3CGC3’; DNA 89 = 5’CGCA,CA;CGC3’

Table 4 UV-T,,(°C) of PNA,:DNA mismatched triplexes.

Entry PNA

Tm (°C)

AT

1 aegPNA 57 H-T-T-T-T-T-T-T-T-(CH;),-CONH,

2 ampPNA 59 H- tsg-T-T-T-T-T-T-T-(CH,),-CONH,
3 ampPNA 61 H-T-T-T-T-T-T-T-tsp-(CH,),-CONH,

4 ampPNA 68 H-T-T-T-T-T-T-T-tss-(CH,),-CONH,
5 ampPNA 65 H-(t tttttt t)SR-(CHz)z-CONHz

94

T, values are accurate to () 0.5°C. Experiments were repeated at least thrice and the T}, values

were obtained from the peaks in the first derivative plots. ND not detected, A7m indicates the
difference in 7m of the corresponding sequence with the DNA 88. DNA 89 = 5’CGCA,CA;CGC

3’ Buffer, 10 mM Sodium phosphate pH = 7.3, 10 mM NacCl.
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3.9 UV-Tm studies of (2R,5S) and (2R,5R) ampPNA,:DNA triplexes:

iﬂll“[ N S"l:,"% ﬁ/@'n,ﬁ
B B
(2R,5S) (2R,5R)
Figure 20 (2R,5S) and (2R,5R)-amp-PNAs

The UV-temperature studies on (2R,5S) and (25,5R)-amp-PNA,:DNA triplexes to
understand the effect on thermal stability in terms of these different chiral modifications
were undertaken. The normalized absorbance or % hyperchromicity versus temperature
plots derived from the UV melting data indicated a single transition indicative of the
simultaneous dissociation of the two PNA strands from the DNA in the PNA,:DNA
complex (Figure 21). Table 8 and Figure 21 summarize the 7}, data obtained for UV
melting experiments of various PNA,:DNA hybrids. The Tm values (Table 5) indicated
that single modifications at C-terminus (2R,55)-amp-PNA 74 and (2R,5R)-amp-PNA 80
(Table 5, entry 4 and 9) and N-terminus modified amp-PNAs 72 and 78 (Table 5, entry
2 and 7) exhibited a good stabilization in comparison to the control aeg-PNA 57.
When a single (2R,5S) and (2R,5R) amp unit was present at the center of the sequence
(Table 5, entry 3 and 8) destabilization of the derived amp-PNA,:DNA was observed
(Figure 21 A, PNA 73: DNA 88 and B, PNA 79: DNA 88). In case of doubly modified
amp-PNAs 75 and 81 marginal tolerance was observed (Figure 21, A, 75:88 and B,

81:88), with T, similar to that of aeg-PNA complex.
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Table 5 UV-Melting temperatures of (2R,5S) and (2S,5R) ampPNA,:DNA 88 triplexes.

Entry Tm (°C) ATn
PNA

1 aegPNA 57 H-T-T-T-T-T-T-T-T-(CH; ),-CONH, 43

2 ampPNA 72 H-tgs-T-T-T-T-T-T-T-CH; ),-CONH, 62 19
3 ampPNA 73 H-T-T-T-tgg-T-T-T-T-(CH,),-CONH, 39 —4
4 ampPNA 74 H-T-T-T-T-T-T-T-trs-(CH,),-CONH, 52 +9
5 ampPNA 75 H-tRs_T-T-T-tRs-T-T-T (CHZ)Z'CONHZ 43 -
6  ampPNA 77 H-(tttttttt)rs-(CH,),-CONH, 46 +3
7 ampPNA 78 H-tgp-T-T-T-T-T-T-T-CH; ),-CONH, 44 +1
8  ampPNA 79 H-T-T-T-tgg-T-T-T-T-(CH,),-CONH, 36 —7
9 ampPNA 80 H-T-T-T-T-T-T-T-tgr-(CH;),-CONH, 46 +3
10 ampPNA 81 H-tRR_T-T-T-tRR-T-T-T (CHQ)Z-CONHz 43 -
11 ampPNA 83 H-(tttttttt)ze-(CH,),-CONH, 44 +1

T values are accurate to () 0.5°C. Experiments were repeated at least thrice and the T}, values

were obtained from the peaks in the first derivative plots. A 7m indicates the difference in Tm
with the control experiment aeg-PNA 57. T and t indicating aeg and amp-PNA respectively.
Buffer: 10mM sodium phosphate, 10 mM NaCl, pH 7.3 DNA 88 = 5’(CGC-AAAAAAAA-CGC)3’

The all-modified homooligomeric, homochiral amp-PNAs (2R,55)-77 and
(2R,5R) 83 exhibited minimal stabilities (Figure 21, ATy, = +3 °C and +1 °C) compared
to the unmodified aeg-PNA 57.

These results indicate that amp (2R,5S) and (2R,5R) units at N/C terminus seem to
assist aeg-PNA in binding to complementary DNA in triplex mode. In comparison, both
(2R,5S) and (2R,5R) amp-PNA units in the middle of the sequence of the oligomer were
detrimental to the PNA,:DNA complex stability. In all modifications (2R,5S)-amp unit
exhibited better stabilization properties over (2R,5R)-amp unit. However, in the fully

modified oligomers 77 and 83, the stability is as good as that with unmodified PNA.
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3.9. 1 UV-Tm studies of (2R,5S) and (2R,5R)-amp-PNA:DNA Duplexes

The introduction of chiral amp-PNA monomers into aeg-PNA oligomer was
envisaged to impart specific directionality in DNA/PNA binding and hence differentiate
between parallel and antiparallel modes of binding. The establishment of correct
duplexes were indicated by sigmoidal transitions and confirmed by peaks in the first
derivative plots (Figure 21a). The (2R,55)-amp-PNA 76 and (2R,5R)-amp-PNA 82 were
synthesized by replacing the aeg-PNA thymine by amp-thymine monomers in aeg-PNA
58.

The UV-T;, results in Table 6 indicate that (2R,5S)-amp-PNA 76 stabilized the
complexes with DNA 90 and 91 (Figure 21a B and D ) and showing a 4 °C selectivity in
binding towards antiparallel orientation (DNA 90), in comparison to aeg-PNA-58. In
case of (2R,5R)-amp-PNA 82, destabilization was observed in antiparallel mode.
Duplexes comprising the (2R,5R)-amp-PNA 82 and DNA 91 gave linear, non-sigmoidal
plot and failed to show any peak in the first derivative plots. As a consequence, no
melting temperature was detected for the complex (2R,5R)-amp-PNA 82:91. Table 6
summarizes the 7T}, data obtained for UV melting experiments of (2R,5S) and (2R,5R)-

amp-PNA:DNA duplex hybrids.
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Figure 21a) A and B) UV-Melting profiles of (2R,5S) and (2R,5R) ampPNA:DNA duplexes
C and D) first derivative curves corresponding complexes (Buffer, 10 mM Sodium phosphate,
10 mM NaCl, pH 7.3) DNA 90 =5’AGTGATCTAC3’(antiparallel); DNA 91 = 5’
CATCTAGTGA3 (parallel).

Table 6 UV-T,, of (2R,5S) and (2R,5R)-amp-PNA:DNA Duplexes

Entry
PNA Tm °C  *AT,°C  #ATn,
°C

1 ampPNA 58 H-G-T-A-G-A-T-C-A-C-T-(CH,),CONH, 50(ap) - )
2 ampPNA 58 H-G-T-A-G-A-T-C-A-C-T-(CH,),CONH, 48(p) - _
3 ampPNA 76 H-G-trs-A-G-A-trs-C-A-C-trs-(CH,),CONH, 52 (ap) +2 4
4 ampPNA 76 H-G-tgs-A-G-A-trs-C-A-C-trs-(CH,),CONH,  48(p) 0 -
5 ampPNA 82 H-G-tgg -A-G-A-tre-C-A-C-trr-(CH,),CONH,  46(ap) 4 -

6  ampPNA 82 H-G-trg -A-G-A-te-C-A-C-tre-(CH,,CONH,  NB(p) _ -

A/G/C/T = aeg-PNA Adenine/Guanine/Cytosine/Thymine monomers, trs = (2R,5S)-ampPNA
Thymine monomer, tgr = (2R,5R)-ampPNA Thymine monomer. *AT,, Indicate the difference in
T, with the control experiment aeg-PNA 58. #AT, = difference in the T, of ap and parallel
binding modes. The values reported here are the average of 3 independent experiments and are
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accurate to £0.5°C. Tm = melting temperature (measured in the buffer 10 mM podiumphosphate,
10 mM NaCl, pH = 7.3). T and t indicating aeg and amp-PNA respectively. DNA 90 =
5’AGTGATCTAC 3’; DNA 91 = 5’CATCTAGTGA3’.
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In conclusion, (2R,55)-amp-PNA oligomers exhibit better hybridization properties
with complementary DNA sequences to form duplexes in comparison to (2R,5R)-amp-
PNA oligomers. The high affinity-binding property of (2R,5S)-amp-PNA oligomers
impart a balanced and optimum conformation in to the aeg backbone for better binding
with DNA. The fully modified backbone in (2R,5S)-amp-PNA 77 and (2R,5R)-amp-PNA
83 bind to DNA but with reduced strength compared with the single or double modified
oligomers. The (2R,5S) amp-PNA units marginally stabilize the duplex complexes in
comparison to triplexes, perhaps due to of over preorganization caused by 3 amp-PNA

units present in the single strand.
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Figure 22 (A) UV-Melting profiles of triplex of (2R,55)-amp-PNA 72, 74 and (2R,5R)-amp-
PNA 81 with DNA 89, B) UV-Melting first derivative curves of mismatched ampPNA,:DNA 89
mismatched complexes. (Buffer, 10 mM Sodium phosphate pH = 7.3, 10 mM NaCl). DNA 89 =
5°(CGC-AAACAAAA-CGC)3’

3. 9. 2 Mismatch studies of (2R,5S) and (2R,5R) amp-PNA triplex with DNA.
The triplex of amp-PNAs 72, 74 and 81 were constituted with DNA 89 containing
one mismatch base and the melting profiles are given in Figure 22. The T}, values (Table

7) indicated that these triplexes were destabilized to a larger extent (A Ty, = 25, 15 and 12
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°C) respectively. The PNA,:DNA complex comprising the (2R,55)-amp-PNA 72 and 74
with DNA 89 exhibited a destabilization of (AT, = 25 and 15 °C), while triplex
comprising (2R,5R)-amp-PNA 81 and DNA 89 having a single mismatch exhibited a
destabilization of (AT, =9 °C). The T, of unmodified aeg-PNA 57 with DNA 89 having

one mismatch decreases by 9.4 °C.

Table 7 UV-T,, (°C) of PNA,:DNA mismatched complexes

Entry PNA Tm(’C) ATm
1 aegPNA 57 H-T-T-T-T-T-T-T-T-(CH,),-CONH, 33.6 9.4
2 ampPNA 72 H-tg-T-T-T-T-T-T-T-(CH,),-CONH, 37 25
3 ampPNA 74 H-T-T-T-T-T-T-T-tsg-(CH,),-CONH, 37 15
4 ampPNA 81 H-T-T-T-T-T-T-T-tss-(CH,),-CONH, 31 10

T, values are accurate to (=) 0.5°C. Experiments were repeated at least thrice and the 7}, values

were obtained from the peaks in the first derivative plots. A 7m indicates the difference in 7m of
the corresponding sequence with the DNA 88. T and t indicating aeg and amp-PNA respectively.
Buffer: 10mM sodium phosphate, 10 mM NaCl, pH 7.3.DNA 88 = 5°(CGC-AAACAAAA-CGC)3’

Thus (2R,5S5)-amp-PNA modifications induce higher destabilization of triplexes
having mismatches compared to (2R,5R)-amp-PNA and unmodified PNA 57, whereas
(2R,5S)-amp-PNA exhibited equal = mismatch destabilization in comparison to
unmodified (PNA 57),: DNA triplexes. This suggests a greater discrimination of DNA

mismatches by (2R,55)-amp-PNAs.
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3. 10 UV-Tm Studies of 4-hydoxy-amp-PNA,:DNA triplexes

The amp monomers enable the study of the constrain and steric effects on the
hybridization properties of PNA oligomers with complementary DNA. It will not provide
any information about the conformational effects of the proline ring on hybridization
properties of PNA oligomers. In proline, the two puckers are almost equally preferred
and the energy barrier to inter-conversion is very low.'® However, in 4-substituted
prolines, depending on the steric and electronic effects exerted by the 4-substituent,
pyrrolidine ring may prefer any one of the ring-pucker, as found in both its crystal
structures and in solution.'® In order to carryout these studies, the oligomers amp-PNA
84-86 ( Figure 23, Table 8) were synthesized and their thermal stability evaluated through

UV-T, experiments (Figure 24).

HO,

43
Voo L
% N N
O;SI Y
T
Flgure 23 (25,4S,5R)-amp-PNAs
The T, values (Table 8) indicate that the single modifications at C-terminus
(2S,4S,5R) amp-PNA 86, N-terminus amp-PNAs 84 or at the center of the sequence amp-
PNA 86 (Table 8, entry 3) stabilized the amp-PNA,:DNA triplexes by 2 and 7 °C
respectively in comparison to the control sequence PNA 57 . The increased thermal
stability of these complexes compared to unsubstituted amp-PNA and aeg-PNA is due to

the induction of favorable pre-oragnization in to the aeg backbone by the incorporation of

chiral (25,4S,5R) amp-PNA units.
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Figure 24 A) UV-Melting profiles and B) UV-Melting first derivative curves of PNA,:DNA
triplexes of (25,4S,5R) amp-PNA 84, 85 and 86 with DNA 88. (Buffer, 10 mM Sodium
phosphate, 10 mM NaCl, pH = 7.3.) DNA 88 = 5’(CGC-AAAAAAAA-CGC)3’

Table 8 UV-T,, (°C) of (25,4S,5R) amp PNA,:DNA triplexes

Entry PNA Tm °C) ATn
1 aegPNA 57 H-T-T-T-T-T-T-T-T-(CH; ),-CONH; 43
2 ampPNA 84 H-tgsg-T-T-T-T-T-T-T-CH; ),-CONH; 48.50 +6
3 ampPNA 85 H-T-T'T'tsSR-T-T'T-T-(CHz)z'CONHZ 45 +2
4 ampPNA 86 H-T-T-T-T-T-T-T-tsse-(CH2)-CONH,  49.50 +7

T values are accurate to (£) 0.5°C. Experiments were repeated at least thrice and the T,

values were obtained from the peaks in the first derivative plots. A Tm indicates the difference
in 7m with the control experiment aeg-PNA 57. T and t indicating aeg and amp-PNA
respectively. Buffer: 10 mM sodium phosphate, 10 mM NaCl, pH 7.3. DNA 88 = 5°(CGC-
AAAAAAAA-CGO)3’

3. 10. 1 UV-T, studies of 4-hydoxy-amp-PNA:DNA duplexes

The oligothymine sequences described above were found to form triplexes in
which the relative binding orientation (parallel-antiparallel) of the two PNA strands
involved in complex formation is immaterial. In order to study the orientational
preferences, parallel and antiparallel PNA:DNA duplexes having mixed purine and
pyrimidine sequences were synthesized (Table 9) by incorporating a (25,4S,5R) amp

thymine unit in the center of the aeg-PNA 58.
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Results in Table 9 indicates that amp-PNA 87 exhibits good thermal stability with
both parallel and antiparallel DNA sequences in comparison to the control sequence
PNA 58 (Figure 25, Table 9, entry 3 and 4). The difference in the 7y, of parallel and
antiparallel (A Ty, ap/p = 0) indicates the short of selectivity between the parallel and

antiparallel modes of binding .
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Figure 25. (A) UV-Melting profiles and (B) UV-Melting first derivative curves of PNA:DNA
duplex of (25,4S5,5R) amp-PNA 87 and aeg-PNA 58 with DNA 90 and 91. (Buffer 10 mM
sodium phosphate, 10 mM NaCl, pH = 7.3). DNA 90 =5’AGTGATCTAC3’(antiparallel);
DNA 91 = 5°CATCTAGTGA3’ (parallel).

Table 9 UV-T,, (°C) of (25,4S,5R)-amp-PNA:DNA duplexes.

Entry
PNA Tm (°C) *AT, #ATn
1 aeg-PNA 58 H-G-T-A-G-A-T-C-A-C-T-(CH,),CONH, 50 (ap), - 2
2 aeg-PNA 58 H-G-T-A-G-A-T-C-A-C-T-(CH,),CONH, 48 (p) - -
3 amp-PNA 87 H-G-T-A-G-A-tssg-C-A-C-T-(CH,),CONH, 55 (ap), 5 0

4 amp-PNA 87 H-G-T -A-G-A-tssr-C-A-C-T-(CH,),CONH, 53 (p) 5

A/G/C/T = aeg-PNA Adenine /Guanine /Cytosine /Thymine monomers, tssg = (25,4S,5R)-amp-
PNA Thymine monomer. 7}, values are accurate to (x) 0.5°C. Experiments were repeated at least
thrice and the T}, values were obtained from the peaks in the first derivative plots. T and t
indicating aeg and amp-PNA respectively. *AT,, Indicate the difference in T}, with the control
experiment aeg-PNA 58. #AT,, = difference in the T, of antiparallel and parallel binding
modes. (measured in the buffer 10 mM sodium phosphate, 10 mM NaCl, pH =7.3). DNA 90 =
5’AGTGATCTAC3’; DNA 91 = 5’CATCTAGTGA3".
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3. 10. 2 Mismatch studies of (2S,4S,5R)-amp-PNA triplexes with DNA 89

The triplexes of PNAs were constituted with DNA containing a mismatch base
(Figure 26). The PNA,:DNA complexes comprising the aeg-PNA 57 and amp-PNA 85
with DNA 89 having a single mismatch were subjected for UV-melting. The Ty, of the
mismatched triplexes (25,4S,5R)-amp-PNA 85:DNA 89 indicated that the triplex was
destabilized to a larger extent (AT, = 20 °C). While the T}, of unmodified aeg-PNA 57
with DNA 89 having one mismatch decreases by 10 °C. Thus (25,45,5R)-amp-PNA
modifications induce 10 °C higher destabilization of mismatch triplexes in comparison to
unmodified aeg-PNA 57 with DNA 89 this suggests a greater discrimination of DNA

mismatches by (25,4S,5R)- amp-PNAs (Figure 26, Table 10).
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Figure 26 (A) UV-Melting profiles of amp-PNA 85 and aeg-PNA 57 with DNA 89, (B)
UV-Melting first derivative curves of mismatch triplexes aeg-PNA,:DNA 89 and amp-
PNA,:DNA 89 mismatched triplexes. (Buffer, 10 mM Sodium phosphate pH = 7.3, 10
mM NaCl). DNA 88 = 5’CGCACGC3’; DNA 89 = 5°CGCA,CA;CGC3’
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Table 10 UV-T,,(°C) of PNA,:DNA 89 mismatched triplexes

Entry PNA Tm(’C) ATm
1 aeg-PNA 57 H-T-T-T-T-T-T-T-T-(CH,),-CONH, 33.6 9.4
2 amp-PNA 85 H-T-T-T-tssr-T-T-T-T-(CH,),-CONH, 24 20

T values are accurate to () 0.5°C. Experiments were repeated at least thrice and the T}, values
were obtained from the peaks in the first derivative plots. A T, indicates the difference in 7,,, with
the control experiment aeg-PNA 57 with DNA 89 = 5’CGCA4CA;CGC 3°. T and t indicating aeg
and amp-PNA respectively. Buffer, 10 mM Sodium phosphate pH = 7.3, 10 mM NaClL

3. 11 UV-Tm studies of (2S,5R) and (2S,5S) ampPNA,:RNA Triplexes

The melting profiles of triplexes derived from amp-PNA and RNA and their
derivative curves are given in Figure 27. Single modification of (2S,5R)-amp-PNA at N-
terminus stabilized the amp-PNA 59:RNA triplex by +2 °C (Table 11, entry 2), whereas
(25,55) ampPNA destabilized the triplex by —12 °C (Table 11, entry 7). A single
modification at C-terminus in PNA caused a destabilization of triplex (PNA 62),:RNA 92
in comparison to (PNA 57),:RNA 92 by —1°C (Table 11, entry 4). The same kind of
modification in case of (25,55)-amp-PNA 68 stabilized the triplex by +1 °C (Table 11,
entry 9). Single modification of (2S,5R) and (2S,5S)-amp-PNA in the middle of the
sequence induced destabilization of (PNA 61 and 67 ),:RNA 92 complex over the
control triplex (PNA 57),:RNA 92 by —14 and -2 °C respectively (Table 11, entry 3 and
8). Bi-modified amp-PNA 63 and 69 gave linear, non-sigmoidal plots and failed to show
any peak in the first derivative plots. As a consequence, no melting temperature was
detected for these complexes (Table 11, entry 5 and 10). The triplex of the homooligomer
of (25,5R)-amp-PNA-Tg (PNA 65),:RNA 92 indicated destabilization of over control
triplexes (PNA 57),: RNA 92 by —10 °C (Table 11, entry ). The PNA;:DNA complexes
comprising the homooligomer amp-PNA 71 stabilized the triplex complex with RNA 92

by +2 °C (Table 11, entry 11) over control experiment.
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Figure 27 A-B) UV-Melting profiles, D-E) UV-Melting first derivative curves of (2S,5R)
and (2S,55) amp-PNA,:RNA 92 triplexes C-F) UV-Melting profiles of aeg-PNA 58 and
(25,5R) ,(28,5S) amp-PNA:RNA 93 and 94 duplexes and its first derivative curves. Buffer 10
mM sodium phosphate, 10 mM NaCl, pH =7.3. RNA 92 = 5* (CGC-AAAAAAAA-CGC)3’
RNA 93 = 5’AGUGAUCUAC 3’; RNA 94 = 5>CAUCUAGUGA3’.
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Table 11 UV-Melting temperatures of (25,5R) and (25,55) amp-PNA,:RNA triplexes

Entry PNA Sequence Tm(°C) AT, °C

1 aeg PNA57- H-T-T-T-T-T-T-T-T-(CH; ),-CONH; 50 -

2 ampPNAS9-H-tg-T-T-T-T-T-T-T-CH; ),-CONH, 52 2

3 ampPNAG61-H-T-T-T-tsg-T-T-T-T-(CH;),-CONH, 33.26 -17.7
4 ampPNA62-H-T.T-T-T-T-T-T-tsg-(CH,),-CONH, 49 -1

5 ampPNAG63-H-tgr-T-T-T-tgr-T-T-T-(CH,),-CONH, ND ND
6 ampPNA65-H-(tSR)g-(CHg)z-CONHg 40 -10
7 ampPNA66-H-tss-T-T-T-T-T-T-T-CH; ),-CONH; 38 -12
8 ampPNA67-T-T-T-tss-T-T-T-T-(CHg)Q-CONHg 48 -2
9 ampPNAG68-H- T T-T-T-T-T-T-tss.(CH;),-CONH, 51 1
10 ampPNA69-H- tss-T-T-T-T-tss-T-T-T-(CHz)z-CONHz ND ND
11 ampPNA71-H—(tss)g—(CH2)2—CONH2 52 2

AT, Indicate the difference in 7m with the control experiment aeg-PNA 57. The values reported
here are the average of 3 independent experiments and are accurate to +0.5°C. 7m = melting
temperature (measured in the buffer 10 mM sodium phosphate, 10 mM NaCl, pH = 7.3). ND =
Not detected. T and t indicating aeg and amp-PNA respectively. RNA 92 = 5°(CGC-AAAAAAAA-
CGC)3’

3. 11. 1 UV-Ty, studies of (2S,5R) and (2S,5S) amp-PNA:RNA duplexes:

The melting profiles of these complexes and their derivative curves are given in
Figure 27 (C-F). T, values derived from various aeg-PNA and (25,5R) and (2S,5S)amp-
PNA sequences with different degrees of modifications are in listed in Table 12 (entry 1-
6). The results in Table 12 indicates that the (25,5R)-amp-PNA oligomer exhibited the
destabilization of the duplex with RNA 93 and 94 by -9 °C (Table 12, entry 3 and 4) in
comparison to unmodified aeg-PNA 58. The (25,5S) amp-PNA70 exhibited -3 °C of
destabilization in (ap)-mode of binding with RNA 93, where as —7 °C destabilization with

RNA 94 was observed (Table 12, entry 5 and 6) in comparison to PNA 58.
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Table 12 UV-Melting temperatures of (25,5R) and (2S,5S) amp-PNA:RNA duplexes

Entry Mixed Sequence Tm(°C) *AT., #ATm
1 ampPNA 58-H-G-T-A-G-A-T-C-A-C-T-(CH,),-CONH, 53(ap) - -
2 ampPNA 58-H-G-T-A-G-A-T-C-A-C-T-(CH,),-CONH, 49(p) - -
3 ampPNA 64-H-G-tg -A-G-A-tsg-C-A-C-tsr-(CH,),CONH, 44(ap) -9 4
4 ampPNA 64-H-G-tgg -A-G-A-tgr-C-A-C-tsg-(CH,),CONH 40(p) -9 -
5 ampPNA 70'H—G—tss -A—G-A-tss—c-A—C—tss—(CHz)zCONHZ 50(ap) —3 8
6 ampPNA 70-H-G-tgs -A-G-A-tss-C-A-C-tgs-(CH,),CONH, 42( p) -7

T, values are accurate to (£) 0.5°C. Experiments were repeated at least thrice and the T;, values
were obtained from the peaks in the first derivative plots *ATy, Indicate the difference in Ty,
with the control experiment aeg-PNA 58. #AT, = difference in the Ti, of antiparallel

and parallel binding modes. T and t indicating aeg and amp-PNA respectively. RNA 93 = 5°
AGUGAUCUAC 3°; RNA 94 =5 CAUCUAGUGA 3’.

3. 12 UV-T, studies of (2R,5S) and (2R,5R)-amp-PNA2:RNA Triplexes

To see if there is any binding selectivity for amp-PNA between DNA and RNA,
amp-(PNA 72-83),:RNA 92 complexes were constituted from aeg-PNA-Ts 57, and
homooligomers of D-cis-(2R,5S)-amp-PNAT77 and (2R,5R) D-trans amp-PNA 83 with
RNA 92. The UV-melting profiles of these complexes and their derivative curves are
given in Figure 28. T}, values derived for various aeg-PNA,:RNA and amp-PNA,:RNA
complexes with different degrees of modifications are in listed in Table 13. Single
modification of (2R,55)-amp-PNA at N-terminus or at C-terminus in PNA caused a
stabilization of triplexes (PNA 72),: RNA 92 and (PNA 74),:RNA 92 over the control
(PNA 57),:RNA 92 by +6 and +2 °C (Table 13, entry 2 and 4) whereas (2R,5R) amp unit
at the same positions destabilized the complex by —1 and —5 °C (Table 13, entry 7 and 9).
Single modification of (2R,5S5) and (2R,5R)-ampPNA in the middle of the sequence
induced destabilization of (amp-PNA 73 and 79 ),:RNA 92 complex over the control
triplex (PNA 57),:RNA 92 by -4 and -7 °C (Table 13, entry 3 and 8) respectively.

Doubly modified (2R,5S)-amp-PNA 75 (Table 13, entry 5) exhibited the minimal
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stabilization over the control PNA 57, whereas (2S,5S)-amp-PNA 81 destabilized the
PNA,:RNA complex by —6 °C (Table 13, entry 10). The triplex of the homooligomer of
((2R,55)-amp-PNA 77),:RNA 92 indicated minimal destabilization of over control
triplexes (PNA 57),: RNA 92 by ATy, = —1 °C (Table 13, entry 6). The PNA;:RNA
complexes comprising the homooligomer amp-PNA 83 and RNA 92 gave linear, non-
sigmoidal plots and failed to show any peak in the first derivative plots. As a

consequence, no melting temperature was detected for these complexes.
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Figure 28 (A-B) UV-Melting profiles, (D-E) UV-Melting first derivative curves of (2R,5S) and
(2R,5R) amp-PNA,:RNA 92 triplexes (C-F) UV-Melting profiles of (2R,5S) and (2R,5R)-
amp-PNA:RNA 93 and 94 duplexes and its first derivative curves. Buffer 10 mM sodium
phosphate, 10 mM NaCl, pH = 7.3. RNA 92 = = 5’CGC-AAAAAAAA-CGC3’ RNA 93 =
5’AGUGAUCUAC3’; RNA 94 = 5’CAUCUAGUGA3".
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Table 13 UV-Melting temperatures of (2R,5S) and (2R,5R)-amp-PNA,:RNA triplexes

Entry PNA Tm’C ATn°C
1 aegPNA 57 H-T-T-T-T-T-T-T-T-(CH; ),-CONH, 50 -
2 ampPNA 72 H-tgs-T-T-T-T-T-T-T-CH; ),-CONH, 56 6
3 ampPNA 73 H-T-T-T-trs-T-T-T-T-(CH3),-CONH, 46 -4
4 ampPNA 74 H-T-T-T-T-T-T-T-tgs-(CH,),-CONH, 52 2
5 ampPNA 75 H-trg T-T-T-tgs-T-T-T (CH,),-CONH, 50 -
6 ampPNA 77 H-(t tttttt t)Rs-(CHz)z-CONHz 50 -
7 ampPNA 78 H-tgp-T-T-T-T-T-T-T-CH; ),-CONH; 49 -1
8 ampPNA 79 H-T-T-T-tgr-T-T-T-T-(CH;),-CONH, 43 -7
9 ampPNA 80 H-T-T-T-T-T-T-T-trr-(CH3),-CONH, 45 -5
10 ampPNA 81 H-tRR_T-T-T-tRR-T-T-T (CHz)z-CONHz 44 -6
11 ampPNA 83 H-(tttttttt)re-(CH,),-CONH, ND -

T, values are accurate to () 0.5°C. Experiments were repeated at least thrice and the T}, values

were obtained from the peaks in the first derivative plots. A 7m indicates the difference in 7m
with the control experiment aeg-PNA 57. ND = Not detected. T and t indicating aeg and amp-
PNA respectively. RNA 92 = 5’CGC-AAAAAAAA-CGC 3’

3. 12. 1 UV-Ty, studies of (2R,5S) and (2R,5R)-amp-PNA:RNA duplexes:
(2R,55)-amp-PNA 76 and (2R,5R)-amp-PNA 82 were targeted to bind
complementary antiparallel RNA 93 and parallel RNA 94 to constitute both types
duplexes. For comparison, unmodified PNA 58 was used. (Table 14). The melting
profiles of these complexes and their derivative curves are given in Figure 28 (C-F). Ty,
values derived from various aeg-PNA and amp-PNA sequences with different degrees of
modifications are in listed in Table 14. The results in Table 14 indicate that the (2R,5S)-
amp-PNA oligomer bind preferentially in ap-mode with complementary RNA-93. The
difference in the Ty, of antiparallel and parallel duplex complexes of above amp-PNA
oligomers reflects the selectivity in orientational binding between RNA 93 and 94. The
(2R,55)-amp-PNA 76 exhibited the stabilization of the duplex with RNA 93 and 94 by +6
and +2 °C respectively in comparison to unmodified PNA 58 and a selectivity of +8 °C

between antiparallel and parallel mode of binding. The PNA:RNA duplex complexes
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comprising the (2R,5R)-amp-PNA 82 with three modifications gave linear, non-
sigmoidal plots and failed to show any peak in the first derivative plots. As a

consequence, no melting temperature was detected for these complexes.

Table 14 UV-Melting temperatures of (2R,5S) and (2R,5R) amp-PNA:RNA duplexes

Entry Tm #A T
PNA °C)  *A °C

Tm
°C

1 ampPNA 58 H-G-T-A-G-A-T-C-A-C-T-(CH,),CONH, 53(ap), - 4

2 ampPNA 58 H-G-T-A-G-A-T-C-A-C-T-(CH,),CONH, 49(p) - -

3 ampPNA 76 H-G-tgs-A-G-A-trs-C-A-C-trs-(CH),CONH,  59(ap), 6 8

4 ampPNA 76 H-G-tgg -A-G-A-tgs-C-A-C-tgs-(CH,),CONH, 51(p) 2 -

5 ampPNA 82 H-G-tgg -A-G-A-tgg-C-A-C-tgg-(CH,),CONH, ND - -

6 ampPNA 82 H-G-tgg -A-G-A-tgg-C-A-C-trp-(CH,),CONH, ND -

T, values are accurate to (£) 0.5°C. Experiments were repeated at least thrice and the T, values
were obtained from the peaks in the first derivative plots. A 7m indicates the difference in 7m
with the control experiment aeg-PNA 57. T and t indicating aeg and amp-PNA respectively*AT
Indicate the difference in 7,,, with the control experiment aeg-PNA 58. #ATn, - difference
in the T}, of antiparallel and parallel binding modes. ND = Not determine. RNA 92 = 5’
(CGC-AAAAAAAA-CGC)3” RNA 93 = 5’AGUGAUCUAC 3’; RNA 94 = 5 CAUCUAGUGA 3°.
3. 13 UV-T, studies of (2S,4S,5R)-amp-PNA,:RNA Triplexes

In order to study the conformational and hydroxyl effect on amp-PNA units,
complexes of ((25,4S,5R)-amp-PNA),:RNA 92 were constituted from aeg-PNA-Tg 57.
T values derived from various aeg-PNA and amp-PNA sequences with different degrees
of modifications are listed in Table 15. Single modification of (25,4S,5R)-amp-PNA at N-
terminus stabilized the (2S5,4S,5R)-amp-PNA 84:RNA 92 triplex by +2 °C (Table 15,

entry 2). Whereas a single modification at C-terminus in aeg-PNA 57 caused marginal

destabilization of triplex (25,4S,5R)-amp-PNA 86:RNA 92 in comparison to aeg-PNA57.
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Figure 29 (A) UV-Melting profiles, B) UV-Melting first derivative curves of (25,4S,5R)-
amp-PNA:RNA 92 Buffer 10 mM sodium phosphate, 10 mM NaCl, pH = 7.3. RNA 92
5’CGC-AAAAAAAA-CGC3’

Table 15 UV-Melting temperatures of (25,4S,5R)-amp-PNA,:RNA duplexes

Entry Tm °C) ATm
PNA
1 aegPNA 57 H-T-T-T-T-T-T-T-T-(CH, ),-CONH, 50 -
2 ampPNA 84 H-tgsr-T-T-T-T-T-T-T-CH, ),-CONH, 52 2
3 ampPNA 85 H-T-T-T-tSSR-T-T-T-T-(CHz)z-CONHg 40 -10
4 ampPNA 86 H-T-T-T-T-T-T-T-tssr-(CH,),-CONH, 49 -1

T, values are accurate to (£) 0.5°C. Experiments were repeated at least thrice and the T3, values
were obtained from the peaks in the first derivative plots. AT}, Indicate the difference in 7im with
the control experiment aeg-PNAS57. T and t indicating aeg and amp-PNA respectively. Buffer:
10mM sodium phosphate, 10 mM NaCl, pH 7.3 RNA 92 = 5’CGC-AAAAAAAA-CGC3’

3. 13. 1 UV-Ty, studies of (2S,4S,5R)-amp-PNA:RNA duplexes

The melting profiles of these complexes and their derivative curves are given in
Figure 30. The results in Table 16 indicate that the (2S,4S,5R)-amp-PNA oligomer
exhibited the destabilization of the duplex with RNA 93 and 94 by -3 °C and -2 °C

respectively. (Table 16, entry 3 and 4) in comparison to unmodified aeg-PNA 58.
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Figure 30 A) UV-Melting profiles, B) UV-Melting first derivative curves of
(25,4S,5R)-amp-PNA:RNA 92 and 93 Buffer 10 mM sodium phosphate, 10 mM NaCl,
pH = 7.3. RNA 92 =5°CGC-AAAAAAAA-CGC3’ RNA 93 = 5’AGUGAUCUAC3’; RNA
94 = 5’>CAUCUAGUGA3’.

Table 16 UV-Melting temperatures of (25,4S,5R)-amp-PNA:RNA duplexes

Entry

PNA T *ATm #ATn
(°C)

I aegPNA58 H-G-T-A-G-A-T-C-A-C-T-(CH,),CONH, 53 (ap) - 2
aeg-PNA 58 H-G-T-A-G-A-T-C-A-C-T-(CH,),CONH, 49 (p) - -

3 amp-PNA 87 H-G-T-A-G-A-tssz-C-A-C-T- 50(ap) -3 1
(CH,),CONH,

4 amp-PNA 87 H-G-T-A-G-A-tgsz-C-A-C-T- 47 (p) -2 -
(CH,),CONH,

T values are accurate to () 0.5°C. Experiments were repeated at least thrice and the T}, values
were obtained from the peaks in the first derivative plots. A Tm indicates the difference in 7m
with the control experiment aeg-PNA 57. T and t indicating aeg and amp-PNA respectively*AT,
Indicate the difference in 7, with the control experiment aeg-PNA 58. #ATn = difference
in the Ty, of antiparallel and parallel binding modes. Buffer: 10 mM sodium phosphate, 10
mM NaCl, pH 7.3. RNA 93 = 5’AGUGAUCUAC3’; RNA 94 = 5’>CAUCUAGUGA3’
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3. 14 Comparison studies of amp-PNA hybrids with complementary DNA

New conformationally restricted aminomethyl prolyl (amp)-monomers
have been synthesized. These monomers were introduced in the aeg-PNA backbone
using solid phase peptide synthesis protocol. The % hyperchromicity versus temperature
plots derived from the UV melting data indicated a single transition characteristic of
PNA,:DNA melting, wherein both PNA strands dissociate from the DNA strands
simultaneously, in a single step. A single modification of the amp monomer unit at center
of the sequence destabilized the corresponding DNA triplex except in the case of (25,55)
amp monomer (Table 17, entry 4). In case of doubly modified amp-PNAs (2§,5S5) and
(2S,5R) derived amp units exhibited destabilization whereas (2R,5S) derived amp units
marginally stabilized the corresponding DNA hybrids (Table 17, entry 6). The triplexes
of the amp-PNA homooligomers stabilized the corresponding DNA hybrids in
comparison to aeg-PNA 57. Homooligomer derived of (2S,5R) amp monomer unit
showed strong stabilization (+34 °C) and a minimal destabilization was observed in case
of (25,5S) amp monomer (Table 17, entry 7).

The (25,5S5) and (2S,5R) derived amp-PNA:DNA duplex complexes exhibited
large destabilization, whereas (2R,5S) derived amp-PNA:DNA exhibited marginal
stabilization in comparison to aeg-PNA 58.

The (25,4S,5R)-amp derived PNAs showed better stabilization compared to the
other amp-PNAs, the duplexes complexes expressed the good orientational selectivity

between the antiparallel and parallel orientation.
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Table 17 UV-T,, (°C) of amp-PNA,:DNA and amp-PNA:DNA complexes

Entry

PNA m

1 H-T-T-T-T-T-T-T-T-(CH, ),-CONH, 43
2 H-GTAGATCACT-(CH,),CONH,(ap) 50

H-GTAGATCACT-(CH,),CONH,(p) 48

S/IR ATm S/S ATm R/S ATm R/R ATm

3 H-t-T-T-T-T-T-T-T-CH, ),-CONH, 53 10 47 4 62 18 44 1
4 H-T-T-T-t-T-T-T-T-(CH,),-CONH, 35 -8 43 2 39 4 36 -5
5 H-T-T-T-T-T-T-T-t-(CH,),-CONH, 46 3 50 7 52 9 46 3
6 H-t T-T-T-t-T-T-T (CH,),-CONH, 39 4 40 -3 44 1 43 -0
7 H-(tttttttt)-(CH,),-CONH, 77 34 43 0 46 3 4 1
8 H-G-t-AGA-t-CAC-t-(CH,),CONH,(ap) 43 -7 50 0 52 2 46 -4

H-G-t-AGA-t-CAC-t-(CH,),CONH, (p) 39 -9 37 -11 48 0 - -

A/G/C/T = aeg-PNA Adenine /Guanine /Cytosine /Thymine monomers, tsg = (2S,5R)- tss =
(25,59), trs = (2R,5S), tss = (25,55)-amp-PNA Thymine monomer. T}, values are accurate to (£)
0.5°C. Experiments were repeated at least thrice and the 7, values were obtained from the peaks
in the first derivative plots. ATm indicates the difference in T}, with the control experiment aeg-
PNA 57 and PNA 58 (mixed sequence). T and t indicating aeg and amp-PNA respectively.
(measured in the buffer 10 mM sodium phosphate, 10mM NaCl, pH = 7.3), PNA,-DNA
complexes.DNA 88= 5’CGC-AAAAAAAA-CGC3’ DNA 90 = 5’AGTGATCTAC3’ (antiparallel);
DNA 91 = 5’CATCTAGTGA3’(parallel).

3. 15 Comparison studies of amp-PNA hybrids with the complementary RNA
Unmodified aeg-PNA binds to DNA and RNA equally well without appreciable
selectivity among these nucleic acids. To see if there is any binding selectivity for amp-
PNA between DNA and RNA, amp-PNA:RNA 92 complexes were constituted from
aeg-PNA-Tg 57, and homooligomers. Ty, values derived from various aeg-PNA and amp-
PNA sequences with different degrees of modifications are in listed in Table 18. The Tm
values indicate that, a single modification of amp (25,55 and 2R,5R) unit at N-terminus
caused destabilization in amp-PNA:RNA 92 triplexes, where as corresponding cis-amp
units stabilized the triplexes (Table 18 entry 1). A single modification at C-terminus
caused stabilization or minimal destabilization (S/R and R/R, Table 18 entry 5) in amp-

PNA:RNA hybrids. A single modification at center of the sequence exhibited
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destabilization of triplexes with irrespective of stereochemistry of the amp unit
incorporated (Table 18, entry 4). Homooligomeric (2S5,5§ and 2S,5R) amp PNAs
exhibited stabilization, where as (2S5,5R)-amp-PNA caused destabilization of
corresponding RNA triplexes. In case of purine, pyrimidine mix sequence, (2R,5S)-amp-
PNA oligomers exhibited good stabilization as well as orieantational selectivity, where
as (25,5S8) amp-PNA oligomers showed stabilization in antiparallel orientation and

destabilized parallel PNA:RNA triplexes (Table 18, entry 8).

18 UV-T;, (°C) of amp-PNA,:DNA and amp-PNA:RNA complexes

Entry
PNA m
1 H-T-T-T-T-T-T-T-T-(CH, ),-CONH, 50
2 H-GTAGATCACT-(CH,),CONH,(ap) 53

H-GTAGATCACT-(CH,),CONH,(p) 49

SIR ATm S/S ATm R/S ATm R/R ATm

3 H-t-T-T-T-T-T-T-T-CH, ),-CONH, 52 2 38 -12 56 6 49 -4
4 H-T-T-T-t-T-T-T-T-(CH,),-CONH, 33 418 48 2 46 -4 43 7
5 H-T-T-T-T-T-T-T-t{(CH,),-CONH, 49 -1 51 1 52 2 45 5
6  HAT-T-T-t-T-T-T (CH,),-CONH, ND ND - 50 - 44 -6
7 H(tttttttt)-(CH,),-CONH, 40 -10 52 2 49 -1 ND -
8  H-G-t-AGA-t-CAC-t-(CH,),CONHy(ap) 44 -9 50 -3 59 6 ND -

H-G-t-AGA-t-CAC-t-(CH,),CONH, (p) 40 -9 42 -7 51 2 - -

ATm Indicate the difference in 7m with the control experiment aeg-PNA 57 and PNA 58 (mixed
sequence). (measured in the buffer 10 mM sodium phosphate, 10 mM NaCl, pH = 7.3), PNA,-
DNA complexes. A/G/C/T = aegPNA Adenine /Guanine /Cytosine /Thymine monomers, tsg =
(28,5R)- tss = (25,59), trs = (2R,5S), tss = (25,55)-ampPNA Thymine monomer The values
reported here are the average of 3 independent experiments and are accurate to £0.5°C. T and t
indicating aeg and amp-PNA respectively. ND = Not determine. RNA 92 = 5’CGCAgCGC3’;
RNA 93 = S’AGUGAUCUAC 3’; RNA 94 = 5’CAUCUAGUGA3’.

3. 16 Comparison studies of amp-PNA:DNA and amp-PNA:RNA hybrids
3. 16. 1 Studies of triplex hybrids of amp-PNAs

In order to introduce PNA binding selectivity between DNA and RNA and higher

affinity, optically pure (25,5R), (25,55), (25,5S5) and (2R,5R)-amp-PNA oligomers were
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synthesized. UV melting temperatures of these amp-PNAs with complementary DNA
and RNA indicated that middle modified amp-PNAs (amp-PNAs 60, 67, 73, and 79)
exhibited either destabilization or marginal stabilization with complementary DNA 88
and RNA 92. N and C-terminal modified amp-PNAs exhibited stabilization with
complementary DNA 88 and RNA 92, where as (2R,5R)-amp-PNAs with RNA-92 shown
destabilisation. Doubly modified amp-PNAs (62, 69, 75, and 81) exhibited either
destabilization or marginal stabilization with complementary DNA 88 and RNA 92. In
case of (2R,5S) doubly modified amp-PNA stabilization was observed. Homooligomers
(amp-PNAs 65, 71) expressed good affinity and stability with the complementary
DNA/RNA. (25,5S) amp-PNA 65 stabilized the triplex with DNA by 34 °C but
destabilized the triplex with RNA 92 by —10 °C, whereas (285,55)-amp-PNA 71
marginally destabilized the DNA 88 triplex but exhibited 6 °C of stabilization with RNA

92. These results are presented in Figure 31.
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Figure 31 Comparative AT, (°C) values of (amp-PNA),:DNA 88 and (amp-PNA),:RNA 92
complexes. The lower case letters on X-axis refer to the stereochemistry of amp-PNA. (D =
DNA, R = RNA, N = N terminal modification, M = middle modification, C = C-Terminal
modification, B = Bi-modification, H = Modified homooligomer). DNA 88 = CGCA3CGC.

3. 16. 2 Comparison studies of duplex hybrids of amp-PNAs

In order to study the parallel and antiparallel orientational preferences of
PNA:DNA and PNA:RNA binding, mixed purine pyrimidine sequences (amp-PNAs 64,

70, 76 and 82) that form duplexes were synthesized. All mixed purine pyrimidine
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sequences except (2R,5S) stereochemistry exhibited strong destabilization towards
complimentary DNA and RNA strands. The (2R,5S5)-amp-PNA 76 exhibited good
affinity and selectivity towards RNA in comparison to the unmodified aeg-PNA-58.
Whereas (25,5S)-amp-PNA 70 expressed a large destabilization and discrimination
between parallel and antiparallel binding modes with both DNA and RNA. Above
results are summarized in Figure 32.

Figure 32 Comparative AT}, (°C) values of (amp-PNA):DNA and (amp-PNA):RNA complexes
with DNA 90(ap) / 91(p) and RNA 93(ap) / 94(p). ATy, Indicate the difference in 71, with
the control experiment aeg-PNAS58. The lower case letters on X-axis refer to the
stereochemistry of amp-PNA. (D = DNA, R = RNA, N = N terminal modification, M = middle
modification, C = C-Terminal modification, B = Bi-modification, H = Modified homooligomer).
DNA 90 =5’AGTGATCTAC3’ (antiparallel); DNA 91 = 5’CATCTAGTGAZ3 (parallel). RNA 93

=5’AGUGAUCUAC3’; RNA 94 = 5’CAUCUAGUGA 3°.
3. 16. 3 Studies of triplex and duplex hybrids of amp-PNAs: DNA Vs RNA

The amp-PNA oligomers demonstrated a good binding affinity towards DNA
triplex hybrids than the RNA triplexes. The amp-PNA:DNA and amp-PNA:RNA
duplexes exhibited strong destabilization in comparison to aeg-PNA 58. Homooligomers
containing (2S5,5R) amp-units exhibited selectivity between DNA and RNA, while
(2R,55)-amp-PNAs stabilized the DNA and RNA duplexes by inclining towards the

antiparallel mode of binding.

3.16. 4 Studies of (2S,4S,5R)-amp-PNA:DNA and (2S,4S,5R)-amp-PNA:RNA hybrids
Studies of triplex hybrids of (2S,4S,5R)-amp-PNAs

In order to study the PNA binding selectivity and affinity between DNA and
RNA, optically pure (25,4S,5R)-amp-PNAs 84, 85 and 86 oligomers were synthesized.

UV melting temperatures of these amp-PNAs with complementary DNA and RNA
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indicated that N-terminal modification stabilized both (25,4S,5R)-amp-PNA:DNA and
(25,45,5R)-amp-PNA:RNA triplexes by 6 °C and 2 °C respectively in comparison to aeg-
PNA 57. Middle modification of (25,4S,5R)-amp-PNA exhibited the 2 °C of stabilization
with DNA but a large destabilization was observed in case of RNA. C-terminal
modification of (25,4S,5R)-amp-PNA stabilized the (2S5,4S,5R)-amp-PNA,:DNA 88
complex by 7 °C whereas same modification exhibited large destabilization with RNA
triplexes. Thus (25,4S,5R)-amp-PNA:DNA triplexes demonstrated more stability for

DNA than RNA triplexes. These results are summarized in Figure 33.

3. 16. 5 Studies of duplex hybrids of (2S,4S,5R)-amp-PNAs

To see the parallel and antiparallel orientational preferences of PNA:DNA and
PNA:RNA binding, mixed purine pyrimidine sequence (2S,4S,5R)-amp-PNA 87 was
synthesized. The duplex complexes of (25,4S,5R)-amp-PNA 87 with DNA 90 and 91
stabilized by 5 °C in comparison to un modified aeg-PNA 58. No selectivity was
observed between antiparallel and parallel mode of binding orientation. In case of RNA,
destabilization was observed in both orientations by -3 °C (ap) and —1 °C (p) in
comparison to aeg-PNA 58. These results suggest that (2S5,4S,5R)-amp-PNAs having

more affinity towards DNA than the RNA. The above results are presented in Figure 33.

255



@ DNA-SSR
AT

0 B RNA-SSR

-4

-6

-8

-10

N M C ap p
Modification

Figure 33 Comparative AT}, (°C) values of (25,4S,5R)-amp-PNA,:DNA 88, (amp-PNA),:RNA
92, (25,4S,5R)-amp-PNA:DNA and (amp-PNA):RNA complexes with DNA 90(ap) / 91(p)
and RNA 93(ap) / 94(p). complexes. ATy, Indicate the difference in 7}, with the control
experiment aeg-PNASS (tiplexes) and aeg-PNA 58 (duplexes). The lower case letters on X-
axis refer to the modification of amp-PNA. (N = N terminal modification, M = middle
modification, C = C-Terminal modification). DNA 90 = 5> AGTGATCTAC3’ (antiparallel); DNA
91 = 5°CATCTAGTGA3’(parallel). RNA 93 = 5’AGUGAUCUAC3’; RNA 94 = 5’
CAUCUAGUGA3’, DNA 88 = 5’ (CGC-AAAAAAAA-CGC)3’

3. 17 Aminomethyl thiazolidine (amt) PNA
In 2001 Ge'rard Chassaing et al'’ were synthesized anti and syn-aminomethyl)-
thiazolidine (amf) PNA monomers and incorporated in to central position of aeg-PNA(10

mer) to study the binding and selectivity towards DNA and RNA.

Dy ]
B
oe N A CO,H BOCN\\""L:)‘COzH

syn-amt-PNA monomer anti-amt-PNA monomer

Figure 34 amt-PNA monomers

256



The anti and syn- amt-PNAs demonstrated strong destabilization of (—17 and —22
°C) respectively in comparison to control experiment. Ty, value of poly (rA) revealed a
destabilization of —20 °C by both anti and syn —amt-PNAs.

3.18 Conclusion

In order to introduce PNA binding selectivity between DNA and RNA and higher
affinity, we have synthesized amp-PNAs by incorporating optically pure (2S,5R), (25,5S5),
(2R,55) and (2R,5R) aminomethyl prolyl(amp) monomers in to aeg backbone. The UV-
T'ms in Table 17 and 18 indicates that, the single middle modification showed
destabilization irrespective of the stereochemistry of the amp units. This could be a result
of introduction of unfavored conformational discontinuity at the modification site. PNAs
containing a amp unit at C or N terminus exhibited strong affinity towards DNA than
RNA. The preorganisation imparted by amp units (C or N terminus) in to aeg backbone
resulted in a favorable conformation for DNA and the same favorable conformation
behaved as antagonist to RNA. The doubly modified (2R,5S)-amp-PNAs showed
stabilization with both DNA and RNA and the same modification with other amp units
destasbilized the DNA and RNA complexes. This could be a result of the induction of
moderately favorable preorganization into aeg backbone. The degree of selectivity
expressed by amp units between DNA and RNA is not clear in case of singly and doubly
modified amp-PNAs. The (2S,5R) homooligomer exhibited strong DNA affinity, the
same modification destabilized the RNA triplex, in case of (25,55) amp unit reverse trend
was seen. Thus a high degree of selectivity is seen in case of homooligomers between
DNA and RNA. The stability and selectivity of homooligomer is the result of the

uniform conformational change over the entire backbone, without any sharp
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discontinuities and the selectivity is due to chiral nature of the back bone which was
ultimately induced by the stereochemistry of the amp unit. In the case of homooligomers
these results suggesting that the effect of stereochemistry of amp unit is the dominant
factor in deciding the native conformation of peptide, which in turn effect the binding

affinity amp-PNA oligomers towards complementary sequence.

The stability and the selectivity between (ap/p) exhibited by 4-hydroxy amp units
is the result of positive preorganization and the chirality (3-chiral centers) induced by the
4-substituted amp in tothe aeg backbone. The selectivity of amp-PNA 87 is due to the
flexible ring puckering nature of 4-substituted amp unit allows better torsional
adjustments to attain hybridization competent conformation which is absent in the amp

unit.

The T}, of the amp-PNA duplexes reflects the weak affinity of amp-PNA
oligomers towards DNA and RNA. Only (2R,5S)-amp-PNAs exhibited strong affinity
towards DNA and RNA. This could be a result of introduction of unfavored
conformational discontinuity at the three consecutive places into aeg backbone at
modification sites. The differences in the stabilization of duplex versus triplex modes
with amp units could arise from the difference in their structural features that fine tune
the internucleobase geometries. The divergence observed in the 7,,s of modified amp-
PNAs is the result of degree of favorable preorganizaton induced by the stereochemistry

and the site of the amp units in to aeg backbone.

These results lead us to believe that a biased pre-organized conformation
capable of maintaining the correct internucleobase-distance could be particularly

important in order to preserve specific base pairing. Structural differences in PNA:DNA,
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PNA:RNA and PNA,:DNA reflected in the control of aeg-PNA complex formation with
DNA/RNA sequences through elegant use of stereo chemistry pattern of 5-substituted
proline derivatives. Further studies on sequence dependent and RNA/DNA
discriminatory effects of amp-PNA in mixed base amp-PNA sequences having all
modified amp-PNA (A/G/C/T) monomers and their thermodynamic studies to delineate
entropic and enthalpic contributions are need to be carried out and also molecular
modeling or NMR Solution structure and X-ray crystal structure analysis of the
corresponding triplexes and duplexes are necessary to understand the structure-activity

relationships (SAR) and the observed results.
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CHAPTER-4

SECTION-I

Introduction of 2,5-disubstituted pyrrolidines
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Introduction

4.1 2,5-Disubstituted pyrrolidines

Pyrrolidines, the 5-membered aza-heterocycles substituted at 2" and 5™ positions,
are often encountered in the living organisms. The first pyrrolidine alkaloids were found
in the solenopsis ant’s venom. These compounds have been extracted from plants,
animals and microorganisms, but only in very micro quantities. Because of scarcity of
these naturally occurring products, only few studies on their biological activity and
mechanism of action have been performed.

2,5-Dialkylated pyrrolidines extracted from venomous ants and frogs' have shown
insecticide >~ hemolytic and antiendinergic® activities. Polyhydroxy pyrrolidines isolated
from several plants of the companulaceae and fabaceae families have shown very potent
activity as enzyme inhibitors (e.g. codonosine).” Apart from the medicinal uses, these
compounds possessing a C, symmetry axis, may be used as very powerful catalyst in
numerous asymmetric reactions.® All these reasons make these compounds interesting
targets for synthetic chemist.

This section briefly presents the stereoselective synthesis of 2,5-disubstituted
pyrrolidines and will be subdivided in two main sections : (1) where the 5-memberd ring
is formed by stereospecific methods and (2) where the already formed ring is

functionalized at the 2™ and 5™ positions.
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4.1.1 Synthesis with formation of the pyrrolidine ring:
4.1.1.a Radical cyclization:

Several methods have been reported in the literature for the synthesis of 2,5-

substituted pyrrolidines by means of intrammolecular cyclization of 6-alkenyl amines via

(i) Hg (OAc),

—_— —_— "y
HN (i) NaBH, N
Cor (i) HCI
1 2
M L A<
HN H
| H
Pr Trans Cis
3 4 5

Figure 1. Amido and amino mercuration

the aminyl radical as an intermediate. Photolysis,” thermolysis, of N-

O are the

chloroamines® and anodic oxidation of lithium amides and hydroxylamines®'
most encountered methods. Anodic oxidation of y,6~unsubstituted lithium amides furnish
the exclusively cis-2,5-substituted pyrrolidines, where as N-chloroalkenylmine in the

presence of tributyltin hydride and azoisobutyronitrile (n-Bu3;SnH-AIBN) giving rise

almost to trans 2,5-substituted pyrrolidines.

" R? EB)TL‘ 1 /\—\ . 2 82)1?1?8nH-AIBN R WRZ
N R NH N R3
| | R3 |
Me Me Me
6 7 8

Figure 2. Radical cyclization of bis homoallylic amines
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4.1.1.b Electrophilic cyclisation

This is subdivided in to intramolecular cyclization and  intermolecular

cyclization.

Ik ™

2 N7

%\ N OB
1/CH,CN OBn o "

/\/Y\ OBn—— |, :< 0 H

NHCOPh Ph

(R gy 0 %K/‘\éi\om pro s Nt omn
H T : N

HO) pp H

Ph ) 10

ph I

Figure 3. Iodocyclisation

A. Intramolecular cyclization:

Todocylization'' and amino and amido mercuration'? are the two prominent
methods employed in the synthesis of 2,5-substituted pyrrolidines. Iodocylization &
alkenylamines in presence of I, and aqueous CH3CN preferentially furnish the trans 2,5-

substituted pyrrolidines.

COR
/

Hﬁﬂj}
“HgX

Amino and amido mercuration of S-alkenylamines have been studied by Perie in
1972. Treatment of Salkenylamines with Hg(OAc), leads to the formation of both cis-
trans products, in case of amido mercuration, exclusively trans product was observed.
The stereochemistry of the cyclization may be explained by the preferred chair transition

state with the equatorial methyl group.
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B. Intermolecular cyclization.

Intermolecular cyclization of chiral silanes:

Me

: BPQ/OMe g 0c 10 78 0C l_jil\iZPh I%IHCOZI\/[\G ;
\/\é/\cone + N — =\, CoMe  R7 Y COMe
e A ] :
11 12 O™ “oMe 14
13

R =aryl N-Acylhomoallylic amine

Figure 4. Cyclization of chiral allylsilanes

This method was discovered by Panek and Naresh ' in which chiral allylsilanes
were treated with N-Acylimines, generated in situ at temp -100 °C to -78 °C formation of
N-acyl pyrrolidines was observed, when the temperature raised to -78 °C to -20 °C  N-

acylhomoallylic amines were formed.

4.1.2 1,3-Dipolar cycloadditions:
The 1,3-dipolar cycloadditions are among the efficient methods for the synthesis
of pyrrolidines'* and pyrrolines. These reactions are concerted and exhibit high stereo-

and regioselectivity.

I NN

() A
\ )

Compounds with 4n-electrons named as 1,3-dipolar, which is formed by 3 atoms

a-b-c, of which a has a sextet of electrons in outer shell and ¢ has octet with at least one
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unshared pair and it can be drawn as zwitterions, where the +ve charge localizes at
central atom, negative charge distributes at terminal atoms. Compound with 2n-electrons
is known as alkene and named as dipolarophile. Azomethine ylides and nitrones are two

allylic dipoles used for the synthesis of polysubstituted pyrrolidines.

4.1.2.a Azomethine ylides:

Imines of a-amino esters react with electron deficient alkenes in the presence of
Lewis acids to give polysubstituted pyrrolidines. Reaction proceeds via the formation of
metallodipole, which is formed by co-ordination of metal with nitrogen atom and carboxy

of the imine, followed by deprotection. Use of a tertiary amine favors the formation of

metallodipole.
5 R4
Ets R,
Rl/\ CO R, + Lewis A01d R N7 TCOOR,
H
At OMe AL OMe
(0)
O Lov*~

Figure 5. Formation of metallodipole

Asymmetric 1,3-dipolar cycloadditions of azomethineylides'” were performed by using

(1) chiral dipolarophiles16 (i1) chiral azomethine ylides17 and (iii) chiral catalyst.18
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4.1.2.b 1,3-Dipolar cycloadditions of nitrones:
Tufariello and Puglis'® noted in 1986 that cyclo adducts 16, obtained by addition
of 1-oxyde-1-pyrrolidine 15 on mono substituted alkene in the presence of a carboxylic
peracid, allowed the regiospecific access to nitrone 17. A second cycloaddition will

stereoselectively lead to trans 2,5-dialkyl pyrrolidines generally with good de.

LR H m-CPBA O’H LR'
p— — N .
N N J\
| \ AN

O (0] é R O o
15 16 17
1-Oxyde-1-pyrroline Aldonitrone

Zn-AcOH .
Yy —— N 1
0 ' 0%
R’ o \‘\‘ R
O H \\ R
19

Zn-AcOH

Figure 6

4.1.2.c Cycloaddition of azapentadienyl anions:

In 1994* Pearson and Jacobs reported the synthesis of 2-alkenyl pyrrolidines 24,
by anionic cyclization of 2-azapentadienyl anion 23 with electron rich alkenes. This

reaction is contrary to the cycloaddition of azomethine ylides in which electron deficient
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alkene takes part for the formation of pyrrolidine rings depending on the nature of the

electrophiles and alkenes yields are ranging from 43-93%.

SnBu
SnBu, n-BulLi
—_— /\/\ N/‘\( N/\(
H,N alkene Li

23
21
on Ph
N
Alkene = P N phs” = G
+
El= CH;,I, CICO,CH,
=z N
Et
100% cis
Figure 7 24

4.1.3.1 Reduction-cyclization of y~aza-derivative ketones:

This section briefly describes the reductive amination of j~azaderivative ketones

in the presence of hydrogen and a metal such as Pt or Pd.

_m_ Pt/Pd-C /O\
R R >
l ? H, 1\ N R,

0 X H
X=NHR, N,, NO,

Figure 8

4.1.3.1a Hydrogenation of nitrones:

In 1990 Yoshikoshi et al.”! reported the synthesis of 2,5 dialkyl pyrrolidines from
hydrogenation of acetylnitronates 27, prepared from nitroalkanes & enolates, low
diastereoselectivity was observed in this procedure. Oppolzer® used chiral cyclic nitrones

for the synthesis of 2,5-dialkyl pyrrolidines.
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N R
1 1 2
R, NO, 1 o) 2 H
25 26 27 28
Figure 9

4.1.3.1b Hydrogenation of nitroketones:

Hydrogenation of nitroketones is very often used method for the synthesis of aza-
heterocycles Kloetzel” in 1947 described first synthesis of polysubstituted pyrrolidine
through this method. Stenens and Lee® in 1982 synthesized compound 30 from y-

nitroketones.

Q 0 H/Pd-C 07 Y0
\/ O Bu——= \__/ N —— N
O,N Na,SO, _— . {

30 Me o
Figure 10
4.1.3.1c Reductive amination of azidoketones:
Paulsen et al.” first used this method for the synthesis of 2,3,4,5-tetrasubstituted

pyrrolidine from chiral a-azidoaldehydes and dihydroxyacetonephoshate as shown in

Figure 11.

270



N3
H
R)*\CHO o RN OH
+ 1-aldolase o H,/Pd-C
o -phosphotase OH O - oH
HO\)I\/OPO3 34 35

33
Figure 11
Chiral a-azidoaldehydes 32 were first condensed with DHAP (dihydroxyacetone
phosphate) 33, through an aldolase catalyzed reaction. Then the azidoketone 34, after
removal of the phosphate group, is hydrogenated on palladium to give the expected

azasugars 35.

4.1.3.2 Reductive amination of 1,4-diketones:
The reductive amination of 1,4-diketones is one of the oldest method for the

preparation of 2,5-disubstituted pyrrolidines Figure 12.

Reductive amination /O\
R; R, ~ RT Ny R,
(6] (6] H

Figure-12

This method is not stereoselective, Jones and Blum® optimized this method and
showed that a treatment of 1,4-diketones 36 by an excess of ammonium carbonate allows
the formation of the non isolated pyrrole intermediates 37 which are hydrogenated to give
the trans isomers as the major compounds (d.e. = 85:15). Alkaloids 38a-c were
synthesized through this methodology and the trans isomer was always the major one

(Figure 13).
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R, (NH,),CO, Ry H,RWALO,
RJ\/\H/ 2 U/ \Q/

36 o
a: R=(CH,),CH; R,=(CH,),CH,

b: R=(CH,),CH, R,=(CH,),CH,
¢: R=(CH,); CH3 R,=(CH,),CH,

Figure 13

4.1.4 Cyclization by Sy2 reactions

4.1.4.1 Intramolecular cyclization

Synthesis of functionalized pyrrolidines 40 were prepared by intermolecular Sy2
substitution from aminoalcohol derivatives such as 39 are described in literature. The
cyclization is usually stereospecific and a very little epimerisation occurs during the

process (Figure 14).

0OX 2 R1 R2
B l_L
R+ » _—
R NY RT™Y R,
I Y
39
40

OX = leaving group

Figure 14

4.1.4.1a Aminoalcohol derivatives:
Wightman et.al”’ achieved the synthesis of 43 via the non isolable

aminoalcohol derivative, which was obtained through a diastereoselective addition of

ammonia to «,-unsaturated esters 41 (Figure 15).
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S CH,COOEt 0>(0
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>0 NH, 0—
o) B ><O_ — Et00C” N7 “—o0
OMs H |: X
0 —OMs 42 o
41 —  —0 —
HO OH
N~ “—o0H
HOCH, |:OH
243
Figure 15

MacGavrey et.al”® reported that addition of ammonia was dependent both on the

stereochemical relationship of the alkene and the bulkyness of the acetal.”’ The major

isomer formed was the trans pyrrolidine.

4.1.4.1b Nucleophilic opening of azi

ridines:

Depezay et.al’® described the nucleophilic opening of bis-aziridines 44 by

phenylthiolates ions or azides, followed by cyclization into pyrrolidines. A mixture of

polysubstituted pyrrolidines 46b and piperidines 46a was thus obtained (Figure 16).

Usually, pyrrolidines 46b are the major compounds so formed (along with 7 % of

piperidines 46a) with chemical yields

(\NU_
N

—NU
/NY —N Y-
PO— PO—
L op —_— —OP
v
A YN
YN N
44 45

ranging from 51 to 84 %.

NuC,f’Hz PO OP
‘% NY <
= POmM
S > + NUCHZ™ N~ CH,NH,
PO NHY Y
46b

46a

Figure 16
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4.1.4.1c Aminoepoxides:

Intramolecular cyclization of' y-aminoepoxides is a very attractive method for the
preparation of 2,5-disubsituted pyrrolidines. Langlois et. al ' in 1986 used this strategy

for the synthesis of neothramycines (Figure 17).

Figure 17

Biellmann et.al **in 1992 synthesized the compound 52 and 53 as shown in figure
18. The dianion of propynylamine 49 (Figure 18) is obtained by treatment with LDA, and
reacted with the bromide 50 leading to an unseparable mixture (30:70) of amino
carbamate epoxides 51 with 60% chemical yield. The mixture of 51 is then either treated
by silica gel at 65 °C (2 giving a mixture of products 53 (cis:trans 11:9), or by

trifluoroacetic acid at 0 °C leading to pyrrolidines 52 with a 15:85/cis:trans ratio.

— CH.,OH
TM/Q 2

Boc

Silica gel cis 52
_—

(-
NN~ TCH,0H
Boc

—
™S

trans 53

Figure 18

4.1.4.1d Intramolecular cyclization of w-azidoalkyl boronic
esters:
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Carboni et. al** showed in 1989 that w-azidoalkyl boronic esters 55, after
reduction, cyclized in situ to give the corresponding heterocycles 57 (Figure 19). From

diastereoisomerically and enantiomerically pure boronic esters (prepared by asymmetric

2 R1
Br(OH), Nalay, r(OEt)z BCl,
Br N3
R, 54 R, 55 356
R!
2
EtOH
Figure 19

hydroboration), the corresponding pyrrolidines 58 are obtained with a total control of the
configurations and with excellent yields (80 to 89 %, depending on the nature of R', R’

and RY).

4.1.4.2 Intermolecular cyclizations:
4.1.4.2a Aminocyclization of 2,5-dibromoadipic acid esters:

In 1960, Gignarella et al.** described the synthesis of
pyrrolidine-2,5-dimethyldicarboxylate starting from dibromo
adipicacidester and benzylamine (Figure-20). In 1992, Yamamoto®
replaced benzylamine by (-)-(S)-phenylethylamine and obtained
enantiomerically pure compounds.
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———— RO,C N 2
Br Br
cocl cocl COR
59 60 61 62
R = CO,CH,
Figure20

4.1.4.2b Trans amination of 1,4-dihydroxy derivatives:

Nucleophilic attack followed by cyclization of 1,4-dihydroxy derivatives by
primary amine to form trans 2,5-disubstituted pyrrolidines is a well known reaction
directly derived from the studies on the aminocyclizations of 2,5-dibromoadipic acid

esters (Figure 21).

R, R-NH2 O_
Rz —— Rllllllo R2
0X R
63 64
X =Ts, Ms, Tf
Figure 21

Numerous amines were used: e.g. ammonia, benzylamine, hydrazine,
hydroxylamine, allylamine. Several leaving groups were also employed such as tosylates,
triflates and mesylates. Usually the stereoselectivity, and the stereospecificity are
excellent. In the non racemic cases, the chirality may be introduced by: (i) the diols may
be enantiomerically pure and because the cyclization occurs through a SN2 type reaction,

inversions of both stereogenic centres are observed; (i) a chiral auxiliary such as the
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amine allows the stereoselective formation of enantiomerically pure pyrrolidines from a

racemic mixture of 1,4-dihydroxy derivatives.*®

4.2 Synthesis from aza-heterocycles:

4.2.1 Synthesis from proline:
Shono®”** prepared the a-methoxylated methyl ester of proline with 87%

yield but with out diastereomeric excess.

MeO™ ™7 co,CH, 'Z—G-MeOwO\

| CH,OH N CO,CH,

CO,CH, Lo.cH

65 6
Figure 22

Thaning and Wistrand * studied the influence of the hydroxyl group at (4-

hydroxyproline). He observed the formation of a mixture of compounds in a 58:26:16

AcQ
”, 0;’ ACO,’
S O o G o
MeO
N~ TCO,CH
| 2 0™ ™7 ~co,CH, MeO ™ N7 N co,CH,
CO,CH, | |
67 CO,CH; 5802CH3

Figure 23
C-4 ratio (cis:trans a,o'-disubstituted products) and found that the cis isomer can be
epimerized into the trans product by treatment with BF;.Et,O as depicted on Figure 23.
These 2-methoxy-5 carbetoxy-proline derivatives are the good substrates to perform

nucleophilic substitutions at the pseudo-anomeric positions. Barrett and Pilipauskas®
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synthesized bacterial metabolite bulgecinine by employing above strategy, anodic

oxidation followed by radical reaction as shown in Figure 24.

4.2.2 Synthesis from glutamic acid

Glutamic acid, possesses three advantages which make this natural (R-amino acid
a very versatile starting material: (i) it is a very inexpensive compound, (ii) commercially

available as its -(R) or -(S) form, (iii) which can be quantitatively and stereospecifically

AcO

AcO
PhSeH -
0% N YCO,Me — ppge CO,Me J N~ COMe
Bu Sn

| .
C,H,SiMe, H,SiMe, hU MeO,C C,H,SiMe,
69 70 71

AcO
”Zj‘COZMe

b )
OH .
Figure 24 C,H,S51Me

72

converted into pyroglutamic acid, a cyclic analogue with a pyrrolidinone ring possessing
a stereogenic center. Syntheses using pyroglutamic acid as starting material can be
divided into 4 sections: (i) reductions of the lactam followed by a nucleophilic
substitution of the acyliminiums ions, (ii) syntheses through a f~enaminoester
intermediate, (iii) or from a thiolactam, (iv) and reactions through an acyclic intermediate

obtained by nucleophilic substitution.
4.2.2.1a Partial reduction:

The pyroglutamic acid obtained by pyrolysis of the corresponding glutamic acid

is partially reduced into the hemiaminal. Then, functionalization of the free hydroxyl
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followed by nucleophilic substitution allows the access to 2,5-disubstituted pyrrolidines

(Figure 25). The partial reduction cab be performed under several reaction conditions

(DIBAL-H,*"** NaBH,*, and LiEt;BH **) in high yields.

CO,H
_— 046\(:0 H_>XOWO\CO H_> Nqu\
OH
0 74 75 76
73

Figure 25
4.2.2.1b Complete reduction:

Related hemiaminals can be obtained in a two steps sequence by a first reduction

leading to the y-hydroxylamine which after an oxidation step gives the desired

H NHY NHY
O N C.H )\/\ )\/\/OH
U o T C5H11 COzH —>C5H11
78 79
77

Swern
oxidation

T --———

HO R,

8(%

Figure 26
hemiaminal. For instance, Holmes et.al ** in 1991 used a Swern oxidation for the last step

(Figure 26).

4.2.2.1c Nucleophilic substitution of N-acyliminium ions obtained from L-proline or glutamic acid:
Nucleophilic substitution of N-acyliminium ions obtained from L-proline or L-glutamic acid N-

acyliminium ions obtained from the 2-OAc or -OMe pyrrolidinic precursors are very convenient intermediates for
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nucleophilic additions. The influences on the stereoselectivity of the reaction of several factors have been studied: e.g. Lewis

acid used, nature of the nucleophile and the nature of the protection groups used.

(0]

J”O\/OH D —_— NJ"'O\/OH
MeO —_— NCO,CH, — = N=C N
82

N |
CO,CH, CO,CH,
83

81 N=cC
4.2.2.2a Syntheses via the f-enaminoesters:

The S-enaminoesters 87 are obtained by reaction of the corresponding lactams 84 with dimethylsulfate followed by
condensation with either the Meldrum acid “**"*® or with 2-acetylbutyrolactone*” (Figure 27). The B-enaminoesters 87 are

decarboxylated (H;BOs/A or HCI, 3N) leading to the corresponding 2,5-disubstituted.

ROZC ““N&O —_— R““.- N 0 ——> R]\“-.-Q\OMe

1

an)

H
84 85 8
R Rl"“‘Q\Rz —_— R}“"Q\Rz
88 8%
ﬂ—enaminoesters Flgure 27

pyrrolines 88 with chemical yields from 37 to 90% depending on the nature of R1 and R2. Then, Lhommet * studied the
reduction of the pyrrolines 88 with various reducing agents (AlLiH,-MesAl, AlLiH4-Ni(acac),, DIBAL-H, NaBH;CN,

NaBH,,*® H,,Pd/C,HCI 10%, H2-Pd/BaS0O,*) to obtain the pyrrolidines 89.
4.2.2.2b Syntheses via the thiolactams

In 1985, Shiosaki and Rapoport™ achieved the diastereo- and enantioselective synthesis of trans and cis 5-butyl-2-
beptylpyrrolidines from either D or L-glutamic acid via a thiolactam as intermediate. The importance of their strategy is that
either trans product is obtained or cis product is obtained with ee 94% from the same intermediate via an Eschenmoser

reaction (Figure 28).

280



CO,Bn
QU o AR » W gLt
RO,C™ 0 — = ROC™NASS — > ROCMNIZTS

N CH
Bn Bn Bn 613

90 91 92

CO,Bn
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C H/O'"' CH,, C4H7u"“< N)"" CH

47 N 7715
Bn Bn
96 97
94% ee 94% ee
Figure 28

151

Brossi et a in 1987 synthesized some (+)-trans-2,5-dialkylpyrrolidines via a

thiolactam which was obtained from the Lukes-Sorm dilactams 98 (Figure 29).
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Figure 29

4.2.2.2c Synthesis via nucleophilic opening of the pyroglutamic
ring:
Ezquerra in 1993”2 synthesized the cis and trans-2,5-dicarboxylic acid

pyrrolidines, through the acyclic compound 106 (Figure 30) which was obtained by the

opening of N-Boc ethyl pyroglutamate with methyl p-tosylsulfinyl lithium anion.

N

-
1) CO,Et Tol Boc

Boc NHBoc © 107
105 106
‘ NaOH
HOZCWQ‘CQH
H
Figure 30 108
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4.3. Syntheses from commercially available pyrrolidines and
pyrrolines:
3.1.a Electrophilic substitutions: In 1976, Fraser and Passannanti’® synthesized

2,5-dialkylated pyrrolidines 110 via alkylation of metallated nitrosamines (Figure 30)

compound 111 is alkylated twice at the « and « ' positions with an excellent

regioselectivity and a good

h
CO,Me
112
LDA
(i) R-X
(i) R-X

t-BuLi \
/\—5 ﬂR, aoi (Y
(i) R-X (i) R-X
Lo (RX 110
111

Figure 31

stereoselectivity hence the cis:trans ratios are in favor of the trans compounds (de 85:15

7

to 62:38), depending on the nature of both the lithium amide and the alkylating reagent.
Mac Donald®* described the same type of reaction but starting with a pyrroline derivative
and found that the regio- (>97% at a, a"-positions) and diastereoselectivity were excellent
(trans >95%) (Figure 31). Meyers et al. in 1985, studied the electrophilic substitutions of
derivatives of formamidine anions for the preparation of 2,5-dialkylated pyrrolidines [e.g.
from enamidine 109, obtained par lithiation-selenation-elimination of N-fert-
butylforamidine (TBF) heptylpyrrolidine®®] (Figure 31). Unfortunately, no selectivity was

observed and a 50:50 mixture of cis and trans 1somers was obtained.

283



4.3.1.b Nucleophilic substitution:

Moore et.al®® described the synthesis of acid 83 (Figure 32)

starting from nitrone 113, which on treatement with KCN afforded N-
hydrocxynitriles in high yields.

KCN
g
HCl

13

_Ha 76\
N TH,Pd N coH

o
5

o—Z
o—z

14

Figure 32

[EE
[EEN

[EN

Magnus®’ in 1994 described the synthesis of 2,5-diazides pyrrolidines 86 by treatment of
N-acylated pyrrolidines 116 with the mixture of PhIO/TMSN; at -25°C (Figure 33).
Magnus found that pyrrolidines are more reactive than piperidines, and that o-
azidonation increases with the electron donating power of X. The « and ' disubstitution
is favored with the N-Boc and N-C¢H,(-3,4,5-OMe) derivatives leading to the major trans

compounds.

ArTO/TMSN, O\ ArIO/TMSN, /O\
. — N

N N N, 3 N N,
O=( O=( O=L
X X X
116 117 118
X =NPh,, OPh “
C¢H,(3.,4,5-OMe)

C,H40OMe-p,Ph
C,H,NO,-p,0Ch,Ph o« 4
OtBu,Me NH N—N=N

X
119

Figure 33
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4.3.2 Synthesis from pyrrole derivatives:

Casiraghi and Rassu® developed the use of N-Boc-2-ert-
butyldimethylsilyloxy- pyrrole 120 for the synthesis of natural
products. He has shown that N-Boc-2-tertbutyldimethylsilyloxypyrrole
(TBSOP) 87 adds regio- and stereoselectively on several synthons
121 (Figure 34) leading to o,pB-unsaturated-y-lactams 122, which can
be further reduced and substituted as L-proline or glutamic
derivatives 123. This strategy has been used for the synthesis of
azasugars e.g. N-Boc-4’-azauridine.”®

@\OSiR3 + H\H/R* O;@\(XH

N —_—

Boc X, I]},Ioc R*
120 121 122
R* = Chiral center
X=0,N, S,
4 X3
XH
0 N
Boc R=*
123
Polysubstituted
pyrrollidines
Figure 34

4.3.3 Syntheses from bicyclic amino derivatives:

Shibuya et.al®® in 1994 proposed the synthesis of 2,5-
disubstituted pyrrolidines via stereospecific radical cyclization of A*°
oxazolidin-one 92 (Figure 35). The same year, Shibuya synthesized
(+) bulgecinine using the identical strategy.
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OH H
RO\)\/\Br —_— RO\/E\/\Brn—Bu3SnH N 0O
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RO™ 106
NaOH
EtOH

;}j

oH H
Figure 35 127

Momose synthesized Bulgecinine through the intermediate 128 (Figure 36)
obtained by palladium catalyzed N— 7z cyclization of y~unsaturated oxazolidin-2-one 127.

_OCOPh OCOPh

\ ~

PdCL,(MeCN) oH
2 2 - A OBz
— N

N
)_O Cbz
0

129
128

",

OH
HO\\““

Cbz
130

Figure 36
In 1987, Fleet and Smith®' reported the synthesis of 2,5-dideoxy-2,5-imino-D-

mannitol 133 Figure 37) via the bicyclic [2.2.1] amine intermediate 132 obtained by

hydrogenation of azide 131.
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4.3.4 Resolution of racemic mixtures of pyrrolidines:
Resolution of racemic mixtures of pyrrolidines is still a very efficient method for

the preparation of enantiomerically pure compounds. In 1985, Ohno et.al®* used the
enzymatic desymmetrization of meso pyrrolidines for the preparation of carbapenem

antibiotics (Figure 38).

MeO,C N CO,Me — HO,C N CO,Me —— j
O/
Ph Ph CO,H
133 134 135
Figure 38

Achiwa® reported that the Pig Liver Esterase (PLE) gave different e.e. and
chemical yields depending on the substituent on the nitrogen atom (for N-
benzylpyrrolidines yield 54%, ee. 23% for SS-isomer and for NH compounds, yield 71%,
ee. 10% for the RR isomer). Boutelje® studied the influence of the co-solvent on the
enantiomeric purity of the cis N-benzyl monoester obtained in this reaction without
dimethylsulfoxide ee. is 17%, whereas in the presence of 25% of DMSO the ee. is 100%.
Sibi® in 1994 converted the racemic trans 2,5-dihydroxymethyl-N-benzylpyrrolidine into
the corresponding enantiomerically pure mono or diacetate compound by treatment with

the PS enzyme (Figure 39).
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Figure 39

4.4 Conclusion

2,5-Disubstituted pyrrolidines have attracted many synthetic chemists, because of
the challenge in synthesizing in an enantiospecific way such products, and because of the
biological potential of these bioactive compounds. Furthermore, 2,5-disubstituted
pyrrolidines possessing a C2 symmetry axis are very interesting chiral auxiliaries for
numerous asymmetric reactions’. The discovery in the next future of new natural 2,5-
disubstituted pyrrolidines is probably to come, and efficient syntheses of these products

will be still needed for their access in large quantities for biological studies.
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SECTION II
Studies towards the synthesis of (25, 55)-Pyrrolidine-2,5-

dicarboxylic acid and (2S5, 4S5, SR)- Bulgecinine
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4.6 (2S,5S)-Pyrrolidine-2,5-dicarboxylic acid:

The (2S,5S)-pyrrolidine-2,5-dicarboxylic acid (1) has been isolated' as marine
natural product from the red alga Schizmenia dubyi and it has been used as a potential
chiral building block in Alactams synthesis,” also as an elegant chiral auxiliary in
asymmetric synthesis’ and synthesis of peptides and proteins with unusual

conformational properties of therapeutic utility.*

4.6.1 Earlier Synthesis of (2S,5S)-pyrrolidine-2,5-
dicarboxylic acid:
Till date eight synthesis of 1 starting from enantiomerically pure (S)-

pyroglutamate derivatives,*’ (S)-O-benzyl-glycidol,® pyrrolidine derivatives”'® and meso
dimethyl 2,5-dibromoadipate'' using variety of elegant synthetic strategies are known in

the literature.

NHCbz
N "o But
OR
Shigeo Nozoe
0 Chem. Lett. 1987, 2091
1 0 5 Steps, 15.5%
CO,Et
To1” ’
NHBOC
Ezquerra Br
Tetraheadron Lett. 1993, 4989 \ &
4 Steps, 16% HO,C"" N~ CO,H CO,Me
H ﬁz CO,Me
Ph H Br

Yukio Yamamoto
Synthesis 1993, 298
10 Steps, 13%

O’Q‘cozlzt
H Oﬁ(_)\/OCH(CHQOCsz
Bruce ganem N

CO,CH
Tetrahedron Lett. 2002, 43,1597-1598 . 273
3 Steps, 40% Nicole Langlois
’ Tetrahedron 1983, 49, 77

5 Steps, 32%

Figure 1 Earlier synthesis of (2S5,55)-pyrrolidine-2,5-dicarboxylic acid
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First synthesis was reported by Shigeo nozoe et al in 1987. The synthesis involves
chain elongation reaction of N-carbamoyl pyroglutamates at Cs and a pyrrolidine ring
formation.

Yukio Yamamoto achieved the synthesis by employing (-)-1-phenylethylamine as
a chiral auxillary, three diastereomeric isomers of 2,5-bis(methoxycarbonyl)pyrrolidine
derivatives are prepared from dimethyl rac-2,5-dibromoadipate and separated by
crystallization and chromatographic fraction involving stereoselective hydrolysis.

B. Ganem et al reported the synthesis in 2002, by using Cp,ZrHCI (Schwartz’s
reagent) for the reduction of pyrrolidone to Pyrroline, which was isolated and cyanated
this on hydrolysis resulted the target molecule.

The (28,55)-pyrrolidine dicarboxylic acid 1 has been isolated from the red alga
Schiznmenia duby. It has been used as a potential chiral building block in S-lactam
synthesis, and as an elegant chiral auxiliary in asymmetric synthesis of peptides and

proteins with unusual conformational properties.

HO— " OH
B ?Y
0 0

(28,5S) Pyrrolidine dicarboxylic acid (1)

4.6.2 Present work:
We envisaged the stereoselective synthesis of 1 starting from readily available

(S)-proline derivative 2 via an electrochemical oxidation route'? (Scheme 1).
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Scheme 1
Reagents and conditions (i) Electrochemical oxidation (Carbon electrode, 230 mA/28 cm?),
MeOH, TBATFB (0.5 M solution), 0-15 °C, 10 h (95% , 3:4 = 7:3); (ii) TMSOTT (0.1 equiv),
TMSICN (1.1 equiv), DCM, — 35 °C, 30 min (70%, 5:6 = 3:7); (iii) +~-BuOK (1 equiv), THF,
rt, 6 h (80%, racemic mixture); (iv) 6 N HCI, reflux, 24 h (92%); (v) SOCl,, MeOH, rt, 12 h
(75%): (vi) H>O. reflux. 24 h (92%).

The methyl ester of BOC-protected (S)-proline 2 on stereoselective
electrochemical oxidation at 230 mA current in methanol using tetrabutylammonium
tetrafluoroborate (TBATFB) as an electrolyte furnished mixture of 5-methoxylated
proline derivatives 3 and 4 in 7:3 ratio (by 'H NMR) with 95% yield. The mixture of
diastereomers 3 and 4 was not separable using column chromatography. The mixture of

compounds 3 plus 4 on treatment with trimethylsilyl cyanide (1.1 equiv) in CH,Cl, at —

30 °C gave the mixture of cyano compounds 5 and 6 with complete inversion of
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configuration at Cs—chiral centre in 7:3 ratio (by 'H NMR) with 70% yield. We could
very easily separate the mixture of cyano compounds 5 and 6 using neutral alumina
column. The major cis-isomer 5 in the mixture of 5 plus 6 or as pure 5 on treatment with
potassium tert-butoxide (1 equiv) in THF at room temperature under went very smooth
isomerization to furnish the thermodynamically more stable trans-isomer 6 in 80% yield,
but with complete racemization. We search for conditions to obtain the desired trans-
isomer 6, without loss of optical purity. The ftrans-cyanoester 6 in refluxing 6 N
hydrochloric acid yielded the hydrochloride salt of the natural product 1 in 92% yield and
the conversion of hydrochloride salt to 1 using propylene oxide treatment with 87% yield
is known.” The hydrochloride of 1 on reaction with methanol-thionyl chloride followed
by base induced neutralization of formed hydrochloride yielded the trans dimethyl ester 8
in 75% yield, which on refluxing in water for 24 hours furnished the natural product
(28,5S)-pyrrolidine-2,5-dicarboxylic acid (1) in 92% yield. The analytical and spectral
data obtained for 1 and 8 were in complete agreement with the reported data.*'""* The
enantiomerically pure cis-isomer 5 on repetition of similar reaction sequence gave the

meso diester 7 and diacid 9.

4.7 Experimental Procedure
Methyl (2S)-N-(tert-butoxycarbonyl)-5(R/S)-methoxyprolinecarboxylate(3 + 4)

Methyl ester of N-(tert-butoxycarbonyl)-L-proline (2, 8.0 g, 34.9 mmol) was
dissolved in a 0.5 M solution of tetrabutylammonium tetrafluroborate in methanol
(100 mL). The reaction mixture was cooled to 5 °C in an ice bath and the stirred
solution was oxidized at carbon anode and cathode using a constant current (230

mA/28 cm?) for 10 h. The reaction mixture was concentrated under vacuo and the
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residue was treated with diethyl ether (3 x 75 mL) leaving the supporting electrolyte as
a crystalline solid. The combined ether layer was concentrated in vacuo to get the
crude product as an oil which was purified by chromatography on 230-400 silica gel by
isocratic elution using 10% ethyl acetate/petroleum ether as eluent to obtain the
mixture of diastereomers 3 + 4; yield 8.32 g (95%). Thick oil (mixture of

diastereomers).

Methyl (2S)-N-(tert-butoxycarbonyl)-5(R/S)-cyanoprolinecarboxylate (5 and 6)

The mixture of 3 & 4 (2.46 g, 9.5 mmol) was dissolved in anhydrous
dichloromethane (25 mL) and cooled to —35 °C by a cryostat. To this was added 1% of
TMSOTT (0.25 mL) and TMSCN (1.46 mL, 10.9 mmol) in a drop wise fashion at —35 °C
with stirring. The reaction mixture was further stirred for 30 min and diluted with
methanol (1 mL). The reaction mixture was concentrated under vacuo and the residue
was purified by neutral alumina column using 12% ethyl acetate/petroleum ether to
obtain the diastereomeric nitriles, yield: major isomer 5, 1.4 g (70%); minor isomer 6,
0.69 g (30%).

Major isomer 5 (more polar), thick oil.
[o]o®=+41.8 (¢ = 0.665, CHCL).
(2S,5R)-Pyrrolidine-2,5-dimethyldicarboxylate (7)

Solution of isomer 5 (0.4 g, 1.57 mmol) in 6 N HCI (10 mL) was refluxed for 24
h, and reaction mixture was concentrated under vacuo to obtain the hydrochloride salt of
dicarboxylic acid, yield 0.28 g (92%). The resultant salt was dissolved in methanol and
cooled to 0 °C and SOCI, (0.25 mL) was added in a dropwise fashion. The reaction

mixture was further stirred at room temperature for 12 h and concentrated under vacuo.
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The residue was treated with saturated aqueous NaHCOj; solution and the aqueous layer

was extracted with ethyl acetate (3 x 10 mL), dried over Na,SO4, concentrated in vacuo to

'H NMR (CDCl3, 300 Hz): & = 1.80-2.05 (m, 2H), 2.05-
2.25 (m, 2H), 2.90 (bs, 1H), 3.70 (s, 6H), 3.90- 4.05 (m,
2H). *C NMR (CDCl;, 125 MHz): & = 28.8, 51.8, 59.2,
174.7. Ms: m/z = 187 (21%), 128 (69%). IR (CHCls):
3005, 1741 cm™. [a]o?°=- 38.0 (¢ = 0.001, CHCL,).

obtain 7, yield 0.2 g (75%). Thick oil.

'H NMR (CDCls, 300 MHz): & = 1.85-2.00 (m, 2H), 2.05-

2.20 (m, 2H), 2.77 (bs, 1H), 3.73 (s, 6H), 3.75-3.85 (m,
co,Me 2H). *C NMR (CDCls, 125 MHz): & = 29.4, 51.8, 59.8,

174.2. Ms: miz =187 (25%), 128 (60%).

IR (CHCls): 3000, 1740 cm™.

MeO,C

\nmzp

(25,55)-Pyrrolidine-2,5-dimethyldicarboxylate (8)
Repetition of the above procedure with 5 furnished 7; yield: 75%; thick oil.

(2S, 5S)-Pyrrolidine-2,5-dicarboxylic acid (1)
The solution of diester 8 (200 mg, 1.08 mmol) in water (10 mL) was refluxed for 24 h,

concentrated in vaccuo and dried to obtain 1 as a free flowing solid, yield 0.16 g (92%).

'H NMR (D,0, 500 MHz): & = 2.05-2.15 (m, 2H), 2.30-
2.40 (m, 2H), 4.28-4.35 (m, 2H).
O\ BC NMR (D,0, 125 MHz) 8 = 28.2, 60.9, 172.6.
HOC COH [o]p®=-105 (c = 0.001, H,0), (lit.”* [o]o 2 = - 108).
IR (Nujol): 3170,1710 cm™ Mp 278 °C (lit.'* 272-277 °C).

—TZ

(2S, 5R)-Pyrrolidine-2,5-dicarboxylic acid (9)

The repetition of same procedure with 7 furnished 9, 92% yield.
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'H NMR (D,0, 500 MHz): § = 1.95-2.15 (m, 2H), 2.20-

,O\ 2.40 (m, 2H), 4.15-4.30 (m, 2H).
13 LS =
HO,C N CoH C.NMF\_’ (D20,0125 MHz): 6 = 28.4, 61.0, 172.5.
H Ms: m/z =159 (5%).
9 IR (Nujol): 3170, 1709 cm™. Mp 268 °C.

4.8 Chemical studies towards the synthesis of Bulgecinine:

HO

["“' N COH

oH H

10
(2S,4S,5R) Bulgecinine

Bulgecins are glycopeptide bacterial metabolites isolated from the cultures of Pseudomonas acidophila and
Pseudomonas mesoacidophila.** These compounds do not show any antibacterial activity on their own but when used with the
Blactam antibiotics, show synergetic effects. Bulgecinine 10 is a constituent amino acid of the Bulgecins. Till date 30 syntheses
of 10 are known in the literature®® starting from D-glucose'®, 2-amino pentanoic acid*’, D-glucuronolactone®® D-Serine®®, N-

carbamoyl-L-pyroglutamate® using variety of elegant synthetic strategies are known in the literature.
4.8.1 Earlier synthesis

First synthesis of bulgecinine was reported by Tetsuo Shiba and co workers in 1985, employing the D-glucose as a

chiral precursor.

Chavan® et al. achieved the synthesis of Bulgecinine starting from the readily available nonchiral pool starting
material cis-2-butene-1,4-diol in which a Claisen orthoester rearrangement and a Sharpless asymmetric dihydroxylation were

used as the key steps with 43% overall yield.

Karen E. Holt? reported a scaleable route to both isomers of Z-2-tert-butoxycarbonylamino-6-hydroxyhex-4-enoic
acid from 2-butyne-1,4-diol, utilizing L- and D-acylase enzymes. These intermediates were readily converted to multigram

quantities of N-Boc-(2S,4S,5R)- and N-Boc-(2R,4R,5S)-Bulgecinine.

In 1997 Klaus Burger* reported the synthesis of bulgecinine starting from (S)-

aspartic acid, [Rh(OAc),], catalyzed stereospecific transformation (de >98%) of the
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hexafluoroacetone protected diazoketone into the 4-oxoproline derivative. is the key
step of the synthesis.

In 2004 Apuruba datta® achieved the synthesis of Bulgecinine in 13 steps,
utilizing D-serine as a chiral template. Regio-stereoselective amido mercuration-

oxidation protocol was the key step in the synthesis.

CO,H

RN
| OH 2

OH OH
S. P. Chavan

Apruba datta
13 Steps
10 Steps 30% P
43% HO, J. Org. chem. 2004, 69, 387.
Tetrahedron Lett. 2005, 46, 439. Z_)‘
(O
|‘ N CcO

oH H

i \
HO
X
\OH

CO,H
2

HOL™ 3 -
2

,H

K. E. Holt
10 Steps
33% B Cbz S. Fehn and K. Burger
Tetrahedron Lett. 2002, 43, 1545. n\ / 7 Steps, 40%
N Tetrahedron Assymetry. 1997, 8, 2001.
~\\\\”’,l\\\\;;;()
A. Krasinski
8 Steps
24%

Tetrahedron Lett. 2001, 42, 2019.

Figure 2 Earlier synthesis of (25,4S,5R) Bulgecinine
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4.9 Present work

4.9.a Synthesis of bulgecinine by hydroxyl directed ester

reduction approach

HO

z,

Boc

11 12

AcO

— NCD‘COZMe

N
H

15 Minor
v

AcO
NC\\\Q‘COZMe

16 Major

D‘CO Me

19

MeO C

vii

D‘CO Me

20

|, MeO, c™

AcO

S ST S ¥ gt
COH —s Co,Me . co,Me MeO Co,Me

14

13
AcO
b‘ b‘
NC N Co,Me MeO,C Co,Me
Boc
17 19
vi
Acon HO
- Cco,Me Z_>~
NC N 2 MeO C\ N COZMe
Boc 2 H
18
20
HO HO
p‘co (o] I E— N CO.H
N 2~ N
H OH
OH 10a
21
HOU HO
\\\\‘ N CcO 2 CH 3 [\\\‘DN‘ cO ) H
H
OH H
22 OH 10
Crharmn 2

Reagents and conditions: (i) Acetone, K,COs (3 equiv.), DMS (2 equiv.), Reflux 5 h; (ii)) THF, DEAD
(1.2 equiv), (Ph);P (1.1 equiv.), CH;CO,H (1.1 equiv), rt, 8 h; (iii) MeOH, TBATFB, 260mA, 0-5 °C, 6
h; (iv) DCM, TMSO-tf (3 equiv.), HMDS (2.5 equiv.), TMSICN (3.5 equiv.); (v) DCM, (Boc),0,
DMAP (cat), rt, 6h; (vi) (a) 6 N HCI, reflux, 12 h, (b) SOCI,, MeOH, rt, 16 h; (vii) THF, BH;-DMS,

NaBH, (cat), rt 50h.
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Synthesis of (2S5,45,5R) Bulgecinine was carried out as in Scheme-2 by
employing 4-hydroxy proline as a starting material. On treatment with DMS
(dimethylsulphate), K,COj in acetone furnished proline ester 12, which under Mitsunobu
conditions using acetic acid furnished proline ester 13. Subjecting ester 13 to
electrochemical oxidation 5-methoxyproline ester 14 was obtained as non-separable
diastereomeric mixture. This on treatment with TMSCN/TMSOTF in DCM gave 5-nitrile
proline ester as separable mixture. Nitriles 15 and 16 (major) were converted to diester
compounds 19 and 20 by refluxing in 6 N HCI followed by esterification using SOCI, in
MeOH. The configuration at C-5 was assigned from the small coupling constant of H-4
and H-5 of compounds 17 and 18 as reported in literature®®. Diester 20 on treatment with
with BH;-DMS and NaBH, in THF gave 5-methyl hydroxyl ester 22.° Conversion of 22

and 21 to desired 10 and 10a are in progress.

4.10 Attempts to increase the diastereoselectivity of the reaction
(Scheme-3)

Various reaction conditions were tried (Table 1) to improve the
diastereoselectivity and yield of the cyanation reaction (Scheme 3). When reactions were
performed at -78 °C, only starting material was recovered irrespective of the Lewis acid

used in the reaction. In the case of ytterbium triflate no conversion was observed in the

AcQ AcQ

wb~ ,Z_)‘ b
MeO N Cone —_— CN N COZMe + CN “ub‘cone
Boc H H
14 15 16
Scheme 3
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reaction at -78 °C and at room temperature. Employing TMSOTT and BF;.Et,0 yielded

both isomers in the ratio of 1:1 (a:b) and 2:1 respectively (Entry 4 and 6).

Table 1

Entry  Lewis Acid Reaction conditions Result

1 TMSOTT (Cat) DCM, -78 °C, 3h, TMSCN (1.2 eq) No reaction
DCM, -78 °C - RT, TMSCN (1.2 eq) No reaction
2 TMSOTf (1.2 eq) DCM, -78 °C - RT, TMSCN (1.2 eq) No reaction

3 TMSOTf (1.2 eq) DCM, -78 °C - RT, TMSCN (1.2 eq) No reaction
Collidine, HMDS, 18h

4  TMSOTf(3eq) DCM,0°C-RT, TMSCN (3 eq) 1:1
HMDS, 18h
5 TiCl DCM, -78 °C - RT, TMSCN (1.2 eq) 2:1 (Poor Yields)

6  BF;-O-(Et); (3.5) DCM, 0 °C - RT, TMSCN (3 eq) 2:1

7 Ytterbium triflate  DCM, 0 °C - RT, TMSCN (3 eq) No reaction

In another approach compound 14 was subjected to reflux in presence of acetic
acid and acetic anhydride to afford compound 14a (Scheme 4), where acyl group
facilitates substitution by cyno group better than the methoxy at this position. Cyanation
was performed on substrate 14a to get better yields, neither diastereoselectivity nor yield

was improved. Reaction conditions have been tabulated in Table 2.

AcO AcO

wb~ Ac,0, ACO,H w-b*
MeO CO Me = AcO CO.Me
N * CH,CO,Na ¢ N :
Boc 90 °C, 2h Boc
14 ’ 1l4a

45%
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Scheme-4

S.No Lewis Acid Reaction conditions Result

1 TMSOTf DCM, -78 °C, 6h, TMSCN, HMDS No reaction
2 TMSOTf DCM, 0 °C-RT, 18h, TMSCN, HMDS 1:1

Table 2
In literature it is reported that cyanation reaction proceeds through intermediate 14b

(Scheme-5) in which carbonyl of the acetyl group intramolecularly coordinates with the

AcQ
AcQ

L ~
MeO CO,Me¢ ———| ob\cone —_— W'b‘
N N CN CO,Me

Boc E

14 14b
Imine function, we thought that the resultant intermediate may effect the course of the
reaction in some or other way, to over come this hurdle compound 22 was synthesized as
shown in Scheme 6.

The ester 23 (Scheme 6) was subjected to electrochemical oxidation to obtained
5-methoxyproline ester 24 as separable diastereomeric mixture, the free hydroxyl of the
24 was reprotected as TBDMS, using pyridine as a solvent to furnish ester 25 as a
mixture of diastereoisomers. When ester was subjected to cyanation in presence of

TMSICN and TMSOTHT, nitrile 26 was obtained with 30% yield. Due to the purification

problems and low yield associated with nitile 26, this scheme was abonded.

SMDBTO HO
SMDBTO
MeOH,TBATFB Pv. Imidazol
nTCOMe ————— = 0 nTCOMe L T MeO CO,Me
N 0 0C-5 oC Boc TBDMS-Cl N ’
23 270 mA 24 Rt, 12h ggc
5h
SMDBTO HQ
~b~ DCM, TMSICN w_b‘
MeON™N 7~ COMe ————— NCM'\ ~~~CO,Me
vl BF,.Et,0 H
o5 26

Scheme 6 306



Finally cyanation reaction was performed on compound 29 (Scheme 7) in
presence of BF3.Et,O to get nitrile 30 (Scheme 7) with high diastereoselectivity, but very
less conversion of starting material was observed in the reaction, hence reaction has to be

repeated under suitable conditions.

AcO

b‘ MeOH, TBATFB N_Z_)‘ N_b‘
N COo,Me > MeO Co,Me 4+ MeO CO,Me
Cbz 0-5°C CbZ Cbz
27 270 mA

. 29

AcO ACQ
Nb‘ DCM, TMSIiCN MZ_)‘
CoMe ————= NC CO,Me
MeO N N 2
N, BF,.E,0 Chz
29 30% 30
Scheme 7
T

he other low yielding reaction in the scheme is the conversion of nitriles 15, 16 to 17 and
18 respectively (Scheme 2). Several reaction conditions were tried to get the better yield

of 19 and 20. Which have been tabulated in Table 3.

AcO HO
NC ‘b\ Z_)\
II}]I COZMe —_— MCOZC w N COZMe
H
16 20
Entry Reaction conditions Result

1 | TMS-CI, MeOH, (1:1), rt-50 °C. *** | Amide
2 PTSA (3eq), MeOH, reflux, 4h. Complex reaction mixture
3 PTSA (leq), MeOH, reflux, 4h. Amide
4 | Acidic MeOH, 0 °C, 16h.*® Amide
5 Acid (cat), MeOH, reflux, 16h. Amide
Base (cat), MeOH, reflux, 16h.
6 6N HCI, reflux, 16h. Diester, 20%

SOCl,, MeOH, rt, 18h.

Table 3 Various conditions tried for alcoholysis of nitrile*® 307



4.11 Diazotisation approach:

In the diazotization approach (Scheme 8) catalytic reduction of the
cyano compound 18 yielded the 5-aminomethyl derivative (not isolated), which on
treatment with Fmoc-Cl in the presence of dioxane 4-hydroxy ester 31 as a white solid.
On treatment of ester 31 with 50% DCM/DEA provided the 5-aminomethyl 4-hydroxy
proline ester (not isolated). This was subjected to diazotisation under basic conditions®’ in
THF for the transformation of primary amine to hydroxyl group to obtain the target
molecule 24. Search for the suitable reaction conditions for the conversion of 31 to

desired 24 is in progress.

HO
AcO n .. HO
.. V111
Z_LCOZMeL» CO,Me —— >

NC"°N N N7 TCOMe

31 24
Scheme

Reagents,conditions: (vii) (a) MeOH, NEt; Raney Ni, 65 Psi, 4 h, (b) MeOH, 2 N
NaOH, rt, 45 min, (c) Dioxane/H,0, 10% Na,COs;, Fmoc-Cl (1.5 equiv.); (viii) (a)
DEA/DCM (50%). (b) Na,NOFe(CN)«. K5COx. THF. rt. 16 h

In another approach (Scheme 9) nitrile 17 was hydrolyzed in
LiOH solution to furnish acid 32 as solid compound, which was
treated with DIBAL at -78 °C in THF for about 3h, to obtain
aldehyde, this on reduction in presence of NaBH,; gives the N-
protected form of bulgecinine. Due to the solubility problem of the
nitrile 32 DIBAL reaction did not proceed.
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AcO

| HO Ho
MeOH, LiOH THF
NCT Ny TCOMe —

COH —X>
Boc 0°C,2h NCT N > DiBAL-H OHC™ N~ ~CO,H
17 32 -78 °C, 3h Boc
HO
N~ COH
OH Boc
Scheme 9

4.12 Experimental

All reagents were obtained from commercial sources and used without further
purification. NaH was obtained from Aldrich as 60% suspension in paraffin oil and the
paraffin coating was washed off with pet-ether before use to remove the oil. The
supporting electrolyte tetrabutyl ammonium tetrafluoroborate was obtained from Aldrich
and used as such without further purification. All the solvents were dried according to
literature procedures. IR spectra were recorded on a Perkin Elmer 599B instrument. 'H
NMR (200MHz), *C NMR (50 MHz) spectra were recorded on Bruker ACF200
spectrometer fitted with an Aspect 3000 computer. All chemical shifts are with reference
to TMS as an internal standard and are expressed in d scale (ppm). The values given are
directly from the computer printout. TLCs were carried out on (E.Merck 5554) precoated
silicagel 60 F254 plates. TLCs were visualized with UV light and/or ninhydrin spray,
followed by heating after exposing the HCI for the deprotection of the tert-
butoxycarbonyl group. Optical rotations were measured on JASCODIP-181 polarimeter.

All TLCs were run in pet-ether containing appropriate amount of ethyl acetate or

309



dichloromethane containing appropriate amount of methanol to get the rf value 0.5. All
the compounds were purified by column chromatography using 100-200 silica gel
obtained from Sisco Research Laboratory. In NMR spectra that show splitting of peaks
due to the presence of rotameric mixtures, arising from the tertiary amide linkage, the
major rotamer is designated as maj. and the minor rotamer as min. The ratio of major
minor is 80:20 unless otherwise mentioned. In cases, where minor isomer is <10% only

the peaks of major rotamer are reported.

Compound 14a
To a solution of 14 (0.4 gm, 1.26 mmoL ) in CH3;CO,H/AC,0 (1:1, 8 mL) was

added sodium acetate (0.51 gm, 6.3 mmoL) and reaction mixture was heated to 100 °C
for about 12 h, after completion of the reaction solvent was evaporated under vacuo and
extracted with ethyl acetate (3 x 10 mL). Evaporation of the solvent, and purification by
column chromatography afforded 217 mg of 14a (50%) as an oily liquid.

'H NMR (CDCls, 200 Hz): & = 1.46 (bs, 9H), 2.04-2.40 (m,

7H), 2.50-2.75 (m, 1H), 3.74-3.78 (d, J = 8 Hz, 3H), 4.10-

W_Z_)‘ 4.60 (m, 1H), 5.00-5.25 (m, 1H), 4.44 (m, 1H), 6.47-6.70 (m,
AcON'N ZNCO,CH,  1H); C NMR (CDCls, 50 MHz): § = 20.3, 20.7, 27.8, 51.9,
Boc 52.1, 57.6, 58.0, 74.9, 76.0, 79.0, 81.3, 84.1, 85.0, 152.5,

l4a 188.5, 1889, 169.3, 171.1; IR (CHCIy) y = 1670, 1770, 1771

cm .

Compound 15 and 16

To a solution of 14 (1 gm, 3.15 mmoL) in DCM was added TMSICN (0.812 mL,
6.3 mmoL) and reaction mixture was cooled to ice temperature, to this BF;.Et,O (0.997
gm, 7.8 mL) was added drop wise fashion and stirred at ambient temperature for 14 h,

after completion of the reaction Na,CO3 (160 mg, 0.5 mmoL) was added and stirred for
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2h to quench the excess Lewis acid present in the reaction. Evaporation of the solvent,

and purification by column chromatography using neutral alumina afforded 133 mg of 16

(19%) and 60 mg of 15 (8%) as an oily liquid.

AcO

NC “‘z;)‘cozcm

H
16

Compound 17

'H NMR (CDCls, 200 Hz): & = 2.03 (s,3H), 2.26-2.33 (d, J =
14 Hz 1H), 2.57-2.72 (m, 1H), 3.77 (s, 1H), 3.99-4.06 (dd, J =
4 Hz,1H), (4.25, s 1H), 5.28-5.31 (m, 1H), **C NMR ( CDCl;,
50 MHz): & = 20.4, 28.0, 34.6, 52.3, 53.8, 58.2. 76.0 114.2,
118.169.6, 173.4

To a solution of 15 (60 mg, 0.312 mmoL) in DCM was added di teritarybutyloxy

carbonate (300 mg, 1.352 mmoL) followed by catalytic amount of DMAP (8.23 mg, 0.73

mmoL) at ice temperature and stirred at ambient temperature for 8h. evaporation of the

solvent and purification by flash chromatography afforded 120 mg of 17 ( 70%) as a

oily liquid.

AcO

NC’Z_>‘002CH3

N
Boc

17

'H NMR (CDCls, 200 Hz): 8 = 1.44-1.50 (d, 9H), 2.16 (s, 3H),
2.26-2.40 (m, 1H), 2.58-2.76 (m, 1H), 3.76 (m, 1H), 4.25-4.50
(m, 1H), 5.03-5.15 (dd, J = 6 Hz,1H), 5.22-5.30 (m, 1H); **C
NMR ( CDCls;, 50 MHz): & = 20.5, 28.0, 33.3, 33.9, 50.9,
51.6, 56.6, 82.4, 82.9, 114.2, 152.2, 169.8, 171.0 [0]°25° = -30
(0.006, DCM).
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Compound 18

Following the above procedure synthesis of compound 18 was achieved.

AcO

NC \\‘b\

N~ TCO,Me

o=,

0

/f\

18

Compound 20

Solution of isomer 16 (0.2 g, 0.641 mmol) in 6 N HCI (10 mL) was refluxed for
24 h, and reaction mixture was concentrated under vacuo to obtain the hydrochloride salt
of dicarboxylic acid, yield 0.122 g, (0.576 mmol, 90%). The resultant salt was dissolved
in methanol and cooled to 0 °C and SOCI, (0.25 mL) was added in a drop wise fashion.
The reaction mixture was further stirred at room temperature for 12 h and concentrated
under vacuo. The residue was treated with saturated aqueous NaHCOs; solution and the

aqueous layer was extracted with ethyl acetate (3 x 10 mL), dried over NaySOy,

'H NMR (CDCl; 200 MHz) § 1.54-1.45 (d, J = 18 Hz,
COOC(CHs)3 ); 2.05-2.04 (d, J = 2 Hz, -OCO-CHj3), 2.47-
2.40 (d, J = 16 Hz, H3), 2.81-2.64 (m, 1H, H3), 3.76 (s,
3H), 4.61-4.47 (m, 1H) 4.68-4.64 (d, J = 8 Hz m, 1H),
5.38-5.36 (d, J = 4 Hz, 1H, H4), *C NMR (CDCl; 200
MHz) & 171.0, 170.6 (CO,CHj3), 169.4, 169.0 (OCO-CH3),
152.5, 152.21 (COOC(CH3)3), 115.7, 115.6 (CN), 82.8,
82.1, (COOC(CHs)3), 76 (OCH3), 58.0, 57.7 (C2), 53.6,
53.5 (C2), 53.6, 53.5 (C5), 52.5, 52.3 (C4), 35.2, 34.1
(C3), 20.5 (OCO-CH3); Ms: m/z = 333 [M+Na] (3%),
235.21(20%), 102.11 (100%).

concentrated in vacuo to obtain 20, yield 0.05 g (50%). Thick oil.

312



o 'H NMR (CDCl, 200 Hz): § = 2.01-2.08 (m, 1H), 2.24-2.38

(m, 1H), 3.39 (bs, 2H), 3.74 (s, 6H), 3.93 (s, 1H), 4.00-4.07

Z_)‘ (dd, J = 4 Hz, 1H), 4.44 (m, 1H); *C NMR (CDCl;, 125
H,CO,C"" COCH,  MHz): § =37.2,52.4, 58.0, 68.2, 74.7, 173.1, 175.6 [0]°25° =

éF(I) +10 (C = 0. 007, DCM).

Compound 22

To a solution of 20 (6mg, 0.03 moL) in dry THF was added borane-dimethyl
sulphate (5.04 mg) as drop wise fashion and reaction stirred at 0 °C for about 2 h, to this
solution added NaBH,4 (powder, catalytic amount) and stirred at ambient temperature for
about 50 h. Evaporation of the solvent and purification by flash chromatography

afforded 5 mg of 24 as a sticky solid.

HO 'HNMR & = 4.5-4.4 (m, 1H), 4.25-4.1

(ddd, 1H, j = 8 Hz); 4.1-4.0 (dd, 1H, j =
8 Hz, 4 Hz); 3.92-3.87 (m, 1H); 3.74 (d
N7 COCH; ol 3.1-2.9 (bs, 2H); 2.35-2.22 (m, 1H);

OH 2Bé)c 2.09-2.00 (m, 1H).

Compound 25

To a solution of 24 (0.4 gm, 1.45 mmoL) in pyridine (10 mL) was added
imidazole (0.147 gm, 2.17 mmoL) and the reaction mixture was cooled to ice
temperature, to this TBDMS-CI (0.26 gm, 1.745 mmoL) was added in portion wise and
SMDBTQ 'H NMR (CDCl;, 200 Hz): & = 0.025-0.10 (6H), 0.80-0.90

(9H), 1.35-1.50 (9H), 2-2.45 (2H), 3.30-3.50 (3H), 367-3.80
(3H), 4.05-4.60 (2H), 4.80-5.0 (1H); *C NMR (CDCls, 100

MeON"\. ~~CO,CH,
Boc MHz):6 = 4.9, 4.8, 17.9, 18.2, 25.6, 28.1, 28.3, 33.9, 34.7,
o5 36.0, 36.8, 52.0, 52.1, 52.1, 52.3, 54.6, 55.6, 55.2, 57.6, 57.7,

57.88, 58.6, 74.0, 74.7, 80.5, 80.7, 80.9, 93.8, 94.08, 173.2,
173.4.
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'H NMR (CDCls, 200 Hz): & = 1.43 (bs, 9H),
Q 1.90-2.10 (m, 1H), 2.25-2.26 (m, 1H), 3.15-3.4

. HO (m, 2H), 3.65-3.85 (d, J = 2 Hz, 3H), 3.9-4.5 (m,
O o Z_)\ 5H), 7.26-7.44 (m, 4H), 7.26-7.44 (m, 4H), 7.57-
),/N\“u- WNcocn, 161 (d, J=8 Hz, 2H), 7.74-7.78 (d, J = 8 Hz,
K 2% 2H); Ms: m/z = M+1 = 497 (13%), 155 (100%),
o=(o 199 (15%), 277 (16%).
31

the reaction mixture was stirred at ambient temperature for about 16 h, after completion
of the reaction solvent was evaporated under vacuo and extracted with ethyl acetate (3 x
15 mL). Evaporation of the solvent, and purification by column chromatography afforded

537.25 mg of 25 (95%) as a oily liquid.

Compound 31

To a solution of 18 (120 mg, 0.384 mmol) in methanol (2 mL) were added NEt; (0.15 mL, 2.0 mmol) followed by
raney Ni (250 mg). The mixture was subjected to hydrogenation at 65 psi , after completion of the reaction (4 h), reaction
mixture was filtered through celite pad and the solvent was evaporated under reduce pressure to get amino ester (not isolated)
as a oily liquid. This was redissolved in 10% Na,CO; (1 mL) and the reaction mixture was cooled to 0 °C in an ice-bath. To this
was added dioxane (2 mL) (peroxide free) followed by the slow addition of Fmoc-Cl (201 mg, 0.719 mmol), in dioxane at 0 °C.
Stirring was continued at 0 °C for 4 h. followed by room temperature stirring for 18 h. The reaction as monitored by TLC,

after the completion of the reaction
solvent was evaporated under vacuo and extracted with ethyl acetate (3 x 10 mL).
Evaporation of the solvent, and purification by column chromatography afforded 56 mg

of 31 (30%) as a white solid.
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Compound 32

To a solution of 17 (0.1 gm, 0.370 mmoL ) in methano (2 mL) was added 0.4 mL

IN ag. NaOH (15.67 mg, 0.391 mmoL) and the reaction mixture was stirred for about 4

h, after completion of the reaction, solvent was neutralized with cationic exchange resin

filtration followed by evaporation afforded 74 mg of 32 (75 %) as a hygroscopic solid.

HO

Ncb‘co H

Boc
32

4.13 Reference:

'H NMR (CDCl;,/CD;OD 200 Hz): & = 1.4-1.50 (d, J = 6 Hz,
9H), 1.95-2.10 (m, 1H), 2.12-2.25 (m, 1H), 3.95-4.25 (m, 1H),
4.25-4.5 (m, 1H), 4.60-4.80 (m, 2H); *C NMR (CDCl;/CDs0D
50 MHz): &= 26.6, 35.8, 36.1, 53.9, 54.8, 60.3, 69.5, 70.9, 80.6,
115.2, 153.6, 178.4.

1. (a) Impellizzeri, G.; Mangiafico, S.; Oriente, G.; Piattelli, M.; Sciuto, S.;

Fattorusso, E.; Magno, S.; Santacroce, C.; Sica, D. Phytochemistry 1975, 14, 549.

(b) Sato, M.; Sato, Y.; Tsuchiya, Y. Nippon Suisan Gakkaishi 1981, 47, 1605;
Chem. Abstr. 1982, 97, 3787.
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