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ABSTRACT

An efficient synthesis oN-Boc-tubuphenylalanine benzyl esté-Boc-Tup-OBn,1la) andN-Boc-epi-
tubuphenylalanine benzyl est&-Boc-epi-Tup-OBn,1b) is reported herein. Regioselective aziridihe
ring opening with carbon nucleophiles followed bydioboration of 1,1-substituted aminoalkede
using 9-BBN and subsequent oxidation in an alkahmeglium are used as the key steps to proMide
tosyl 1,4-aminoalcohols. The 1,4-aminoalcoholssarecessfully transformed into the desired products
with an overall yield of 23% fota and 11% forlb over 8 consecutive steps separately.

Keywords: Regioselective aziridine ring opening, Grignard ctem, Hydroboration, 9-BBN,
Tubuphenylalaninegpi-Tubuphenylalanine



1. Introduction

Mitotic spindle microtubules are important druggets in designing new anticancer therapy.
Currently marketed anticancer drugs like paclitaare vinblastine work on suppression of microtubule
dynamics in fast dividing cells leading to theirogposis® In the last decade, tubulysin compounds
have emerged as a new class of highly potent cyitotpeptides which can inhibit tubulin
polymerisation more efficiently than vinca alkalsfdHowever, the scarce supply of these natural
anticancer agents has attracted the attention dfameal chemists to develop novel routes towards th

synthesis of a tubulysin family of natural produtts

Hofle and co-workers first isolated tubulysins frenyxobacteria culture broths as antimitotic
tetrapeptide$.Later, Miiller and co-workers identified a genestdm in myxobacteria with mixed non-
ribosomal peptide synthetase-polyketide synthassesy that is responsible for biosynthesis of
tubulysin® Interestingly,tubulysin was found to surpass cell growth inhditiactivity of all the
conventional anticancer natural products such atghépnes, vinblastine and taxol by a factor oftd0
1000° Tubulysin interacts with the eukaryotic cytosketetand prevents microtubule formation by
binding with tubulin protein leading to apoptosié aells.” The interesting biological activity of
tubulysin and its derivatives justifies the rapidjyowing interest in the development of novel
chemosynthetic methods to access more potent tsibudierivatives with cytotoxicity in the range of

low nanomolar to picomolar concentrations.

The tubulysin scaffold is composed of four fragnseid-methylo-pipecolic acid §-Mep), -
isoleucine (-lle), tubuvaline (Tuv), and tubuphenylalanine (Jupr tubutyrosine (Tut) (Fig. 1)
connected to each other through amide linkalglep. is a carboxylic acid derivative of piperidineda
is biosynthesized from-lysine® whereas, isoleucine is a natural amino acid whpidvides necessary
hydrophobic interactions in the tubulin proteindiimg pocket. Tubuvaline (Tuv) is the most complex
component of tubulysin compounds with a thiazahg rtontaining a side chain chiral acetoxy carbon.
The C-terminus fragments, Tup or Tut, gramino acid homologous of phenylalanine and tymsin
respectively. SAR studi&s® have confirmed that few modifications in tNeterminus and Tuv units of
the molecule are well tolerated and will not adebrsaffect the overall potency of the molecule. In
contrast to this, the C-terminus end (Tup or Tay bxcellent scope for modifications. This parthef
tubulysin natural products has been exploited ieldg several new potent derivatives of this type o

anticancer molecules.



A -OAc -CH,OCOCH,CH(CH3), -OH
B -OAc -CH,OCOCH,CH,CH;  -OH
D -OAc -CH,OCOCH,CH(CH3), -H
U -OAc -H -H
\% -OAc -H -H
PretubulysinD  -H -Me -H

Fig. 1. Structure of tubulysin family of antimitotic agent

Seiber and coworkers have designed pretubulysintopffmity probes by C-terminus
modification for imaging studies using fluorescéaelling® Leamonet al. have prepared targeted
chemotherapeutic warheads of tubulysin derivatiseg delivered to cancer cells via folic acid
conjugationt’

The existing methods for the synthesis op Bund epi-Tup mostly employ chiral auxiliary
controlled alkylation using SAMP-hydrazone or pseeghedriné’ oxazolidinones? ™ and tert-
butanesufinamidé&;**along with substrate controlled diastereoseleatiethylation of chiral lactari?
diastereoselective hydrogenatirt® epoxide ring-openirig and Ireland-Claisen rearrangement of
allyl ester off-amino acid-® Recently, Park and co-workers have reported alcainxiliary-free direct
synthetic pathway for the synthesis of tubupheaylale by Lewis acid-catalyzed Mukaiyama aldol

condensation reactidni.

Although a variety of methods have been bigedl to date, there is enough scope to introduce
refined synthetic protocols for a large-scale sgsih of these biologically active entities. Hereir,
report a novel and high yielding synthetic route tfte synthesis of tubuphenylalanine (Tup) apd
tubuphenylalanineepi-Tup) using hydroboration-oxidation of substitudene3 as the crucial step
without a chiral auxiliary in the substrate. Moreovour synthetic route is efficient in terms of a
number of the steps (8-steps) and overall yiel®4R8ompared to an earlier reported syntifési$
tubuphenylalanine fragment in 16-steps with an alefeld of 2.5%. This practical and efficient



synthesis of key componentda and 1b, will allow building a diverse set of new tubulysin

architectures in the future.
2. Resultsand discussion

In order to develop a method for the synthesisubtiphenylalanine (Tup) and its biologically
active stereoisomespi-tubuphenylalanineefi-Tup), a simple retrosynthetic analysis of thewselst
precursors?2a and 2b are depicted in Scheme 1. According to this sgigtéhe crucialN-tosyl-1,4-
amino alcohola and2b can be obtained from a common precursor, 1,1-digubed aminoalkend
through a regioselective hydroboration-oxidatioact®n. FurtherN-tosyl-benzylaziridined could be

a key starting material to obtain 1,1-disubstitiaednoalkene via regioselective ring opening.

BocHN BN BocHN Bn
1a O 1b O

ﬂ Oxidation

TsHN H' TsHN H
2a 2b

ﬂHydroboration

s
TsHN
3

ﬂRegioselective ring opening

+ ﬁe
MgBr
4

TsN

Scheme 1. Retrosynthetic analysis dFBoc-Tup-OBn (a) andN-Boc-epi-Tup-OBn (b).

Since its inception in 1956, hydroboration reacti@s made available many alkylated borane
derivatives that are essential precursors for regind stereoselective introduction of hydroxy
functionality in a substituted alkeiltMoreover, in 1979, Brown and co-workers reportezheering
studies on hydroboration of alléieising 9-BBN to address the drawbacks of previgusdboration
reactions that lacks regioselectivity. Further ssdn the application of bicycloboranes have riecka

that hydroboration of substituted terminal alkenesng 9-BBN generally results in the high
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regioselectiv€® preparation of organoboranes which can be easilgized to their corresponding

alcohols in alkaline pD,.%*

We began our synthesis starting frgaphenylalanine to obtain the required 1,1-substdut
aminoalkene3 for hydroboration reaction.-phenylalanine was converted to phenylalaniBoby
performing reduction of acid functionality with NBB in the presence of, lunder refluxing
tetrahydrofuran in excellent yield. Without furthgurification, the hydroxy and amino functionalgtie
in phenylalaninol 5 was tosylated usingp-toluenesulfonyl chloride to give Sf-2-(4-
methylphenylsulfonamido)-3-phenylpropyl 4-methylbenesulfonate intermediate. The bis(tosyl)
intermediate shown within parentheses was in sitlized by intramolecular sulfonamide nucleophilic
attack on tosyl protected hydroxyl group in thesprece of a mild base, &t to furnish N-Ts-
benzylaziridine4 in 85% isolated yield (Scheme%).

Wl
E\I\JYOH H,N~~-OH
@) 5

l(ii)
m_ ©L
4™ TsHN 0TS

Scheme 2. Synthesis of9-2-benzyl-1-tosylaziridine4). Reagents and conditions (i) NaBHp, THF,
0 °C to reflux, 24 h, 96% (ii) BN, TsCl, CHCN, 0 °C to rt, 1 h, 85%.

The key intermediatd-Ts-benzylaziridine4 was thus prepared in gram scale to obtain the
desired 1,1-substituted aminoalkeBeavhich is an important substrate for regio- andesteelective
hydroboration reactions proposed to prepzaeand2b. Literature survey shows that there are few
procedures for regioselective ring opening of dirie by nucleophiles including Grignard reagéfits.
Cu (I) salts play an instrumental role in Grignaedctions for generating active organocuprate speci
We have explored catalytic amounts of Cul, CuBd &uCN under different reaction conditions to
prepare the desired alkeBén moderate to high yields (Table 1). The init@hction was performed in
the presence of Cul (Table 1, entry 1, 2) and dffeh of reaction at room temperature, the expected
aminoalkene was isolated only in a moderate yield of 50-55%wedver, no noticeable enhancement
in the yield of3 was observed when CuBr was used as a catalysie(Tabntry 3, 4). Copper(l)halides

form homocuprates by the reaction of either copperomide or copper(l) iodide with a minimum of
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two equivalents of Grignard reagents in ether oFTHhe initially formed polymeric (RCu)pecies
were insoluble in EO and THF, but dissolve only on addition of a secequivalent of Grignard
reagent. The resultant organocuprates are thertaailg and generally prepared at low temperattires.
Because of this reason the yield3fvas moderate when copper(l)halides were usedtal/sts and

require longer reaction time for completion (Tablentries 2, 4).

Interestingly, the yield of aminoalker$ehas dramatically improved in the presence of CYCHR eq)

to 90% within 2 h of the reaction time (Table 1irer6). The increase in yield & is because when
copper(l)halides were substituted with copper(Rrayle as a catalyst, higher order cyanocupftes
were formed smoothly at 0 °C to rt. The cyanocigwahave higher thermal stability than
homocuprates which are generally generated at arloemperature. Moreover, cyanocuprates retain
the reactivity of homocuprates as well as the Btalf heterocuprates when copper(l)cyanide was
used as the catalyst.

Table 1. Regioselective ring opening db)¢2-Benzyl-1-tosylaziridine4).

@l Isopropenyl MgBr %
TsN Cu(l) salt (equiv.) TsHN

THF,0°Ctort

4 3

Cu(l)salt Rxn Grignard Yield

(equiv.) time reagent of 3°

(equiv.)

1 Cul(0.2) 12 h 2.0 50%
2 Cul(0.2) 24h 25 55%
3 CuBr(0.1) 12h 2.0 60%
4 CuBr(0.2) 24h 25 60%
5 CuCN(0.1) 2h 15 73%
6 CuCN(0.2) 2h 20 90%
4Isolated

Substrate-controlled hydroboration can play a vitale in deciding the diastereoselectivity of
formation of N-tosyl-1,4-amino alcohols2a—b. Therefore, we plan to verify our hypothesis by
preparing two differently protected amino alkeneshsas3 and6. Initially, N-tosyl protected alken®
was treated with Boc anhydride (B@) in the presence of dimethyl amino pyridine (DMAR
dichloromethane to affor-Boc-N-tosyl derivative of the alkergin excellent yield.



The crucial hydroboration-oxidation of alkene fuanality in 3 and6 was realized later with 9-BBN.
The hydroboration 06 and subsequent oxidation usingdd in the presence of 2 M NaOH afforded
1,4-amino alcohol3 (Scheme 3) only as a mixture of diastereomerkérmratio 2:1 (fromtH NMR) in
70% yield. Moreover, the diastereomeric mixtureatifohols7 remains non-separable by silica gel

column chromatography.

(i) R
TEOHI:X\/& TsHN “OH

2a,Ry=H; R,=Me
2b,R;=Me;R,=H

l(ii
% (iil) Qj\)\/
BocTsN BocTsN
6

Scheme 3. Synthesis oN-tosyl-1,4-amino alcohol2a—b and7. Reagents and conditions (i) a. 9-BBN,
THF, rt, 12 h b. 2 M NaOH, #D,, 0 °C to rt, 12 h, 90%gr = 2 :1 (ii) BocO, DMAP, CHCIy, rt, 2 h,
97% (iii) a. 9-BBN, THF, rt, 12 h b. 2 M NaOH,8,, 0 °C to rt, 12 h, 70%dr = 2:1 (non-separable).

On the contrary, hydroboration-oxidation of alkeéhen the presence of 9-BBN/2 M NaOH /
30% HO, smoothly resulted into a separable 2:1 diastereonneixture of 1,4-amino alcohol4,
2b) in a combined yield of 90%. After successful paation, 1,4-amino alcohda (Scheme 4) was
subjected to oxidation reaction using pyridiniunchdomate (PDC)During the oxidation of the
primary hydroxyl group irRa, the primary alcohol forms chromate ester and egisntly oxidized to
an unstable aldehyde. The unstable aldehyde unelerfgother oxidation in the presence of PDC to
form chromate carboxylic acid anhydride, [RC(O)OgHDfollowed by intramolecular cyclization
with the NH-tosyl amino group to forid-Ts-y-lactam8a as the only producf. Detosylation oBa was
achieved with Mg/NHECI via a single electron transfer mechanism undgux conditions in methanol

to provide9a. **
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Scheme 4. Synthesis oN-Boc-Tup-OBn {a). Reagents and conditions (i) PDC, DMF, rt, 13%P6
(i) Mg, NH4CI, MeOH, reflux, 2 h, 84% (iii) Ba©, DMAP, DCM, rt, 2 h, 96% (iv) a. LiOH, #D-,
THF:H,O (1:1), rt, 12 h b. BnBr, BN, DCM, rt, 12 h, 75%.

The free NH group ir®a was protected as NHBoc using Bocand DMAP to affordlOa in
95% vyield. The Boc derivative oflactam10a was reacted with LiOH in the presence afOg to
facilitate opening of lactam ring to provide carplx acid intermediate. Without isolation, the
carboxylic acid intermediate was treated with bémzgmide in the presence of a mild baseNEto

afford N-Boc-Tup-OBnlain 75% yield over two steps.

Zanda and coworkéfshave established that the modification of Tupesiehemistry has only
minor effects on the tubulysin cytotoxicity, thisakesepi-tubuphenylalanine an important synthetic
target. Therefore, in our synthetic strategy, Iir@ alcohol derivative?b was next subjected to
synthetic transformations similar to the conversidrPa to 1a as shown in Scheme 5. The primary
alcohol2b was oxidized to chromate carboxylic acid anhydridkich undergoes in situ cyclisation to
yield 8b. Subsequent tosyl deprotection and Boc proteaifaamide NH yieldedN-Boc y-lactam10b.
Lactam ring opening and benzyl protection at theei@inus provided the desired molechidBoc-epi-

Tup-OBn1b in good yield.
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Scheme 5. Synthesis oN-Boc-epi-Tup-OBn (b). Reagents and conditions (i) PDC, DMF, rt, 12 h,
83% (ii) Mg, NH,Cl, MeOH, reflux, 2 h, 81% (iii) Ba®©, DMAP, DCM, rt, 2 h, 99% (iv) a. LiOH,
H.0,, THF:HO (1:1), rt, 12 h b. BnBr, BN, DCM, rt, 12 h, 72%.

It was imperative to determine the stereochemisfrynajor @a) and minor 2b) 1,4-aminoalcohol
diastereoisomers. The stereochemistry was assignpdrforming COSY and NOESY experiments on
the lactams8a and 8b (N-tosyl-5-benzyl-3-methylpyrrolidin-2-one). The NQEig. 2) was observed
between two protons at 3;nd 5-H in 8b, whereas3a did not show any NOE between two protons
3-H, and 5-H. The appearance of cross peaks off the diagoradsp@8b for protons 3-Hand 5-H
indicated spatial coupling whereas its absenc&airconfirmed the proposettans stereo chemical
arrangement of 3-Hand 5-H protons in space. This study unequivocally esthbli the
stereochemistry of major and minor 1,4-aminoalcs2al (2R, 45 and2b (2R, 4R) respectively (see
2D-NMR data in supporting information).

no nOe

s1,9 @

Hm Hy N2 e

Bns 43Ha Bn's 4 3Me
8a 8b

Fig. 2. Stereochemical assignments8afand8b through'H-'H COSY and NOESY studies.
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3. Conclusions

In summary, we have developed a high yielding stittapproach for C-terminus fragments of
natural and synthetic tubulysins, i.e. tubupheylade andepi-tubuphenylalanine via regioselective
aziridine ring opening with carbon nucleophileddwled by hydroboration-oxidation of 1,1-substituted
amino alkenes using 9-BBN. The chiral auxiliaryefrgynthetic protocol leads to overall good yields
for both the biologically activg-amino acids. These practical, concise and scalapiéhetic steps
have promising scope in the gram-scale synthegisbodysin and its derivatives.

4. Experimental Section

4.1. General information

All reactions were performed in oven-dried glaaswnder the inert atmosphere with magnetic
stirring. Air and moisture-sensitive liquids andwmns were transferred via glass syringes. TLG wa
performed on 0.25 mm Merck TLC silica gel 684plates and visualized under UV light (254 nm) or
by staining with bromocresol green, ninhydrin, KMjpBlash chromatography was performed on 230—
400 mesh silica gel. All reagents were purchasenh frommercial suppliers and used without further
purification unless otherwise stated. Solvents whsélled using suitable drying agents (Gabt Na
wire, Mg turnings) under the nitrogen atmosphété, *C-NMR, COSY, NOESY spectra were
recorded on Avance Il 400 MHz Ascend Bruker. Chehishifts are expressed in ppm relative to
TMS (*H, 0 ppm) or solvent signals: CDOt'H, 7.26 ppm;**C, 77.26 ppm) coupling constants are
expressed in Hz. High-resolution mass spectra relgatay ionization (HRMS-ESI) performed on
Bruker Daltonik LC/MS spectrometer. FT-IR spectfaamples dissolved in GBI, were recorded in
using Fourier Transform Infrared-Attenuated Toteflection (FTIR-ATR) Spectrometer, Bruker
(Tensor-27) over a range of 500-4000"cm

4.2.  Experimental details and characterisation data
4.2.1. (9-2-Amino-3-phenylpropan-1-ol (5)

L-phenylalanine (5 g, 30 mmol) was dissolved in @HF (50 mL) in a 250 mL round-bottom
flask under an inert atmosphere. The reaction mextas cooled to 0 °C, and solid NaBg2.87 g,
75.70 mmol) was added to the reaction mixture single portion with stirring. A solution of lodine
(6.6 g, 52.5 mmol) in dry THF (30 mL) was addedHe reaction mixture dropwise using dropping
funnel over a period of 1 h. The reaction mixturgsviurther heated to reflux on a preheated oil bath
overnight.The reaction mixture was cooled to room temperatanel methanol (30 mL) was slowly
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added until a clear solution is obtained. The sulweas evaporated under reduced pressure, and the
resulting white paste was dissolved in 2 M NaOH Q). The mixture was stirred at room
temperature for 8 h. The agueous phase was exdragte CHCI, (100 x 3 mL) and the combined
organic layers were dried over anhydrous®a, filtered, and concentrated under reduced predsure
afford _-phenylalaninol (4 g, 96%) as a white solid, whighs used in the next step without further
purification. m.p. 90-94 C. TLCR 0.19 (1:9, MeOH/CkCl,). [a]d*' = =7.9 € 0.13, CHCl,). IR
(CH.Cly): 3352 (O-H) 3279 (N-H), 3083, 3061, 3027, (=C-2919, 2855(C-H), 1649 (N-H), 1551-
1502 (C=C) 1452 (C-H), 1054 (C-0), 701 (=C—H)’criH NMR (400 MHz, CDCJ): ¢ = 7.25-7.11
(m, 5H), 3.56 (ddJ = 10.8, 2.8 Hz, 1H), 3.36-3.27 (dd] = 10.8, 8.0 Hz, 1H), 3.04 (brs, 1H), 2.72
(dd,J = 13.6, 4.8 Hz, 1H), 2.45 (dd,= 13.6, 8.8 Hz, 1H), 1.97 (brs, 3H) ppfiC NMR (100 MHz,
CDCl): 6 = 138.7, 129.2, 128.6, 126.4, 66.2, 54.2, 40.8 .pHRMS (ESI) m/z [M+H] calcd. for
CoH13NO 152.1070, found 152.1101.

4.2.2. (9-2-Benzyl-1-tosylaziridine (4)

4 A molecular sieves (2 g) were flame dried in & h6L two neck round bottom flask
under reduced pressure for 15-min or more untitethe no sign of the appearance of water
droplets or moisture in the flask. The heat driedleoular sieves were cooled to room
temperature under inert atmospheresCN (50 mL), magnetic bar andphenylalaninob (2.8
g, 18.5 mmol) were charged to this flask. The lieacmixture was briefly cooled to 0 °C, and
EtN (7.7 mL, 55.55 mmol) and tosyl chloride (3.5218,5 mmol) were added sequentially via
a syringe to the reaction mixture. The reactiontarix was warmed to room temperature and
further stirred for 1 h. After complete consumptioin -phenylalaninol, as confirmed by TLC,
acetonitrile was evaporated under reduced presandethe residue was dissolved in EtOAc (50
mL). The resultant precipitate and molecular siewese filtered using Buchner funnel and
washed with EtOAc (3 x 50 mL). The organic solvemats concentrated under reduced pressure
and the crude mixture was purified by silica gduomn chromatography (1:24 EtOAc/hexane)
to afford 4 (4 g, 85%) as a white solih.p. 91-93 °C. TLC: Rs 0.21 (9:1, hexane/EtOAC).
[a]3%0 = +16.4 € 0.13, CHCI). IR (CHCly): 3029, (=C-H), 2922 (C-H), 1592, 1489, 1455
(C=C), 1317, 1157 (S=0), 712 (=C—H) ¢niH NMR (400 MHz, CDC}, 25 °C):6 = 7.68 (d,J
= 8.0 Hz, 2H), 7.21 (d) = 8.0 Hz, 2H), 7.16—7.14 (m, 3H), 7.05—7.03 (m),2H97—2.91 (m,
1H), 2.81 (dd, = 14.4, 5.2 Hz, 1H), 2.70 (d,= 6.8 Hz, 1H), 2.68 (dd] = 14.4, 7.2 Hz, 1H),
2.42 (s, 3H), 2.16 (d] = 4.4 Hz, 1H) ppm.**C NMR (100 MHz, CDGJ, 25 °C):6 = 144.3,
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137.0, 134.8, 129.6, 128.7, 128.4, 127.8, 126.51,437.5, 32.8, 21.6 ppm. HRMS (ESI) m/z
[M+Na]" calcd. for GeH17NO,S 310.0872, found 310.0883

4.2.3. (R)-4-Methyl-N-(4-methyl-1-phenyl pent-4-en-2-yl) benzene sulfonamide (3)

A 250 mL two neck round-bottom flask was chargeth catalytic amount of CuCN (0.2
equiv.) under an inert atmosphekeTosyl-benzylaziridine 4 (2.5 g, 8.7 mmol) dissave dry THF
(50 mL) was added to the reaction mixture at 018Gpropenyl magnesium bromide (34.8 mL, 17.4
mmol, 0.5 M in THF) was added dropwise to the neacmixture over a period of 20 minutes with
stirring. The reaction mixture was allowed to watenroom temperature and further stirred for 2 h.
After the consumption dN-Tosyl-benzylaziridined, as confirmed by TLC, the reaction mixture was
guenched with saturated NEl (30 mL) solution and further diluted with EtOX&@00 mL). The
agueous layer was extracted with EtOAc (3 x 50 amng the combined organic extracts were washed
with brine (100 mL) and dried over anhydrous,8@, The organic layer was filtered, evaporated
under reduced pressure, and the crude residue wégeg over silica gel column chromatography
(32:1 hexane/EtOAc) to afford the alkeBg(2.1 g, 90%) as colorless liquid. TL& 0.17 (9:1,
hexane/EtOAc)[a]4%2? = -1.5 € 0.13, CHCI,). IR (CH,Cl,): 3284 (N-H), 3064, 3027 (=C-H), 2923,
(C—H), 1649, 1604 (C=C) 1499-1451 (C-H), 1322, 11530), 701 (=C-H) cih 'H NMR (400
MHz, CDCk, 25 °Q: 6 = 7.65 (d,J = 8.0 Hz, 2H), 7.26-7.19 (m, 5H), 7.07-7.05 (m),2H76-4.67
(m, 2H), 4.32 (d,) = 5.6 Hz, 1H), 3.49-3.41 (m, 1H), 2.85, (dd; 13.6, 5.6 Hz, 1H) ), 2.76, (dd=
13.6, 6.8 Hz, 1H) 2.41 (s, 3H), (di= 14.0, 6.4 Hz, 1H), (dd} = 14.0, 8.4 Hz, 1H), 1.38 (s, 3H) ppm.
13C NMR (100 MHz, CDC, 25 °Q: 6 = 143.2, 141.6, 137.2, 137.2, 129.5, 129.5, 12®7,1, 126.5,
114.5, 52.6, 43.0, 41.2, 21.5, 21.5 ppm. HRMS (BSP [M+Na] calcd. for GgH23NO,S 352.1342,
found 352.1345.

4.2.4. (R)-tert-Butyl (4-methyl-1-phenyl pent-4-en-2-yl)(tosyl)carbamate (6)

An oven dried 250 mL round-bottom flask was cledrgvith a solution of alken& (2.5 g, 7.59
mmol) in dry CHCI, (50 mL). DMAP (0.185 g, 1.52 mmol) was added img&® portion to the reaction
mixture and BogO (3.3 g, 15.2 mmol) was added using syringe. Haetion mixture was stirred at
room temperature for 2 h. After the completion e&ation, CHCI, was evaporated under reduced
pressure and the residue was purified over siaglumn chromatography using 33:1 hexane/EtOAc
mixture as eluent to affor@ (3.1 g, 97%) as a colorless liquid. TL&: 0.54 (9:1, hexane/EtOAc).
[a]3** = =99.6 € 0.13, CHCL,). IR (CHCl,): 3064, 3027 (=C-H), 2972, 2922, 2852 (C-H), 1727

13



(C=0), 1653 (C=C), 1493, 1455 (C-H), 1351, 1152@%H=1088 (C-O), 673 (=C—H) ¢hn*H NMR
(400 MHz, CDC}, 25 °Q): d = 7.34-7.20 (m, 5H), 7.18-7.00 (m, 4H), 5.00-4180 3H), 3.32 (dd}
= 14.0, 9.6 Hz, 1H), 3.04 (dd,= 14.0, 6.0 Hz, 1H), 2.79 (dd,= 13.6, 8.0 Hz, 1H), 2.55 (dd,= 13.6,
7.2 Hz, 1H), 2.35 (s, 3H), 1.84 (s, 3H), 1.34 (d) §pm.°C NMR (100 MHz, CDGJ, 25 °Q: d =
150.7, 143.2, 142.3, 139.1, 137.8, 129.6, 128.8,6,2127.7, 126.5, 114.2, 83.9, 59.3, 42.0, 3877),2
22.2, 21.4 ppm. HRMS (ESI) m/z [M+Najalcd. for GsHa:NO,S 452.1866, found 452.2172.

4.2.5. General procedure for hydroboration reactions

9-BBN (3 equiv., 0.5 M THF solution) was addedatsolution of alken& or 6 (1.0 equiv.) in
dry THF at room temperature. The resulting solutisas further stirred for 12 h at the same
temperature under nitrogen atmosphere. 2 M NaOB €Guiv.) and 30% D, (4 equiv.) were added
at 0 °C to the reaction mixture and stirring wastowed for 12 h at room temperature. The reaction
mixture was quenched by adding saturated ag. NACIn{L) at room temperature and the aqueous
layer was extracted with EtOAc (3 x 100 mL). Thentined organic layers was dried over anhydrous
NaSOy, filtered and concentrated under reduced pressiie. crude residue was purified using

hexane:EtOAc as eluent over silica gel column clatography.
4.25.1. N-((2R49-5-hydroxy-4-methyl-1-phenyl pentan-2-yl)-4-methyl benzenesulfonamide (2a)

According to the general procedure describeeatien 4.2.5, 9-BBN (38.2 mL, 19.1 mmol, 0.5
M THF solution) was added to alkeBg2.1 g, 6.37 mmol) in dry THF (20 mL) and stirradlroom
temperature for 12 h. 2 M NaOH (11.0 mL, 22.29 nmjnawid 30% HO, (9.0 mL, 89.14 mmol) were
added at 0 °C to the reaction mixture and stired12 h at room temperature and worked up as
mentioned in general procedure 4.2.5. The residas wurified over silica gel using column
chromatography(3:1 hexane/EtOAc), to affor@a and 2b as colorless liquid and pale yellow liquid
respectively (9.1 g, combined yield 90 %a:¢b = 2:1). TLC: R; 0.34 (1:1, hexane/EtOAc)a]3'? = -43.0
(c 0.13, CHCI,). IR (CH,CI,): 3504 (N-H), 3277 (O-H), 3061, 3028 (=C-H), 292872 (C-H), 1598
(C=C), 1494, 1453, (C—H), 1320, 1152 (S=0), 1096Qy; 700 (=C—H) cm. *H NMR (400 MHz,
CDCls, 25 °Q: 6 = 7.65 (d,J = 8.0 Hz, 2H), 7.26-7.19 (m, 5H), 6.69-6.97 (m),24H66 (d,J = 7.2
Hz, 1H), 3.70-3.61 (m, 1H), 3.44 (dbi= 10.4, 5.2 Hz, 1H), 3.33 (dd,= 10.4, 6.8 Hz, 1H), 2.64-2.62
(m, 2H), 2.41 (s, 3H), 1.87-1.79 (m, 1H), 1.55-1(#9 1H), 1.30-1.23 (m, 1H), 0.84 (@= 6.8 Hz,
3H) ppm.**C NMR (100 MHz, CDGJ, 25 °Q: § = 143.2, 137.8, 136.9, 129.6, 129.5, 128.5, 127.0,
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126.6, 67.8, 52.9, 41.1, 39.1, 31.7, 21.5, 17.5.ppiRMS (ESI) m/z [M+Na] calcd. for GoHpsNOsS
370.1447, found 370.1448.

4.2.5.2. N-((2R4R)-5-hydroxy-4-methyl-1-phenyl pentan-2-yl)-4-methyl benzenesul fonamide (2b)

TLC: R 0.27 (1:1, hexane/EtOAcja]3t! = +31.2 € 0.13, CHCly). IR (CHCl,): 3506 (N-H), 3283
(O—H), 3061, 3028 (=C—H), 2927, 2873 (C-H) 1598 Q;=1495, 1454, (C—H), 1322, 1154 (S=0),
1092 (C-0), 733 (=C-H) ¢ *H NMR (400 MHz, CDC}, 25 °Q: 6 = 7.71 (d,J = 8.0 Hz, 2H),
7.27-7.18 (m, 5H), 7.02-7.01 (m, 2H), 4.85 (brs),13456-3.48 (m, 1H), 3.43 (dd,= 10.4, 5.2 Hz,
1H), 3.28 (ddJ = 10.4, 7.2 Hz, 1H), 2.73 (dd= 13.6, 4.8 Hz 1H), 2.63 (dd,= 13.6, 7.2 Hz 1H) 2.41
(s, 3H), 1.69 (brs, 1H), 1.64—-1.57 (m, 1H), 1.5881(m, 1H), 1.22-1.16 (m, 1H), 0.68 (= 6.4 Hz,
3H) ppm.**C NMR (100 MHz, CDGJ, 25 °Q: ¢ = 143.2, 137.9, 137.2, 129.6, 129.5, 128.4, 127.0,
126.5, 68.1, 53.2, 42.3, 38.5, 32.3, 21.5, 16.4.gpRMS (ESI) m/z [M+Na] calcd. for GoHsNO5S
370.1447, found 370.1443.

4.2.5.3. tert-Butyl ((2R)-5-hydroxy-4-(Sor R)methyl-1-phenyl pentan-2-yl)(tosyl)carbamate (7) (dr
=2:1)

According to the general procedure described ai@e 4.2.5, 9-BBN (28.14 mL, 13.97 mmol,
0.5 M THF solution) was added to alke®é2 g, 4.65 mmol) in dry THF (20 mL) in a round toonh
flask (100 mL) at room temperature and stirredldh. 2 M NaOH (8.14 mL, 16.28 mmol) was added
followed by addition of 30% kD, (6.6 mL, 65.0 mmol) at 0 °C. The reaction mixtwras stirred for
12 h at room temperature and worked up as mentiongdneral procedure 4.2.5. The crude residue
was purified over silica gel column chromatograptsing 3:1 hexane/EtOAc mixture as eluent to
afford colorless oil of7 (1.65 g, 70%) as a diastereomeric mixture (2:IDCTR: 0.23 (3:1,
hexane/EtOAc)[a]3??% = —49.8 € 0.13, CHCI,). IR (CH,Cl,): 3564 (O-H), 3028 (=C-H) 2925, 2870
(C—H), 1722 (C=0), 1598 (C=C), 1494, 1453 (C-H}¥331147 (S=0), 1085 (C-0), 669 (=C—H)cm
! 'H NMR (400 MHz, CDC}, 25 °Q: § = 7.30-7.23 (m, 6H), 7.05-6.99 (m, 3H), 4.93-4186 1H),
3.63-3.55 (m, 1H), 3.54-3.47 (m, 1H), 3.37-3.28 1), 3.02-2.97 (m, 1H), 2.36 (s, 3H), 1.97-1.91
(m, 2H), 1.84-1.79 (m, 1H), 1.55-1.50 (m, 1H), 1(849H), 1.04 (dJ = 6.4 Hz, 2H), 1.01 (d] = 6.8
Hz, 1H)* ppm.lSC NMR (100 MHz, CDd, 25 °Q: 6 = 150.7, 143.4*, 143.3, 139.0, 137.5, 129.6,
128.9, 128.7, 127.9%, 127.8, 126.5, 84.2*, 84.126867.8, 59.2, 59.0%, 39.3, 37.4, 37.3*, 33.28.3,
29.6*, 27.9, 22.7*, 21.5, 21.4*, 17.4, 14.1* ppmRMS (ESI) m/z [M+Na] calcd. for GsHzsNOsS
470.1970, found 470.2320. (*peaks from minor digsisomer)
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4.2.6. General procedure for the synthesis of N-Ts-y-lactams 8a and 8b

Dry DMF (10 mL) was added to 1,4-amino alcoh2d 6r 2b, 1.0 equiv.) taken in a 100 mL
round-bottom flask charged with a magnetic bead thrdmixture was stirred at room temperature.
Pyridinium dichromate (5.0 equiv.) was added tovabeaction mixture in one portion and stirred for
24 h at the same temperature. After the completswuoption of 1,4-amino alcohol, the reaction
mixture was quenched with cold water (10 mL). Thaeous layer was extracted with EtOAc (3 x 75
mL) and the combined organic layers were washek eatd brine (3 x 10 mL). The organic layer was
dried over anhydrous N8Oy filtered and concentrated under reduced pressune. résidue was

purified over silica gel column chromatography.
4.2.6.1. (3S5R)-5-Benzyl-3-methyl-1-tosylpyrrolidin-2-one (8a)

According to the general procedure describedectien 4.2.6, to a solution of 1,4-amino
alcohol2a (500 mg, 1.43 mmol) in dry DMF (10 mL) taken imcaund bottom flask (50 mL), PDC (2.7
g, 7.19 mmol) was added to the reaction mixturesdimced for 24 h at room temperature. The work up
was performed as mentioned in the general procedndethe residue was purified over silica gel
column chromatography (6:1 hexane/EtOAc) to affiactam8a as colorless sticky liquid, (433 mg,
85%). TLC:Rr 0.53 (2:1, hexane/EtOAc)a]3’* = +97.8 € 0.13, CHCI,). IR (CH,Cl,): 3062, 3028,
(=C—H), 2931, 2874 (C-H) 1729 (C=0), 1597 (C=C)04,41453 (C-H), 1352, 1159 (S=0), 711 (=C—
H) cmt. *H NMR (400 MHz, CDC}, 25 °Q: 6 = 8.0 (d,J = 8.4 Hz, 2H), 7.35-7.21 (m, 7H), 4.54 (td,
J = 8.8, 3.2 Hz, 1H), 3.36 (dd,= 13.2, 3.2 Hz, 1H), 2.81 (dd,= 13.2, 9.6 Hz, 1H), 2.44 (s, 3H),
2.34-2.26 (m, 1H), 2.11-2.04 (m, 1H), 1.67-1.58 {i), 1.02 (dJ = 6.8 Hz, 3H) ppm**C NMR
(100 MHz, CDC4, 25 °Q: 0 = 175.8, 145.0, 136.7, 136.0, 129.5, 129.5, 12828.3, 127.0, 58.8,
40.2, 35.7, 31.8, 21.6, 14.9 ppm. HRMS (ESI) m/zNA] calcd. for GoH21NO3S 366.1134, found
366.1138.

4.2.6.2. (3R5R)-5-Benzyl-3-methyl-1-tosylpyrrolidin-2-one (8b)

According to the general procedure describe atige 4.2.6, to a solution of 1,4-amino alcohol
2b (457 mg, 1.31 mmol) in dry DMF (10 mL) taken imaaund bottom flask (50 mL), PDC (2.5 g, 6.57
mmol) was added to the reaction mixture and stifoeed®24 h at room temperature. After workup, the
residue was purified over silica gel column chravgaaphy (6:1 hexane/EtOAc) to affoydactam8b
as white solid, (366 mg, 83 %). m.p. 122-124 °CCTR;0.52 (2:1, hexane/EtOAc)a]d*? = +123.0
(c 0.13, CHCIy). IR (CHCIy): 3061, 3028, (=C-H), 2930, 2875 (C—-H) 1732 (C=0§91 (C=C),
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1494, 1454 (C—H), 1355, 1164 (S=0), 702 (=C—H)'cthl NMR (400 MHz, CDC4, 25 °Q: 6 = 8.00
(d,J = 8.4 Hz, 2H), 7.35-7.22 (m, 7H), 4.48—4.41 (m),1}84 (dd,J = 12.8, 3.6 Hz, 1H), 2.63 (dd,

= 12.8, 10.0 Hz, 1H), 2.44 (s, 3H), 2.41-2.35 (id),12.20—2.12 (m, 1H), 1.46-1.39 (m, 1H), 1.09 (d,
J = 7.2 Hz, 3H) ppm*C NMR (100 MHz, CDCJ, 25 °Q: § = 176.8, 145.0, 136.4, 136.1, 129.5
(2C*), 128.7, 128.3, 126.9, 59.6, 42.6, 36.9, 32166, 16.1 ppm. HRMS (ESI) m/z [M+Nagalcd. for
C1oH2:NO3S 366.1134, found 366.1140.

*higher intensity carbon
4.2.7. General procedure for tosyl deprotection

In a 100 mL round-bottom flask charged with magnbead, Mg turnings (10.0 equiv.) and
NH4CI (5.0 equiv.), dry methanol was added under ant iatmosphere with stirring. A solution of Ts-
y-lactam @a or 8b, 1.0 equiv.) in dry methanol was added to the al®spension and stirred at room
temperature for 10 minutes. The reaction mixture fuather refluxed at 70 °C for 2 h. After complete
consumption of Tg-lactam Ba or 8b), methanol was concentrated under reduced presswehe

crude residue was purified over silica gel colurhromatography using hexane:EtOAc as eluent.
4.2.7.1. (3S5R)-5-Benzyl-3-methylpyrrolidin-2-one (9a)

According to the general procedure described atige 4.2.7,N-tosyl- y-lactam8a (350 mg,
1.02 mmol) in dry methanol (7 ml) was added to spsasion of Mg turnings (244 mg, 10.2 mmol) and
NH4CI (273 mg, 5.0 mmol) in methanol (5 mL) taken i6a@GD mL round bottom flask. The suspension
was refluxed at 70 °C for 2 h under inert atmosphmnd worked up as mentioned in the general
procedure. The crude residue was purified overasthel column chromatography (1:1 hexane/EtOAc)
to afford 9a (161 mg, 84%) as colorless liquid. TIR0.14 (1:3, hexane/EtOAc)a]3’® = -66.1 ¢
0.13, CHCI,). IR (CH,CIy): 3230 (N-H), 3028 (=C-H), 2928, 2871 (C-H), 1§830), 1456 (C-H),
701 (=C—-H) crit. 'H NMR (400 MHz, CDC}, 25 °Q: ¢ = 7.33-7.23 (m, 3H), 7.21-7.15 (m, 2H), 5.87
(brs, 1H), 3.85-3.78 (m, 1H), 2.81 (dbiz 13.2, 5.6 Hz, 1H), 2.71 (dd,= 13.2, 8.4 Hz, 1H), 2.50-
2.40 (m, 1H), 2.15-2.08 (m, 1H), 1.93-1.86 (m, 1H)8 (d,J = 7.2 Hz, 3H) ppm**C NMR (100
MHz, CDCk, 25 °Q: ¢ = 180.3, 137.6, 129.1, 128.8, 126.8, 53.4, 4258],334.9, 16.2 ppm. HRMS
(ESI) m/z [M+NaJ calcd. for GoH1sNO 212.1046, found 212.1059.

4.2.7.2. (3R, 5R)-5-Benzyl-3-methylpyrrolidin-2-one (9b)
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According to the general procedure described atice 4.2.7, a solution dfl-tosyl-y-lactam8b
(200 mg, 0.582 mmol) ) in dry methanol (5 mL), waakled to suspension of Mg turnings (140 mg,
5.82 mmol) and NECI (156 mg, 3 mmol) in methanol (5 mL) in a rourattbm flask. The suspension
was refluxed at 70 °C with stirring for 2 h undeeit atmosphere and worked up as mentioned in the
general procedure. The crude residue was purifieel gilica gel column chromatography (1:1
EtOAc/hexane) to affor®db (82 mg, 81%) as colorless liquid. TL& 0.14 (3:1, EtOAc/hexane).
[a]3%¢ = +83.2 € 0.13, CHCL). IR (CHCly): 3230 (N-H), 3028 (=C-H), 2961, 2871 (C-H), 1693
(C=0), 1557-1456 (C—H), 701 (=C—H) ¢nmfH NMR (400 MHz, CDC}, 25 °Q: ¢ = 7.33-7.22 (m,
3H), 7.20-7.12 (m, 2H), 5.96 (brs, 1H), 3.85-3.7#8 {H), 2.81 (ddJ = 13.6, 6.0 Hz, 1H), 2.72 (dd,
= 13.6, 8.0 Hz, 1H), 2.49-2.40 (m, 1H), 2.14-2.68 {H), 1.92-1.85 (m, 1H), 1.18 (= 7.2 Hz,
3H) ppm.**C NMR (100 MHz, CDGJ, 25 °Q: 6 = 179.6, 137.6, 128.8, 128.8, 126.9, 53.7, 43.3),37
36.8, 15.9 ppm. HRMS (ESI) m/z [M+Nagalcd. for GoH1sNO 212.1046, found 212.1055.

4.2.8. General procedure for synthesis of 10a and 10b

Dry CH,Cl; (10 mL) was added tp-lactam Qa or 9b, 1.0 equiv.) taken in a two-necked round
bottom flask (100 mL) under inert atmosphere. Téaction mixture was cooled to 0 °C and solid
DMAP (0.2 equiv.) was added dropwise to the reactioxture in single portion with stirring followed
by dropwise addition of Be® (2.0 equiv.) using syringe. The reaction mixtweaes allowed to warm
to room temperature and stirred for 2.5 h. After tonsumption of-lactam Qa or 9b), the solvent
was evaporated under reduced pressure using. Tdde anixture was purified over silica gel column

chromatography using hexane:EtOAc as eluent.
4.2.8.1. (3S5R)-tert-Butyl 5-benzyl-3-methyl-2-oxopyrrolidine-1-carboxylate (10a)

According to the general procedure described aice 4.2.8, to a solution aflactam9a (125
mg, 0.682 mmol) in dry C§Cl, (10 mL) in a round bottom flask (100 mL), DMAP (66ng, 0.136
mmol) and BogO (0.3 mL, 1.364 mmol) were added to the reactiaxture at O °C and further stirred
at room temperature for 2.5 h. The solvent was @wdpd under reduced pressure and the crude
mixture was purified over silica gel column chroogiaphy (8:1 hexane/EtOAc) to affoida (190
mg, 96%) as colorless liquid. TL& 0.76 (1:1, hexane/EtOAc)a]3!® = +41.0 € 0.13, CHCIy). IR
(CH.Cl,): 3028 (=C—H), 2975, 2936 (C-H), 1785, 1711 (C=t®5K0 (C=C), 1455, 1305 (C-H), 1150
(C-0), 702 (=C-H) cm. *H NMR (400 MHz, CDC}, 25 °Q: ¢ = 7.35-7.23 (m, 3H), 7.22-7.16 (m,
2H), 4.28 (tdJ = 8.8, 3.2 Hz, 1H), 3.13 (dd,= 13.2, 3.2 Hz, 1H), 2.71 (dd,= 13.2, 9.2 Hz, 1H),

18



2.44-2.35 (m, 1H), 2.04 (dd,= 12.8, 8.4 Hz, 1H), 1.58 (s, 9H), 1.54—1.42 (id),11.15 (d,J = 6.8
Hz, 3H) ppm.l3C NMR (100 MHz, CDd, 25 °Q: 6 = 176.6, 150.1, 137.4, 129.3, 128.7, 126.8, 82.9,
56.9, 39.2, 36.2, 30.7, 28.1, 15.3 ppm. HRMS (E8K [M+Na] calcd. for GH2aNO; 312.1570,
found 312.1657.

4.2.8.2. (3R5R)-tert-Butyl 5-benzyl-3-methyl-2-oxopyrrolidine-1-carboxylate (10b)

According to the general procedure describe iti@eel.2.8, to a solution of-lactam9b (70
mg, 0.261 mmol) in dry CCl, (10 mL) in a round bottom flask (100 mL), DMAP 38. mg, 0.05
mmol) and BogO (0.12 mL, 0.522 mmol) were added to the reactioxture at 0 °C and further
stirred at room temperature for 2.5 h. The solvead evaporated under reduced pressure and the crude
reaction mixture was purified over silica gel colurohromatography (8:1 hexane/EtOAc) to afford
10b (109 mg, 99%) as colorless liquid. TL& 0.76 (1:1, hexane EtOAc)a]3’® = +51.8 ¢ 0.13,
CH.Cl). IR (CH.CIy): 3028 (=C—H), 2928, 2873 (C-H), 1746, 1711 (C=t®B50 (C=C), 1494, 1455,
1305 (C-H), 1150 (C-0), 702 (=C-H) €mH NMR (400 MHz, CDC}, 25 °Q: 6 = 7.33-7.23 (m,
3H), 7.22-7.15 (m, 2H), 4.24-4.17 (m, 1H), 3.49, (®id 13.2, 3.2 Hz, 1H), 2.60 (dd,= 13.2, 10 Hz,
1H), 2.54-2.44 (m, 1H), 2.17-2.09 (m, 1H), 1.609d), 1.40-1.33 (m, 1H), 1.18 (d,= 7.2 Hz, 3H)
ppm.**C NMR (100 MHz, CDGJ, 25 °Q: § = 177.2, 150.4, 137.0, 129.5, 128.6, 126.7, 83713,
41.3, 37.3, 30.5, 28.1, 16.6 ppm. HRMS (ESI) m/zN4] calcd. for G;H»3NOs 312.1570, found
312.1574.

4.2.9. General procedure for the synthesis of 1a and 1b

Dry THF (5mL) was added td-Boc-y-lactam (0a or 10b, 1.0 equiv.) taken in a round-bottom
flask (100 mL) with a magnetic bead. An aqg.soltwf LIOH (5.0 equiv.) and 30% a6, (5.0
equiv.) were added to the reaction mixture at rdemperature with constant stirring. The reaction
mixture was stirred for further 12 h at room tengpere, acidified with an aq. solution of 5% KHSO
(5 mL), and extracted with EtOAc (20 x 3 mL). Thembined organic layers was washed with brine
(10 mL), dried over anhydrous P8O, filtered, evaporated under reduced pressure ftrcathe
intermediate carboxylic acid which was used as starh benzylation reaction without further
purification. The intermediate crude carboxyliccagias dissolved in dry Gi€l, and EgN (2.0 equiv.)
was added to the mixture with stirring at room tenagure. BnBr (1.5 equiv.) was added to the reactio
mixture via a syringe and stirred for 24 h at ra@mperature. The reaction mixture was quenched with

cold water (5 mL) and extracted with EtOAc (3 x r2Q). The combined organic layers was washed
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with brine (10 mL), dried over anhydrous JS&, filtered and concentrated under reduced pressure.
The crude residue was purified over silica gel ooluchromatography using hexane:EtOAc as eluent
to afford1a or 1b.

4.2.9.1. (2S54R)-Benzyl 4-((tert-butoxycarbonyl)amino)-2-methyl-5-phenylpentanoate (1a)

According to the general procedure described atige 4.2.9, to a solution df-Boc-y-lactam
10a (75 mg, 0.259 mmol) in THF (5 mL) in a round bottdlask, an ag.solution of LiOH (31 mg in 2
mL of H,O, 1.29 mmol), 30% aq4®, (1 mL) were added and the reaction mixture wasestiat room
temperature for 12 h. After work up, as mentionedyeneral procedure, the solvent was evaporated
under reduced pressure to afford the intermediatieoxylic acid. The crude carboxylic acid (75 mg,
0.243 mmol) was dissolved in dry @El,; (5 mL) and EiN (0.06 mL, 0.486 mmol) was added to the
mixture with stirring followed by addition of BnB0.04 mL, 0.364 mmol). The reaction mixture was
stirred at room temperature for 24 h, worked upr&mtioned in the general procedure. The crude
residue was purified over silica gel column chravgeaphy (11:1 hexane/EtOAc) to affatd (72 mg,
75%) as pale yellow liquid. TLOR; 0.48 (2:1, hexane/EtOAc)a]3'? = +48.9 ¢ 0.13, CHCIl,). IR
(CH.Cly): 3366 (N-H), 3062, 3029 (=C-H), 2973, 2931 (C-1931, 1700 (C=0), 1651 (C=C), 1498,
1455 (C-H), 1167 (C-0O), 698 (=C—H) ¢mH NMR (400 MHz, CDC}, 25 °Q: 6 = 7.37-7.13 (m,
10H), 5.15-5.04 (m, 2H), 4.30 (d= 7.6 Hz, 1H), 3.94-3.83 (m, 1H), 2.77-2.76Jd; 5.6 Hz, 2H),
2.69-2.59 (m, 1H), 1.94-1.88 (m, 1H), 1.50—1.41 1), 1.38 (s, 9H), 1.17 (d,= 7.2 Hz, 3H) ppm.
3C NMR (100 MHz, CDGJ, 25 °Q: 6 = 176.0, 155.2, 137.8, 136.0, 129.4, 128.5, 128,1 (2C*),
126.3, 79.1, 66.2, 49.7, 41.3, 37.9, 36.4, 28.36 Ipm. HRMS (ESI) m/z [M+N4&]calcd. For
Ca4H31NO,4 420.2145, found 420.2160.

*higher intensity carbon
4.2.9.2. (2R4R)-Benzyl 4-((tert-butoxycarbonyl) amino)-2-methyl-5-phenyl pentanoate (1b)

According to the general procedure described atige 4.2.9, to a solution df-Boc-y-lactam
10b (75 mg, 0.259 mmol) in THF (5 mL) in a round battdask, an aqg.solution of LiOH (31 mg in 2
mL of H,O, 1.29 mmol), 30% aqd®, (1 mL) were added and the reaction mixture wasestiat room
temperature for 12 h. After work up, as mentionedyéneral procedure, the solvent was evaporated
under reduced pressure to afford the intermediatieoxylic acid. The crude carboxylic acid (75 mg,
0.243 mmol) was dissolved in dry @El, (5 mL) and EiN (0.06 mL, 0.486 mmol) was added to the
mixture with stirring followed by addition of BnB0.04 mL, 0.364 mmol). The reaction mixture was

20



stirred at room temperature for 24 h, worked upremtioned in the general procedure. The crude
residue was purified over silica gel column chrargaaphy (11:1 hexane/EtOAc) to affatd (70 mg,
72%) as colorless liquid. TLOR 0.48 (2:1, hexane/EtOAc]a]3'* = -43.7 € 0.13, CHCL). IR
(CH.Cly): 3366 (N-H), 3063, 3029 (=C-H), 2973, 2931 (C-1%29, 1699 (C=0), 1651 (C=C), 1496,
1454 (C-H), 1164 (C-0), 697 (=C—H) ¢mH NMR (400 MHz, CDC}, 25 °Q: 6 = 7.37-7.13 (m,
10H), 5.15-5.04 (m, 2H), 4.30 (d,= 7.6 Hz 1H), 3.96-3.81 (m, 1H), 2.77-2.76 {&; 5.6 Hz, 2H),
2.70-2.56 (m, 1H), 1.95-1.88 (m, 1H), 1.53-1.41 1), 1.38 (s, 9H), 1.17 (d,= 7.2 Hz, 3H) ppm.
3C NMR (100 MHz, CDGJ, 25 °Q: 6 = 176.0, 155.2, 137.8, 136.0, 129.4, 128.5, 12128,1 (2C*),
126.3, 79.1, 66.2, 49.7, 41.3, 37.9, 36.4, 28.36 I9pm. HRMS (ESI) m/z [M+N4a]calcd. for
Ca4H31NO4 420.2150, found 420.2160.

*higher intensity carbon
Conflict of Interest
Declarations of interest: none
Supplementary data

Electronic Supplementary Information (ESI) avaitahTopy of'H and**C NMR spectra ola, 1b, 2a,
2b, 3,4,5,6, 7, 8a, 8b, 9a, 9b, 10a, 10b.

Acknowledgments

This work was supported by the Science and EngmgeResearch Board, Department of
Science and Technology, Govt. of India under tregnumber EMR/2015/001764. The authors are
thankful to Ministry of Human Resource Developm@iHRD), Government of India, Indian Institute
of Technology (IIT) Indore and Council of Sciertifand Industrial Research (CSIR), India for
research student’s fellowship. We also thank Sdighied Instrumentation Centre (SIC), IIT Indore fo

compound characterization facilities.
References

1. M.A. Jordan, L. Wilson. Nat. Rev. Cancer. 4 (20283.
2.  M.W. Khalil, F. Sasse, H. Lunsdorf, Y.A. Elnakady, Reichenbach. ChemBioChem.7 (2006)
678.

21



10.

11.

12.

13.
14.

15.

(a) K.C. Nicolaou, J. Yin, D. Mandal, R.D. Erandke,Klahn, M. Jin, M. Aujay, J. Sandoval, J.
Gavrilyuk, D. Vourloumis. J. Am. Chem. Soc. 138 18D 1698; (b) K.C. Nicolaou, R.D. Erande,
J. Yin, D. Vourloumis, M. Aujay, J. SandovalS. Munneke, J. Gavrilyuk. J. Am. Chem. Soc.
140 (2018) 3690; (c) H.M. Peltier, J.P. McMahon\A.Patterson, J.A. Ellman. J. Am. Chem.
Soc. 128 (2006) 16018; (d) O. Pando, S. Dorrer,Preusentanz, A. Denkert, A. Porzel, W.
Richter, L. Wessjohann. Org. Lett. 11 (2009) 5567.

F. Sasse, H. Steinmetz, J. Heil, G. Hofle, H. Remtdach. J. Antibiot. (Tokyoh3 (2000) 879.

(& A. Sandmann, F. Sasse, R. Miller. Chem. Bi@l.(2004) 1071. (b) B.C. Murray, M.T.
Peterson, R.A. Fecik. Nat. Prod. Rep. 32 (2015) 654

H. Steinmetz, N. Glaser, E. Herdtweck, F. SasseRéichenbach, G. Hofle. Angew. Chem. Int.
Ed. 43 (2004) 4888.

G. Kaur, M. Hollingshead, S. Holbeck, V. Schauek&$inove, R.F. Camalier, A. Démling, S.
Agarwal. Biochem. 3396 (2006) 235.

Z. Wang, P.A. McPherson, B.S. Raccor, R. Balackemd&. Zhu, B.W. Day, A. Vogt, P. Wipf.
Chem. Biol. Drug Des. 70 (2007) 75.

J. Eirich, J.L. Burkhart, A. Ullrich, G.C. Rudoi. Vollmar, S. Zahler, U. Kazmaier, S.A. Sieber.
Mol. Biosyst.8 (2012) 2067.

(a) J.A. Reddy, R. Dorton, A. Dawson, M. Vetzel,Parker, J.S. Nicoson, E. Westrick, P.J. Klein,
Y. Wang, I.R. Vlahov, C.P. Leamon. Mol. Pharm. 6(9) 1518; (b) |.R. Vlahov, Y. Wang, P.J.
Kleindl, C.P. Leamon. Bioorg. Med. Chem. Lett. (2®08) 4558; (c) C.P. Leamon, J.A. Reddy,
M. Vetzel, R. Dorton, E. Westrick, N. Parker, Y. Mg |. Vlahov. Cancer Res. 68 (2008) 9839.
A. Domling, B. Beck, U. Eichelberger, S. Sakam8i, Menon, Q.Z. Chen, Y. Lu, L.A.
Wessjohann. Angew. Chem. Int. Ed. 45 (2006) 723&%geéw. Chem. Int. Ed. 46 (2007)
2347) (corrigenda).

T. Shibue, T. Hirai, I. Okamoto, N. Morita, H. Madu Azumaya, O. Tamura. Tetrahedron Lett.
50 (2009) 3845.

G.K. Friestad, J.C. Marié, A.M. Deveau. Org. L6ét{2004) 3249.

X.D. Yang, C.M. Dong, J. Chen, Y.H. Ding, Q. Liu,YX Ma, Q. Zhang, Y. Chen. Chem. Asian J.
8 (2013) 1213.

B. Raghavan, R. Balasubramanian, J.C. Steele,$atkett, R.A. Fecik. J. Med. Chem. 51 (2008)
1530.

22



16.

17.
18.
19.
20.
21.
22.
23.
24,
25.

26.

27.
28.

29.

30.

31.
32.

(a) S.P. Shankar, M. Jagodzinska, L. Malpezzi, &zzhri, I. Manca, I.R. Greig, M. Sani, M.
Zanda. Org. Biomol. Chem. 11 (2013) 2273; (b) Arich, J. Herrmann, R. Muller, U. Kazmaier.
Eur. J. Org. Chem. 36 (2009) 6367; (c) A. Ullrich, Chai, D. Pistorius, Y.A. Elnakady, J.E.
Herrmann, K.J. Weissman, U. Kazmaier, R. Mullergéw. Chem. Int. Ed. 48 (2009) 4422; (d)
P. Wipf, T. Takada, M.J. Rishel. Org. Lett. 6 (2D@857.

S. Chandrasekhar, B. Mahipal, M. Kavitha. J. Orgei@. 74 (2009) 9531.

D. Becker, U. Kazmaier. J. Org. Chem. 78 (2013) 59.

Y. Park, M. Sim, T.S. Chang, J.S. Ryu. Org. Bion@iem. 14 (2016) 913.

W. Tao, W. Zhou, Z. Zhou, C-M. Si, X. Sun, B-G. We&etrahedron.72 (2016) 5928.

H.C. Brown, B.C. Subba Rao. J. Am. Chem. Soc. 886} 5694.

H.C Brown, R. Liotta, G.W Kramer. J. Am. Chem. Sb@1 (1979) 2966.

H.C. Brown, E.F. Knights, C.G. Scouten. J. Am. Ch&wc. 96 (1974) 7765.

H.C. Brown, J.C. Chen. J. Org. Chem. 46 (1981) 3978

(a) B. Kitir, M. Baldry, H. Ingmer, C.A. Olsen. Tahedron 70 (2014) 7721; (b) W. Ye, D. Leow,
S.L.M. Goh, C.T. Tan, C.H. Chian, C.H. Tan. Tetcoa Lett. 47 (2006) 1007.

(a) D.J. Lapinsky, S.C. Bergmeier. TetrahedronZ®2) 7109; (b) Lu P. Tetrahedron. 66 (2010)
2549; (c) X. Chu, H. Chang, W. Gao, W. Wei, X. Chin. J. Org. Chem. 37 (2017) 2569.

S.H. Bertz, C.P. Gibson, G. Dabbagh, G. Tetraheteth 28 (1987) 4251.

(a) B.H. Lipshutz. Synthesis (1987) 325; (b) B.Hpdhutz, R. Moretti, R. Crow. Org. Synth. 69
(1990) 80.

B.H. Lipshutz. In Organocopper Reagents: A Practigaproach; R.J.K. Taylor, Ed.; Oxford
University Press: Oxford, UK, 1994; Vol.59, p. 105.

(&) J.M. Shikora, S.R. Chemler. Org Lett. 20 (202833; (b) C. Tejo, Y.F.A. See, M. Mathiew,
P.W.H. Chan. Org. Biomol. Chem. 14 (2016) 844.

G. Martelli, M. Orena, S. Rinaldi, P. Sabatino. AumiAcids. 39 (2010) 489.

P.S. Shankar, S. Bigotti, P. Lazzari, |. Manca,3yiga, M. Sani, M. Zanda. Tetrahedron Lett. 54
(2013) 6137.

23



L egends
Table 1. Regioselective ring opening dB)¢2-Benzyl-1-tosylaziridine4).
Fig. 1. Structure of tubulysin family of antimitotic agsnt
Fig. 2. Stereochemical assignmentsSafand8b through'H-'H COSY and NOESY studies.
Scheme 1. Retrosynthetic analysis dFBoc-Tup-OBn (a) andN-Boc-epi-Tup-OBn (1b).

Scheme 2. Synthesis of$)-2-benzyl-1-tosylaziridined). Reagents and conditions (i) NaBH,
THF, 0 °C to reflux, 24 h, 96% (ii) B, TsCl, CRCN, 0 °C to rt, 1 h, 85%.

Scheme 3. Synthesis oN-tosyl-1,4-amino alcohol2a—b and7. Reagents and conditions (i) a. 9-
BBN, THF, rt, 12 h b. 2 M NaOH, #D,, 0 °C to rt, 12 h, 90%@r=2 :1 (ii) BogO, DMAP, CHCl,,
rt, 2 h, 97% (iii) a. 9-BBN, THF, rt, 12 h b. 2 MalH, HO,, 0 °C to rt, 12 h, 70%@r=2:1 (non-
separable).

Scheme 4. Synthesis oN-Boc-Tup-OBn (a). Reagents and conditions (i) PDC, DMF, rt, 13%f6
(ii) Mg, NH4CI, MeOH, reflux, 2 h, 84% (iii) Ba©, DMAP, DCM, rt, 2 h, 96% (iv) a. LIOH, D,
THF:H,O (1:1), rt, 12 h b. BnBr, BN, DCM, rt, 12 h, 75%.

Scheme 5. Synthesis oN-Boc-epi-Tup-OBn (Lb). Reagents and conditions (i) PDC, DMF, rt, 12 h,
83% (ii) Mg, NH,Cl, MeOH, reflux, 2 h, 81% (iii) Ba®©, DMAP, DCM, rt, 2 h, 99% (iv) a. LIOH,
H.0,, THF:H,O (1:1), rt, 12 h b. BnBr, BN, DCM, rt, 12 h, 72%.
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