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Convenient green preparation of dipeptides and
primary amides via carbonic carboxylic
anhydrides and asymmetric synthesis of
memantine analogues as a candidate of anti-
Alzheimer’s medicine
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List of abbreviations

The following abbreviations are used in this paper.

AB amiloyd P

Ac acetyl

Ad adamantyl

AD Alzheimer's disease

Ala alanine

ALS amyotrophic lateral sclerosis

(+)-AMMP (+)-cis-4-(N-adamantyl-N-methylamino)-2,3-methano-2-phenylbutan-1-ol

aq. aqueous

Ar aryl

Asp aspartic acid

Bn benzyl

Boc tert-butoxycarbonyl

br broad singlet (spectral)

°C degrees Celsius

Cbz benzyloxycarbonyl

CDI carbonyldiimidazole

CNS central nervous system

COMU N-[1-(cyano-2-ethoxy-2-oxoethylidenaminooxy) dimethylamino(morpholi-
no)Juronium hexafluorophosphate

Cys cysteine

D dextro

d doublet (spectral)

DCC dicyclohexylcarbodiimide

DIBAL-H diisobutylaluminium hydride

DMF N,N-dimethylformamide

DMSO dimethylsulfoxide

DMT-MM 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride

DPPA diphenylphosphoryl azide

ee enantiomeric excess

eq equivalent

ER endoplasmic reticulum

ESI electronspray ionization

Et ethyl



Fmoc

Gln
Glu
Gly

His
HPLC
HRMS

i-Bu
IBX
i-Pr
IR

Leu
Lys
m

M
m/z
MAO
Me
Met
mol
Ms
4-NBsOXY
NMR
Ns
PB
Ph
Phe
Phg
PPL

9-fluorenylmethyloxycarbonyl
gram (s)

glutamine

glutamic acid

glycine

hour (s)

histidine

high performance liquid chromatography
high resolution mass spectrum
hertz

iso-butyl

2-iodoxybenzoic acid

iso-propyl

infrared

coupling constant (in NMR)

levo

liter (s)

leucine

lysine

milli, multiplet (spectral)

moles per liter

mass to change ratio (in mass spectrometry)
monoamine oxidase

methyl

methonine

mole (s)

methanesulfonyl

ethyl 2-cyano-2-(4-nitrophenylsulfonyloxyimino)acetate
nuclear magnetic resonance
4-nitrobenzenesulfonyl

phosphate buffer (1/15 M, pH 7.0)
phenyl

phenylalanine

phenylglycine

porcine pancreas lipase

quartet (spectral)

room temperature



s singlet (spectral)

Ser serine

t triplet (spectral)

TBPB tert-butyl peroxybenzoate
t-Bu tert-butyl

TCT 2,4,6-trichloro[1,3,5]-triazine (cyanuric chloride)
TFA trifluoroacetic acid

THF tetrahydrofuran

Thr threonine

TLC thin-layer chromatography
T™MS tetramethylsilane

TOF time-of-flight

Trp tryptophan

Trp(5-OH) 5-hydroxytryptophan

Ts p-toluenesulfonyl

Tyr tyrosine

Tyr(3-I) 3-iodoxytyrosine
Tyr(3-OH) 3-hydroxytyrosine

Val valine

VA zusammen

o chemical shift in parts per million downfield from tetramethylsilane
n micro
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Introduction

The green chemistry meaning "the environment-conscious chemistry" is an attractive topic for
scientific technology because environmental pollution has become a serious global issues. Since the
Nobel Prize in Chemistry was won in the areas of the catalytic enantioselective reactions that were
largely seen as a green chemistry in both 2001 (Knowles,! Noyori,? Sharpless?) and 2005 (Chauvin,*
Grubbs,> Schrock®), they have made remarkable progress. In particular, development of
organocatalysts and their application to asymmetric syntheses are considerable efforts. The
intramolecular aldol reaction catalyzed by proline as an organocatalyst was initially reported by
Hajos,” and its intermolecular type was discovered by List.® Recently, effective approaches using
peptide-derived organocatalyst for asymmetric reactions were also developed by many groups.’ o-
Amino acids and their derivatives are commercially available chiral catalyst and play an important
role in the fields of chemical and biological reserches.!? On the other hand, it is difficult to synthesize
the catalysts prepared from a-amino acid derivatives because of the problems such as protection of
functional group, racemization or epimerization, side reaction, and low solubility in organic solvent.'!
Development of catalytic synthetic method for chiral compounds has strongly been desired in terms
of keeping green.

Under those background, our group is aiming at development of green organic reaction and the
synthetic method of bioactive substances containing a chiral cyclopropane skeleton. As the results, the
regioselective acetylation using porcine pancreas lipase (PPL) (Scheme 1),!? and the catalytic
enantioselective Simmons-Smith reaction using L-phenylalanine-derived chiral ligand (Scheme 2),'3

14b via mixed

and preparations of dipeptides,'*® 14¢ primary amides'# 4% and acetaminophen analogues
carbonic carboxylic anhydrides without racemization or epimerization in the presence of water have
been reported (Scheme 3). Additionally, the convenient syntheses of optically active biological
substances containing a chiral cyclopropane skeleton have been also achieved via the reactions.'>
Among those reactions, the cyclopropanation and the amidation attracted my attention. Although
general amidation is several limitations including expensive coupling reagents, protection of
functional group and unstability of active intermediates in water, the amidation reported by my group

enable to lead not only simple procedure but also utilizing hydrophilic substrate and avoiding

racemization or epimerization. Then, the chiral ligands are cheaply and easily prepared from a-amino

R! /\OAC R 1
h PPL (50 w/w%) h PPL (100 w/w%) }:L
HO OAc R20 ORZ AcO OH

1, 4-dioxane DMSO-PB (1:1)

10 examples R2=H R? = Ac 10 examples
up to 93% up to 95%

Scheme 1. Regioselective preparation of monoacetates using PPL
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Scheme 2. Catalytic enantioselective Simmons-Smith reaction of allyl alcohol in the presence of chiral

lgand derived from L-phenylalanine
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Scheme 3. Convenient synthesis of various amides via mixed carbonic carboxylic anhydrides

acids in five steps and are not C>-symmetrical unlike various chiral ligands'® used for Simmons-Smith
reaction. Herein, I performed further application to synthesis of bioactive substance containing a
cyclopropane skeleton using the reactions. Namely, the two contents; (I) convenient green preparation
of dipeptides and primary amides via carbonic carboxylic anhydrides without racemization;!'” (II)
synthesis of memantine analogues containing a sigma-1 receptor activity as a candidate of anti-

Alzheimer’s medicine'® are described in this paper.



Chapter 1. Amidations of carboxylic acids via mixed carboxylic
carbonic anhydrides

The amide group is one of the most important functional groups in organic chemistry. It is widely
found in various compounds such as proteins, bioactive substances, drugs, and agrochemicals.!®
Therefore, development of convenient amidations has been a challenging subject in organic chemistry.
So far, the convenient syntheses of various biological substance containing a chiral cyclopropane
skeleton have been achieved in my group.!® In the prosses on the synthesis of cyclopropane amino
acids which are a-amino acid derivatives containing a cyclopropane ring, preparation of primary
amides as a key intermediate was succeeded by the reaction of the mixed carbonic carboxylic
anhydride of carboxylic acids with aqueous ammonia solution.

Generally, amides are prepared by reactions of activated carboxylic acids, such as acyl halides,
acyl imidazole, mixed anhydrides, and esters with amines or by reductions of acyl azides and
hydrazides.?’ The reagents, such as thionyl chloride,?'¢ oxalyl chloride,?!'¢ dicyclohexylcarbodiimide
(DCC),*!'s 21 diphenylphosphoryl azide (DPPA),?'" carbonyldiimidazole (CDI),?! alkyl chlorof-
ormate,”!i 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM),2!b> 21¢
and N-[1-(cyano-2-ethoxy-2-oxoethylidenaminooxy) dimethylamino(morpholino)Juronium hexaf-
luorophosphate (COMU)?'# have often been used for activation of carboxylic acids. In particular, the
mixed carbonic carboxylic anhydrides prepared from the corresponding carboxylic acids are relatively
stable and efficiently reactive with nucleophiles.??

Then, I focused on advantageous property of the mixed carbonic carboxylic anhydride which is
chemically more reactive with amines than alcohols, stable in water at low temperature, and prepared
by simple procedure. Therefore, it would be expected that the mixed carbonic carboxylic anhydrides
of carboxylic acids are easily condensed with the desired hydrophilic parts by the minimal use of
protecting group. Recently, we reported the convenient amidation of the mixed carbonic carboxylic
anhydrides with unprotected o-amino acids under neutral or basic conditions to afford the
corresponding dipeptides easily by crystallization.!*® 14¢ In addition, we have also developed an
amidation using ammonium chloride or aniline derivatives as a nucleophile in the presence of water. !4
14 As scope of substrate tolerance, the synthesis of various amides from carboxylic acids with
unprotected a-amino acids, ammonium chloride and amines in the presence of water are described in

Sections 1-3 of Chapter 1.

Section 1. Convenient green preparation of dipeptides using unprotected o-amino

acids under neutral conditions

Peptides are one of the most important human components and induce various physiological
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Scheme 4. Convenient synthetic method of dipeptides via the mixed carbonic carboxylic anhydrides

Table 1. Solvent effect on the amidation of 3-phenylpropanoic acid 1a with L-phenylalanine 2a in the

presence of ethyl chloroformate®

Ph Ph
0] 1) CICO,Et, Et3N, 30 min ) 0
~ : ~ A o JL 0
Ph OH  2) L-Phe-OH 2a, H,0, 30 min Ph N EtO N
H on " on
la 3aa 4a
Reaction Temp.
Entry Solvent Yield®/%
Step 1) Step 2)
1 ether 0°C rte 87
2 THF 0°C 0°C 97
3 1,4-dioxane rt rt 95
4 DMSO rt 0°Ctort 4
5 DMF rt 0°Ctort 59
6 acetone 0°C 0°C 96
7 acetonitrile 0°C 0°C 93

* All reactions were carried out with 0.50 mmol of 1a, 0.70 mmol of ethyl chloroformate, 1.5 mmol of
triethylamine, and 0.75 mmol of 2a. °Isolated yields. ¢ The reaction time was 3 h.

activities as an element of proteins.?* Therefore, various types of convenient peptide syntheses have
been developed in chemical and biomedical research.?* It is well known that the functional groups
such as hydroxy, amino, and carboxy group on a-amino acids should be protected in order to avoid
production of undesired by-products in the amidation.!! However, the methods using protecting groups
are not environmentally friendly. Herein, the condensation of carboxylic acids with unprotected a-
amino acids via the corresponding mixed carbonic carboxylic anhydrides activated with ethyl
chloroformate in the presence of triethylamine was described (Scheme 4).

In a preliminary investigation, the reaction of 3-phenylpropanoic acid 1a with 1.5 equiv of L-
phenylalanine 2a in the presence of 1.4 equiv of ethyl chloroformate and 3.0 equiv of triethylamine in
tetrahydrofuran (THF)-H.O afforded the corresponding amide 3aa in 97% yield as indicated in entry
2 of Table 1. The solvent effect of the reaction was examined as shown in Table 1. The reaction of 1a
and 2a in ether was monitored by TLC in both steps; the second step did not proceed at 0 °C. Therefore,
the second step was performed at rt to afford the corresponding amide 3aa in 87% vyield (entry 1). In
the case of using dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF) as the solvent, the
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Table 2. Effect of the quantity of ethyl chloroformate on the amidation of 3-phenylpropanoic acid 1a

with L-phenylalanine 2a®

Ph Ph
0] 1) CICO,Et, Et3N, THF, 30 min /\)CJ)\ j\
(0] (0]
PhA)J\ OH 2)L-Phe-OH 2a, H,0,30 min  Ph N EtO” "N
H OH H OH
la 3aa 4a
Reaction Temp.
Entry CICO:Et Yield®/%
Step 1) Step 2)
1 1.1eq 0°C 0°C 96
2 l.4eq 0°C 0°C 97
3 2.0eq 0°C 0°C 97
4 1.4 eq 0°C 0°Ctort 94
5 1.4 eq 0°Ctort 0°Ctort 95

 All reactions were carried out with 0.50 mmol of 1a, ethyl chloroformate, 1.5 mmol of triethylamine, and
0.75 mmol of 2a. ®Isolated yields.

yield of 3aa decreased to 4% and 59%, respectively (entries 4 and 5). The reactions using 1,4-dioxane,
DMSO, and DMF as the solvent were carried out at rt in order to avoid freezing. Amidation of 1a with
2a proceeded in THF, 1,4-dioxane, acetone, and acetonitrile to give 3aa in 93-97% yields (entries 2,
3, 6 and 7). A small amount of N-ethoxycarbonyl-L-phenylalanine 4a was detected as a by-product on
the basis of *H NMR analysis in all entries of Table 1. It is assumed that 4a is mainly produced by the
reaction of 2a with the remaining ethyl chloroformate (Scheme 4).

Next, the effect of the quantity of ethyl chloroformate on the amidation was examined and the
results are summarized in Table 2. Carboxylic acid 1a was efficiently coupled with 2a to afford 3aa
in 94-97% yields, and a small amount of the by-product 4a was detected by '"H NMR analysis in all
entries of Table 2. The optimized conditions for preparing 3aa were treatment of 1a with 1.4 equiv of
ethyl chloroformate and 3.0 equiv of triethylamine in THF at 0 °C, followed by addition of 1.5 equiv
of 2a in H>O at 0 °C (entry 2 of Table 2).

Subsequently, I checked the effect of various activating reagents on the amidation of 1a with 2a
and the results are shown in Table 3. The reactions of 1a with 2a using methyl chloroformate afforded
the corresponding amide 3aa in 82% yield (entry 1). In contrast, 2a reacted with the mixed carbonic
carboxylic anhydrides prepared from 1a and ethyl, isopropyl or isobutyl chloroformate to give the
corresponding amide 3aa in 97%, 96%, and 94% yields, respectively (entries 2-4). I decided to use
ethyl chloroformate as the activating reagent because the yield of 3aa in the reaction with ethyl
chloroformate was similar to those with isopropyl and isobutyl chloroformates, while ethyl
chloroformate is cheaper than isopropyl and isobutyl chloroformates.

Then, Table 4 shows the results of the reactions of 1a with several kinds of a-amino acids 2a-2j. I

selected L-Phe-OH 2a, L-Phg-OH 2b, L-Trp-OH 2i and L-His-OH 2j as aromatic a-amino acid, L-Val-

9



Table 3. Effect of activating reagent on the amidation of 3-phenylpropanoic acid la with L-

phenylalanine 2a®

o) 1) CICO,R, EtgN, THF, 0 °C, 30 min o) Ph
Ph/\)J\OH 2) L-Phe-OH 2a, H,0, 0 °C, 30 min Ph/\)L HL]?O
la 3aa OH
Entry R Yield®/%
1 Me 82
2 Et 97
3 i-Pr 96
4 i-Bu 94

* All reactions were carried out with 0.50 mmol of 1a, 0.70 mmol of alkyl chloroformate, 1.5 mmol of
triethylamine, and 0.75 mmol of 2a. ° Isolated yields.

OH 2c¢ and L-tert-Leu-OH 2d as chain-branched o-amino acid, and L-Glu-OH 2e, L-GIn-OH 2f, L-Thr-
OH 2g and 1L-Met-OH 2h as a-amino acid containing another functional group. The amidation of 1a
with 2a proceeded efficiently to give the corresponding amide 3aa in excellent yield. Amide 3ab was
obtained in 89% yield by the reaction of 1a with 2b. Amino acids 2¢ and 2d were reacted with the
activated 1a to afford the corresponding amides 3ac and 3ad in excellent yields in spite of sterically
hindered side-chain such as isopropyl and fert-butyl groups. The coupling reaction of 1a and 2e
containing the carboxy group gave the corresponding amide 3ae in lower yield with the recovered 1a
because of the solubility in the reaction solution. In contrast, the amidation of 1a with 2f containing
the amide group proceeded smoothly to afford the corresponding amide 3af in 85% yield because 2f
is highly soluble in water. Amides 3ag and 3ah were prepared in 85% and 87% yields from 2g
containing a hydroxyl group and 2h containing a sulfide group, respectively. Amino acid 2i possessing
indole moiety was converted into the corresponding amide 3ai in 86% yield. The reaction with 2j gave
N-ethoxycarbonylimidazolylamide 3aj in 19% yield due to nucleophilic nitrogen atom on the
imidazole moiety.

Next, the results of the condensation of N-protected L-phenylalanines Sa-5¢ with several types of
unprotected a-amino acids 2a and 2¢-2j via the corresponding mixed carbonic carboxylic anhydrides
are shown in Table 5. I examined the effect of the protecting group on the N-terminal of the starting
a-amino acids. I selected benzyl carbamate (Cbz), tert-butyl carbamate (Boc), and 9-fluorenylmethyl
carbamate (Fmoc) as protecting group for the starting a-amino acids 5a, Sb, and 5S¢, respectively. The
reaction of Cbz-L-Phe-OH 5a with L-Val-OH 2c¢ afforded the corresponding dipeptide 6ac in 75%
yield, and Boc-L-Phe-OH 5b was reacted with 2¢ to give the corresponding dipeptide 6be in 82% yield.
The dipeptide 6¢cc was obtained by the reaction of Fmoc-L-Phe-OH 5S¢ with 2¢ in 77% yields. Generally,
Boc group is cleavaged by strong acids such as HCl, trifluoroacetic acid (TFA), or p-toluenesulfonic
acid (TsOH), providing +~BuOH or isobutylene and CO; as the by-products. It is well known that ferz-

butylcation generated from deprotection of Boc group react readily with electron rich side-chain
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Table 4. Amidation of 3-phenylpropanoic acid 1a with a-amino acids 2 without protection of C-

terminals?
Q 1) CICO,Et, Et3N, THF, 0 °C, 30 min o R?
24 31\ ' ’
Ph/\)J\OH 2 0 : Ph/\)J\N °
2) R O , H,0, 0°C, 30 min N
la 3a OH
H,N  OH
2

Amide 3a: Yield®

Ph
o) O Ph o) o)
o o
Ph/\)J\N © Ph/\)J\N/'\(O Ph/\)J\N Ph/\)J\H
H on H on H on OH

3aa: 97% 3ab: 89% 3ac: 89% 3ad: Quant.
OH
o COOH (0] CONH, (0] /\i SMe
o 0] (0]
Ph/\)J\N © Ph/\)J\N Ph/\)J\N Ph N
H' on H o on H o on OH
3ae: 59% 3af: 85% 3ag: 85% 3ah: 87%
H O
N
| EtOJ\N/\\
N
O O =
0]
Ph/\)J\N Ph /\)J\N O
H o oH H
3ai: 86% 33j: 19%°

* All reactions were carried out with 0.50 mmol of 1a, 0.70 mmol of ethyl chloroformate, 1.5 mmol of
triethylamine, and 0.75 mmol of 2.  Isolated yields. ¢ The N-ethoxycarbonyl derivative was obtained.

of a-amino acids (Cys, Met, Thr, Ser, and Trp).> I was concerned about racemization under basic
conditions although Fmoc group is cleavaged by weak bases such as NaHCOj3, piperidine, and
morpholine. On the other hand, deprotection of Cbz group is usually carried out with hydrogenation
using Ho/Pd-C under mild conditions. Hence, I decided to check the variety of the reaction using Cbz
group.

The yield of the dipeptide 6ad was slightly lower due to bulky side-chain on L-tert-Leu 2d. The
reaction of Sa with L-Glu-OH 2e did not proceed well because of the solubility, while the dipeptide
6af was synthesized from 5a and L-GIn-OH 2f in 87% yield. The two 'H NMR spectra of the
diastereomers 6aa and 6aa’ prepared from the reactions of Sa with the enantiomers L-Phe-OH 2a and
D-Phe-OH 2a’ in 80% and 81% yield, respectively, showed no epimerization under the optimized
reaction conditions. Subsequently, I tried to run the reactions of L-Thr-OH 2g, L-Met-OH 2h and 1-
Trp-OH 2i. Amino acid Sa reacted with 2g and 2i to afford the corresponding dipeptides 6ag and 6ai
in 81% and 78% yields, respectively. The yield of the dipeptide 6ah synthesized from 5a and 2h
containing sulfide group was 65%. In the case of L-His-OH 2j containing the imidazole moiety, the
reaction gave N-ethoxycarbonyl dipeptide 6aj in 21% yield.

Finally, I applied this method to various N-Cbz a-amino acids 5d-5i, and the results are shown in

11



Table 5. Synthesis of dipeptides 6 without protection of C-terminals in a-amino acids 22

Ph O

2
P-HN oHn 2 R

1) CICO,Et, EtsN, THF, 0 °C, 30 min

O , H,0, 0°C, 30 min

HN , OH

Ph O R?

N

6OH

Dipeptide 6: Yield®

Ph O

O
N

Cbz-HN H OH

6ac: 75%

Ph O

O
N

Cbz-HN H OH

6ad: 68%
Ph O Ph
S)k o
N
H
Cbz-HN OH
6aa: 80%

Ph O SMe
\)J\ O
N
H
Cbz-HN OH
6ah: 65%

Ph O
\)k o
N
Boc-HN H OH
6bc: 82%

Ph O COOH
\)J\ 0

N

H

Cbz-HN OH
6ae: 36%

Ph O i

N

Cbz-HN H OH

6aa': 81%

Ph O

O
N

Cbz-HN H OH

6ai: 78%

Ph O
K')L o
N
H

Fmoc-HN OH

6ce: 77%

Ph O CONH,
S)L o

N

H

Chz-HN OH
6af: 87%

<

N
Cbz-HN ' OH
6aj: 21%°

@ All reactions were carried out with 0.50 mmol of 5, 0.70 mmol of ethyl chloroformate, 1.5 mmol of
triethylamine, and 0.75 mmol of 2.  Isolated yields. ¢ The N-ethoxycarbonyl derivative was obtained.

Table 6. The reaction of Cbz-Gly-OH 5d with L-Phe-OH 2a proceeded to afford the corresponding

dipeptide 6da in 75% yield, and Cbz-L-Ala-OH Se reacted with 2a to provide the corresponding
dipeptide 6ea in 79% yield. Cbz-L-Val-OH 5f and Cbz-L-Leu-OH 5g as chain-branched a-amino acids

were converted to the corresponding dipeptides 6fa and 6ga in 71% and 76% yields, respectively.
Dipeptide 6ha was synthesized from Cbz-L-Met-OH 5h and 2a in 70% yield. The activated Cbz-L-

Trp-OH Si coupled easily with 2a to produce the dipeptide 6ia in 85% yield because of the

intramolecular n-n stacking interaction®® between phenyl and indole moieties in 5i.

12



Table 6. Application to synthesis of various dipeptides 6 with N-Cbz a-amino acids 5 and L-

phenylalanine 2a®

Ph
O
RI O 1) CICO,Et EtN, THF, 0 °C, 30 min Rl o
N
o .
coz-HN _ OH 2) L-Phe-OH 23, H,0,0°C, 30 min | 2 o
Dipeptide 6: Yield®
Ph Ph
O O O Ph
Ao Ao )\A 0
N N N
H H H
Cbz-HN OH Cbz-HN OH Cbz-HN OH
6da: 75% 6ea: 79% 6fa: 71%
H
Ph MeS Ph N Ph
o) € 0 | ] o
O O @)
N N N
H H H
Cbz-HN OH Cbz-HN OH Cbz-HN OH
6ga: 76% 6ha: 70% 6ia: 85%

 All reactions were carried out with 0.50 mmol of 5§, 0.70 mmol of ethyl chloroformate, and 1.5 mmol of
triethylamine, and 0.75 mmol of 2a. ° Isolated yields.

Section 2. Ecological base-conditioned preparation of dipeptides using unprotected

a-amino acids containing hydrophilic side chains

It was described that the yields of amide 3ae and dipeptide 6ae prepared from carboxylic acid with
L-Glu-OH 2e were decrease in low to moderate yields in Section 1. The use of L-Glu-OH as
unprotected a-amino acid is not suitable in the amidation under neutral conditions because of its acidity
and solubility.

a-Amino acids containing nucleophilic side chains such as hydroxy, mercapto, and carboxy groups
also react easily with electrophiles in these side chains as undesired side reactions. Therefore, it is
necessary for synthesis of peptides to protect not only the N-terminals of a-amino acids and the C-
terminals of the other reactants but also the nucleophilic side chains in order to avoid the undesired
side reactions. In this Section, amidation of carboxylic acids with unprotected a-amino acid containing
hydrophilic moiety under basic conditions was examined (Scheme 5).

In a preliminary investigation, a clear solution of 3-phenylpropanoic acid 1a and 1.5 equiv of
unprotected a-amino acids 2e, 2f and 2k-2m containing another hydrophilic moiety as a side chain in
aqueous THF under neutral conditions was reacted to afford the corresponding amides 3ae, 3af and
3ak-3am as indicated in Table 7. The reactions of 1a with unprotected a-amino acids 2k and 21

containing hydroxy and mercapto groups gave the corresponding amides 3ak and 3al in 90% and 87%

13



RZ O

Rl o CICO,Et Q j’\ 2 i i j\ v
1 H,N  OH R o o
>_/< EtsN RW)\O OEt 2 \HJ\N/k"// + EtO N/'\"//
P-HN OH THF P-HN THF'HZOv base P-HN H OH H OH
5 6 ‘

Scheme 5. Convenient condensation of N-protected a-amino acids with unprotected o-amino acids

containing hydrophilic side chains under basic conditions

Table 7. Amidation of 3-phenylpropanoic acid 1a with unprotected a-amino acids 22
O

. 0O R?
1) CICO,Et, EtsN, THF, 0 °C, 30 min
o)
Ph/\)J\OH 2) R2 Ph/\)J\N/'\f
H
< 3 OH

O , H,0, 0 °C, 30 min

la
H,N _ OH
2% 2
Amide 3: Yield®
OH
OH SH
(0] (0] (0]
OH H OH OH
3ak: 90% 3al: 87% 3am: 19%
(0] COOH (0] CONH,
(0]
Ph/\)J\N © Ph/\)J\N
H OH H OH
3ae: 59% 3af: 85%

2 All reactions were carried out with 0.50 mmol of 1a, 0.70 mmol of ethyl chloroformate, and 1.5 mmol of
triethylamine, and 0.75 mmol of 2. ® Isolated yields.

yields, respectively. The amide 3am was obtained by the reaction of 1a with 2m containing aromatic
hydroxy group in 19% yield due to low solubility of 2m in H>O. The acid 1a was smoothly reacted
with 2f containing amide group to give the corresponding amide 3af in 85% yield. In contrast, the
coupling reaction of 1a with 2e containing carboxy group gave the corresponding amide 3ae in
moderate yield. It is suggested that the amino group does not work well as a nucleophile due to
protonation by the carboxy group of 2e. Unprotected a-amino acids 2Kk, 21, and 2f are easily dissolved
in H>O, but the solubility of 2m and 2e in H,O is low despite possession of hydrophilic side chains. A
small amount of N-ethoxycarbonyl a-amino acids 4e, 4f and 4k-4m were observed as a by-product on
the basis of '"H NMR analysis in all entries of Table 7.

Subsequently, I tried to resolve the problems in 3am and 3ae of Table 7. The amidation of 3-
phenylpropanoic acid 1a with L-Glu-OH 2e was examined under acidic and basic conditions and the

results are summarized in Table 8. The reaction of 1a with 2e in aqueous HCI gave the corresponding
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Table 8. Effect of additives on the amidation of 3-phenylpropanoic acid 1a with L-Glu-OH 2e*

J 1) CICO,Et, Et;N, THF, 0 °C, 30 min /\)CJ)\ /QSOOH
Ph OH  2) L-GIu-OH 2e, additive, H,0, 0°C, 30 min ~ Ph N
la 3ae OH
Entry Additive pH Yield®/%

1 HCl 1.0 5
2 Free 4.5 59
3 NaHCO3 6.5 90
4 NaOH 7.5 93
5 NayCO3 8.0 92
6 K>CO;s 9.0 93
7¢ K>CO3 12.0 36

 All reactions were carried out with 0.50 mmol of 1a, 0.70 mmol of ethyl chloroformate, and 1.5 mmol of
triethylamine, 0.75 mmol of 2e, and 0.75 mmol of an additive. ® Isolated yields. © The pH value of the
solution of 2e and additive in 10 ml of H,O was measured with pH-test paper. ¢ The reaction was carried
out with 20 mmol of K,CO:s.

amide 3ae in 5% yield, which was obviously decreased (entry 1). In contrast, 1a reacted with 2e under
the basic conditions in the presence of NaHCOj to afford 3ae in 90% yield (entry 3). The amide 3ae
was obtained in 93% yield by the reaction using NaOH as a base (entry 4). The amidations in the
presence of Na,CO3 and K»,COs, which are stronger bases than NaHCO3, gave 3ae in 92% and 93%
yields, respectively (entries 5 and 6). In the presence of an excess amount of K»CO3, the reaction of
1a with 2e proceeded in 36% yield (entry 7). I judged that NaHCOj is better among these bases in the
reaction by considering safety and handling.

A possible pathway of the amidation via the mixed carbonic carboxylic anhydride 7 is shown in
Scheme 6. The carboxylic anhydride intermediate 8 is generated under the neutral conditions from the
corresponding mixed carbonic carboxylic anhydride 7 by the nucleophilic attack of a-amino acid 2.
The free amine of 8 works as a good nucleophile and the corresponding product 3a is formed by the
intramolecular reaction of 8 via the five-membered transition state (entries 3-6 in Table 8). The
reaction rate is very slow under the acidic conditions due to the protonation of the nitrogen atom of 8-
H* (entry 1 in Table 8). Then, the mixed carbonic carboxylic anhydride 7 reacts directly under the
basic conditions with the amine part of 2 to give the corresponding product 3a.

Next, I tried to synthesize the amides 3a using 3-phenylpropanoic acid 1a with several kinds of
unprotected a-amino acids 2e, 2f and 2k-2m in an aqueous NaHCOj solution as collected in Table 9.
The coupling reaction of 1a with L-Ser-OH 2k proceeded smoothly to give the corresponding amide
3ak in 93% yield. L-Cys-OH 21 was converted to the corresponding amide 3al in 96% yield. Although
the amidation of 1a with L-Tyr-OH 2m afforded the corresponding amide 3am in 25% yield under the
basic conditions using NaHCO3, 2m reacted efficiently with 1a to give 3am in 86% yield under the
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Scheme 6. Possible pathway of the amidation via the mixed carbonic carboxylic anhydride 7

Table 9. Amidation of 3-phenylpropanoic acid 1a with unprotected a-amino acids 2 under the basic

conditions using NaHCO3?
O (o) RZ

1) CICO,Et, EtsN, THF, 0 °C, 30 min
o

O , NaHCO3, H,0, 0 °C, 30 min

- H,N _ OH s o
272
Amide 3: Yield®?
OH
OH H
(0] (@] S (@]
(@) (@)
Ph/\)J\N Ph/\)J\N © Ph/\)J\H
H o on i on OH
3ak: 93% 3al: 96% 3am: 25% (86%)°
(@] COOH (@] CONH,
(@]
Ph/\)J\N © Ph/\)J\N
H o on H o oH
3ae: 90% 3af: 83%

 All reactions were carried out with 0.50 mmol of 1a, 0.70 mmol of ethyl chloroformate, and 1.5 mmol of
triethylamine, 0.75 mmol of 2, and 0.75 mmol of NaHCO:s. ° Isolated yields. ¢ NaOH was used instead of
NaHCO:s.

basic conditions using NaOH. In the case of using NaHCO3 as a base, 2m is hardly dissolved in H,O
as well as the neutral conditions. It is suggested that the solubility of 2m is improved by the production

of sodium phenoxide in an aqueous NaOH solution, and that 2m works as a good nucleophile in the
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Table 10. Synthesis of dipeptides 6 with Cbz-L-Phe-OH 5a and unprotected a-amino acids 2 under the

basic conditions?

Ph O R?
Ph O 1) CICO,E, Et3N, THF, 0 °C, 30 min o
N
2 o -
Chz-HN - oH 2 R O , NaHCO3, H,0, 0 °C, 30 min Cha-HN 6H o
a
H,N , OH
Dipeptide 6: Yield®
Lf Lf J\? >
Cbz- HN OH Cbz- H Cb bz- HN
6ak: 82% 6al: 86% 6am: 73%° 6ae: 87% (81%)d
OH
COOH
Ph O COOH Ph o CONH, Ph O O OH
O O
N H
Cbz-HN OH Cbz-H H OH OH OH
6a'e: 85%° 6af. 83% 6an: 74% 6a0: 68%°
H
OH N
||
Ph O Ph O OH
O O
N N
H H
Cbz-HN OH Cbz-HN OH
6ap: 74%° f 6aq: 76%%

@ All reactions were carried out with 0.50 mmol of 5a, 0.70 mmol of ethyl chloroformate, and 1.5 mmol of
triethylamine, 0.75 mmol of 2, and 0.75 mmol of NaHCOs. ° Isolated yields. ¢ NaOH was used instead of
NaHCO3z. 5.0 mmol (1.5 g) of 5a was used. ¢ This reaction was carried out with Cbz-p-Phe-OH 5a’. f
Isobutyl chloroformate was used instead of ethyl chloroformate.

second step of the reaction. The amide 3af was prepared from 1a with L-GIn-OH 2f in 83% yield,
which is similar to that of the reaction under the neutral conditions.

Then, I attempted to prepare dipeptides from Cbz-L-Phe-OH 5a and various unprotected a-amino
acids 2 and these results were indicated in Table 10. L-Asp-OH 2n, L-Tyr(3-OH)-OH 2o, L-Tyr(3-I)-
OH 2p, and L-Trp(5-OH)-OH 2q were added to the substrates containing aromatic alcohols as a side
chain. The dipeptide 6ak was synthesized from 5a and L-Ser-OH 2k containing a hydroxy group in
82% yield. The reaction of 5a with L-Cys-OH 2I containing a mercapto group proceeded sufficiently
to give the corresponding dipeptide 6al in 86% yield. L-Tyr-OH 2m containing a phenolic hydroxy
group reacted with the activated form of 5a to afford 6am in 73% yield. L-GIn-OH 2e is most soluble
in H,O among them and was converted to produce 6af in 83% yield. Absence of racemization under
the reaction conditions was investigated using Cbz-L-Phe-OH 5a and Cbz-D-Phe-OH 5a’ as follows.

The dipeptides 6ae and 6a’e were synthesized as a single diastereomer by the reactions of 5a and 5a’
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Table 11. The coupling reaction of N-protected a-amino acids 5 and unprotected a-amino acids 2 under

the basic conditions?

Ry O 1) CICO,Et, EtzN, THF, 0 °C, 30 min RL o
N
2 .
P-HN 5 OH 2) R O , NaHCO3, Hzo, 0 OC, 30 min P-HN 6H OH
H,N , OH
Dipeptide 6: Yield®
OH
O
O
N
Cbz-HN OH Cbz-HN Cbz-H bz HN
6ek: 79% 6el: 89% 6em: 71%° 6fk: 81%
SH
O
(@]
N
Cbz-HN OH Cbz-HN Cbz-H OH Cbz-H
6fl: 75% 6fm: 71%° 6hk: 77% 6hl: 78%
OH Cbz-HN
Cbz-HN
6hm: 66% 6je. 76% 6ke. 84%

@ All reactions were carried out with 0.50 mmol of 5, 0.70 mmol of ethyl chloroformate, and 1.5 mmol of
triethylamine, 0.75 mmol of 2, and 0.75 mmol of NaHCOs. ° Isolated yields. ¢ NaOH was used instead of
NaHCO:s.

with L-Glu-OH 2e containing a carboxy group in 87% and 85% yields, respectively. The coupling
reaction of Sa with L-Asp-OH 2n gave the corresponding dipeptide 6an in 74% yield, which is caused
by slightly lower solubility of 2n in H>O than that of 2e. Both a-amino acids 5a and 2o containing a
3,4-dihydroxyphenyl moiety condensed to give 6ao in 68% yield. The formations of the dipeptides
6ap and 6aq by the reactions of 5a from 2p containing 4-hydroxy-3-iodophenyl moiety and 2q
containing 5-hydroxyindole moiety succeeded via the activation of 5a by isobutyl chloroformate in
74% and 76% yields, respectively. The dipeptides 6ap and 6aq were easily separated from the N-
isobutyloxycarbonyl by-products 4p’ and 4q’ by silica gel chromatography. In the case of using ethyl
chloroformate for the activating agent, it was difficult to isolate from the mixtures of the dipeptides
6ap, 6aq and the N-ethoxycarbonyl derivatives 4p, 4q, respectively.

Finally, I examined application to synthesis of various dipeptides 6e, 6f, 6h, 6j, and 6k under the
reaction conditions, and the results are shown in Table 11. Cbz-L-Ala-OH 5e, Cbz-L-Val-OH 5f and
Cbz-L-Met-OH 5h were selected as a N-protected a-amino acid. The reaction of Cbz-L-Ala-OH 5Se
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with L-Ser-OH 2k was carried out to afford the corresponding dipeptide 6ek in 79% yield. The reaction
of Se with L-Cys-OH 21 efficiently proceeded to give 6el in 89% yield. The dipeptide 6em was
synthesized from Se and L-Tyr-OH 2m in 71% yield, which was slightly lower than those of 6ek and
6el. Cbz-L-Val-OH 5f possessing a branched side chain reacted with 2k, 21, and 2m to provide the
corresponding dipeptides 61k, 6fl, and 6fm in 81%, 75%, and 71% yields, respectively. Cbz-L-Met-
OH 5h containing a mercapto group as a side chain was converted by the reactions of unprotected o-
amino acids 2k, 21, and 2m to the corresponding dipeptides 6hk, 6hl, and 6hm in 77%, 78%, and 66%
yields, respectively. Then, I attempted to synthesize the corresponding dipeptide from N-protected o-
amino acids containing hydrophilic side chains as the starting materials with L-Glu-OH 2e. The
dipeptide 6je was synthesized from N-Boc-O-Bn-L-Ser-OH 5j and 2e under basic conditions in 76%
yield. N*-Boc-N¢-Cbz-L-Lys-OH 5k containing bulky side chain was effectively converted into the
corresponding dipeptide 6ke in 84% yield.

Section 3. Amidation of carboxylic acids via the mixed carbonic carboxylic anhydrides and

its application to synthesis of antidepressant (15,2R)-tranylcypromine

The synthesis of primary amide is limited due to disadvantages of using ammonia such as low
nucleophilicity, toxicity, and gas under ordinary conditions. On the other hand, ammonium chloride is
very useful as an ammonia source because it is easy to handle, inexpensive, and safe. Nezhad has
reported the efficient primary amidation of carboxylic acids activated by tosyl chloride (TsCl) and 4.0
equiv of silica-supported ammonium chloride.?” Bhanage achieved the amidation of fert-butyl
peroxybenzoate (TBPB) with ammonia to afford the corresponding primary amide with a
stoichiometric amount of zert-butyl hydroperoxide as the by-product.?® Furthermore, the hydration of
nitriles in the presence of acids,??*2%¢ bases,?*® 2°¢ the transition metal?*2°" and the rearrangement of
oximes using transition metal catalysts3® have been developed as preparations for primary amides.
Recently, interesting synthetic methods such as direct transformation of ethylarenes,?’ methyl
ketones,*? carbinols*? via tandem Lieben-Haller-Bauer reaction, aminocarbonylation of aryl halides
with NH4Cl and Co(CO)s as a carbonyl source,** and amidation of ester using magnesium nitride
(MgsN) as an ammonia source** have also been reported. Excess amounts of ammonia source, high
temperatures, toxic reagents such as transition metals, and/or complicated procedures are required for
synthesis of primary amides.

The synthesis of dipeptide in the presence of ethyl chloroformate and triethylamine under neutral
and basic conditions were described in Sections 1 and 2 of Chapter 1. Primary amidation of the mixed
carbonic carboxylic anhydrides with ammonium chloride as an ammonia source was examined in this

Section. Furthermore, application to synthesis of (15,2R)-(+)-N-Cbz-tranylcypromine 15 via Lossen
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Scheme 7. Amidation via the mixed carbonic carboxylic anhydrides.

Table 12. Primary amidation of 3-phenylpropanoic acid 1a?

o 1) CICO,Et, Et3N, THF, 0 °C, 30 min o
Ph/\)J\OH 2) ammonia source, 0 °C, 30 min Ph/\)J\NHz
la 9a
Entry Ammonia source Yield*/%
1 NH3/MeOHP 85
2 NH4OH/H,0°¢ 85
3 NH4CI/H,O¢ 96
4 MeCO2NH4/H20¢ 97

@ All reactions were carried out with 0.50 mmol of 1a, 0.70 mmol of ethyl chloroformate, 1.5 mmol of
triethylamine, and 0.75 mmol of ammonia source. ? 2.0 mol/L solution in MeOH was used. ¢ 28% aqueous
solution was used. ¢1.0 M aqueous solution was used. © Isolated yield.

rearrangement was also presented (Scheme 7).

In a preliminary investigation, I optimized the conditions of an ammonia source (NH3, NH4OH,
NH4Cl, and MeCO,NH4), and the results are shown in Table 12. Primary amidation of 3-
phenylpropanoic acid 1a with NH3/MeOH and NH4OH/H>O via the mixed carbonic carboxylic
anhydride in THF afforded 3-phenylpropanamide 9a in good yields (entries 1 and 2). The excellent
yields were obtained by the reactions of 1a with NH4Cl and MeCO>NHj (entries 3 and 4). On the basis
of these results, cost, and safety, I selected NH4Cl as the optimal ammonia source.

The results of the primary amidation of several types of carboxylic acids 1a-1o with NH4Cl in the
presence of ethyl chloroformate and triethylamine are collected in Table 13. The reaction of cinnamic
acid 1b as a conjugated carboxylic acid afforded the corresponding primary amide 9b in 79% yield.
4-Methoxycinnamic acid 1¢ containing an electron donating group reacted with NH4Cl to give the
corresponding primary amide 9c¢ in 33% yield. The reaction of pivalic acid 1d proceeded easily to
afford the corresponding primary amide 9d in excellent yield despite a bulky fert-butyl group on 1d.
Although benzamide 9e, 4-nitrobenzamide 9f, and acetylsalicylamide 9g were synthesized from
benzoic acid 1e, 4-nitrobenzoic acid 1f, and acetylsalicylic acid 1g in 64%, 92%, and 56% yields,
respectively, the yield of 4-methoxybenzamide 9h was low. It is suggested that the carbonyl carbon
on the mixed carbonic anhydride of 4-methoxybenzoic acid 1h is deactivated by the strong electron
donating effect of the methoxy group on the aromatic ring. The amidation of 1h with NH4Cl via

activation by isobutyl chloroformate was carried out to afford the corresponding amide 9h in 22%
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Table 13. Primary amidation of carboxylic acids 1 with ammonium chloride®

O 1) CICO,Et, Et3N, THF, 0 °C, 30 min (o)
R OH 2) NH,CI, H,0, 0 °C, 30 min R)J\NH2
1 9

Primary amide 9: Yield®

O (0] O (@]
S
MeO
9a: 96% 9b: 79% 9c: 33% 9d: 87%
(@] O (@] (@]
o O o O
O,N OAc MeO
9e: 64% 9f: 92% 99: 56% 9h: 25% (22%)°
f0) (0] 0] O
| X NH, NNHz G)J\NHZ G)J\NHZ
_N N/ N__~ (@]
9i: 97% 9j: 84% 9k: 95% 9l: 59%
(@] O O
0 S S
9Im: 45% 9n: 42% 90: 45%

@ All reactions were carried out with 0.50 mmol of 1, 0.70 mmol of ethyl chloroformate, 1.5 mmol of
triethylamine, and 0.75 mmol of a 1.0 M aqueous solution of NH4CI. ® Isolated yield. © Isobutyl
chloroformate was used instead of ethyl chloroformate.

yield. The reactions of heteroaromatic carboxylic acid 1i-10 with NH4Cl were also examined. Picolinic
acid 1i, nicotinic acid 1j, and isonicotinic acid 1k were converted into the corresponding primary
amides 9i-9k in 97%, 84%, and 95% yields, respectively. The low electron density of the pyridine ring
contributes to these excellent yields. The primary amides 91-90 were prepared from the corresponding
carboxylic acids 1l-1o containing electron-rich heteroaromatic rings in moderate yields due to
increasing electron density of the carbonyl carbons. Katritzky reported the amidation of carboxylic
acid activated by 1-(methanesulfonyl)benzotriazole and triethylamine with ammonium hydroxide, in
which the primary amides 9f and 9i-91 were obtained in quantitative yields.??® Moreover, syntheses of
the primary amides 9a, 9b, 9d, 9e, and 9h via the activation of carboxylic acids with DMT-MM were
achieved in excellent yields by Kunishima.?!® The yields of the primary amides 9a, 9b, 9d, 9f, and 9i-
9k by my method are similar except for the primary amides 9e, 9h, and 9. It is suggested that the
electrondensity of the expected active carbonyl groups is similar to that of the ethoxycarbonyl group
on the corresponding mixed carbonic carboxylic anhydrides in the cases of primary amides 9¢, 9e, 9g,

9h, and 91-90.
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Table 14. Synthesis of the primary amides derived from N-protected a-amino acids 5°

Rl O 1) CICO,Et, Et3N, THF, 0 °C, 30 min R O
o . 4
P-HN oH 2 NH4CI, H,0, 0 °C, 30 min P-HN NH,
5 10

Primary amide 10: Yield®, ee®

Ph (@) Ph 0] Ph 0] (@)
Cbz-HN NH, Boc-HN NH, Fmoc-HN NH, Cbz-HN NH,
10a: 87%, 97% ee 10b: Quant., >99% ee 10c: 96%, >99% ee 10f: 93%, >99% ee

MeS MeS
(0] (0] @) O
Boc-HN NH, Fmoc-HN NH, Cbz-HN NH, Boc-HN NH,
101: 98%, >99% ee 10m: 98%, >99% ee 10h: 92%, >99% ee 10n: 98%, >99% ee
(0]
MeS H,N
\_3%0 \ O O
Fmoc-HN NH, Cbz-HN NH, Cbz-HN NH,
100: Quant., >99% ee 10e: 79%, >99% ee 10p: 74%, -- ee
H
N
|
(0] 0] BnO @)
Cbz-HN NH, Cbz-HN NH, Boc-HN NH,
10g: 86%, >99% ee 10i: 82%, >99% ee 10j: 87%, >99% ee

* All reactions were carried out with 0.50 mmol of 5, 0.70 mmol of ethyl chloroformate, 1.5 mmol of
triethylamine, and 0.75 mmol of a 1.0 M aqueous solution of NH4Cl. ®Isolated yield.  Determined by HPLC
analysis with a mixture of hexane-isopropanol as an eluent using Chiralcel (1.0 mL/min).

Next, I synthesized the primary amides 10 from the corresponding N-protected a-amino acids 5
without racemization under the optimized conditions and these results are shown in Table 14. Firstly,
I checked the effect of protecting groups such as Cbz, Boc, and Fmoc. The mixed carbonic carboxylic
anhydrides of Cbz-L-Phe-OH 5a, Boc-L-Phe-OH 5b, and Fmoc-L-Phe-OH 5S¢ reacted with NH4Cl to
give the corresponding primary amides 10a, 10b, and 10¢ in excellent yields, and no racemization was
observed. The primary amide 10f was prepared from Cbz-L-Val-OH 5f in 93%. The reactions of Boc-
L-Val-OH 5l and Fmoc-L-Val-OH 5m afforded the corresponding primary amides 101 and 10m in 98%
and 98% yields with >99% ee under the conditions, respectively. Furthermore, the primary amides
10h, 10n, and 100 were obtained in excellent yields by the reactions of Cbz-L-Met-OH Sh, Boc-L-
Met-OH 5n, and Fmoc-L-Met-OH 5o containing a sulfide group. Cbz-L-Ala-OH Se was converted to
the corresponding primary amide 10e in good yield with >99%. The amidation of Cbz-L-GIn-OH 5p
with NH4CI under the conditions gave the corresponding primary amide 10p in 74% yield, but the

enantiomeric excess of 10p was not determined by HPLC analysis because of low solubility of 10p in
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the eluent. The low solubility of 5p possessing the hydrophilic side chain in THF gave a lower yield
of 10p compared to the other primary amides. Cbz-L-Leu-NH; 10g as a branched a-amino acid was
synthesized from Cbz-L-Leu-OH 5g in good yield with >99% ee. The yield of the primary amide 10i
was slightly lower due to the bulky side chain. Boc-O-Bn-L-Ser-OH 5j containing a hydrophilic side
chain was condensed with NH4Cl via the mixed carbonic carboxylic anhydride to afford the
corresponding primary amide 10j in 87% yield, and no racemization was observed in the reaction. The
results of primary amidation of D-a-amino acids 5a’-5¢’, 5e’-5j°, and 5I’-5p° and with NH4Cl were
similar to those of the corresponding L-forms (see Experimental).

Hydroxamic acid is an important building block for many organic compounds. It is generally used
as a starting material for preparation of amines, ureas, and carbamates via Lossen rearrangement. For
the preparations of hydroxamic acids, there are a variety of reported reactions of carboxylic acids with
toxic hydroxylamine using alkyl chloroformate,** with hydroxylamine hydrochloride in the presence
of the expensive coupling reagents such as 2.,4,6-trichloro[1,3,5]-triazine (cyanuric chloride, TCT)3¢
and ethyl 2-cyano-2-(4-nitrophenylsulfonyloxyimino)acetate (4-NBsOXY),?” and so on.?® Tranylcypr-
omine containing a cyclopropylamine skeleton is well known as a monoamine oxidase (MAO)
inhibitor and has been used as an antidepressant medicine. The first synthesis and biological activity
were reported by Burger® and the mechanism of MAO for inhibition has also been elucidated
Silverman.*® We have recently reported synthesis of tranylcypromine via catalytic enantioselective
cyclopropanation in the presence of chiral ligand derived from L-phenylalanine in five steps.'>* The
synthetic method has several disadvantages such the use of toxic, expensive, excessive reagents, and
harsh conditions.

Therefore, I applied the amidation using mixed carbonic carboxylic anhydride to the synthesis of
(1S,2R)-N-Cbz-tranylcypromine 15. I examined the amidation of Cbz-L-Phe-OH S5a with various
amine hydrochlorides 11a-11h for the preparation of N-hydroxy-2,3-methano-3-phenylpropanamide
8 and the results are indicated in Table 15. Ethylamine hydrochloride 11a and 2-phenethylamine
hydrochloride 11b reacted with 5a to afford the corresponding secondary amide 12aa and 12ab in
good yields. The secondary amide 12ac was synthesized from Sa using cyclohexylamine
hydrochloride 11c¢ in 84% yield. The amidation of Sa with 1-adamantanamine hydrochloride 11d
effectively proceeded to afford the corresponding secondary amide 12ad in 87% yield despite
sterically hindered primary amine. Dimethylamine hydrochloride 11e, diethylamine hydrochloride 11f,
and piperidine hydrochloride 11g as a secondary amine were also examined. The amine hydrochlorides
11e, 11f, and 11g worked as a good nucleophile under the conditions to give the corresponding tertiary
amides 12ae, 12af, and 12ag in 85%, 72%, and 84% yields, respectively. The hydroxamic acid 12ah
was synthesized by the reaction of 5a with hydroxylamine hydrochloride 11h in moderate yield.

Finally, I optimized the reaction conditions for the amidation of (25,35)-(+)-2,3-methano-3-
phenylpropanoic acid 13 prepared via two oxidations from (2S,35)-(+)-2,3-methano-3-
phenylpropanol'>? with hydroxylamine hydrochloride 11h and for Lossen rearrangement of (25,3S5)-
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Table 15. Amidation of Cbz-L-Phe-OH 5a with primary or secondary amine hydrochlorides 11a-11h?

Ph (o) 1) CICO,Et, Et3N, THF, 0 °C, 30 min Ph 0
2p3NY- 0 ;
Cbz-HN OH 2) R°R°NH-HCI, H,0, 0 °C, 30 min Cbz-HN NRZR3
11a-11h
5a 12
Amide 12: Yield®
PhMO PhMO Ph (0]
Ph N
Cbz-HN NH-Et Cbz-HN NHI Cbz-HN NHO
12aa: 87% 12ab: 84% 12ac: 84%
Ph—HO Phwo PhMO
Cbz-HN NH@ Cbz-HN /N—Me Cbz-HN /N—Et
Me Et
12ad: 87% 12ae: 85% 12af: 72%
Ph (0] Ph (0]
Cbz-HN <\l:> Cbz-HN NH—OH
12ag: 84% 12ah: 64%

@ All reactions were carried out with 0.50 mmol of 5a, 0.70 mmol of ethyl chloroformate, 1.5 mmol of
triethylamine, and 0.75 mmol of a 1.0 M aqueous solution of amine hydrochlorides 11. ®Isolated yield.

(+)-2,3-methano-3-phenylpropyl hydroxamic acid 14. The reactions of carboxylic acids to amines,
which are well known as Hofmann,*' Curtius,*> Schmidt,* and Lossen** rearrangements, have been
widely used for syntheses of various organic compounds. The main disadvantages of Hofmann
rearrangement are the use of strong base and toxic bromine at high temperature. It is necessary to use
explosive azide for Curtius and Schmidt rearrangements. On the other hand, the reaction conditions
of Lossen rearrangement are milder than those of the other rearrangements. As a result, (25,35)-(+)-
14 was obtained in 82% yield by the amidation of (25,35)-(+)-13 with 11h under the optimized
conditions, followed by Lossen rearrangement of (25,35)-(+)-14 under Miller’s conditions*** to afford
(18,2R)-(+)-N-Cbz-tranylcypromine 15 in 87% yield (Scheme 8). I also tried to prepare (15,2R)-(+)-
15 under the following conditions, but failed. Methanesulfonyl chloride (MsCl), TsCl, and CDI were
used instead of 4-nitrobenzenesulfonyl chloride (4-NsCl), but no better results were observed. The
addition of --BuOH instead of BnOH to the isocyanate intermediate did not work well because of steric
hindrance. The enantiomeric excess of (15,2R)-(+)-15 was not determined by HPLC analysis using
general Chiralcels. Therefore, (1S5,2R)-(+)-15 was deprotected under acidic conditions, followed by
acetylation to afford (1S5,2R)-(+)-N-acetyltranylcypromine 16 in quantitative yield with 82% ee, which
was determined by HPLC analysis using Chiralcel OD as indicated in Scheme 8.
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1) CICO,Et, Et3N, THF,

H
Phy>.. OH  -15°C,10min Ph > N. 4-NsCI, i-PrNEt | Ph >,
i [ "OH Ny

o) 2) 2.0 M ag. NH,OH-HCI, o) THF,0°C, 2 h \C\\o
-15°C,4h
(23,38)-(+)-13 82% (28,38)-(+)-14
81% ee
N7 N-Me 0
BnOH, \—/ Phe > 1) 6.0 M HCl, reflux, 18 h  pr >,  Ac
\l> ,NJJ\OBn \D ‘N°
THF, 35°C,15 h H 2) Ac,0, Et3N, pyridine, H
t, 12h (1S,2R)-(+)-16
87% (1S,2R)-(+)-15 Quant. ’

82% ee

Scheme 8. Preparation of (15,2R)-(+)-N-Cbz-tranylcypromine 15 via Lossen rearrangement
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Chapter 2. Synthesis of memantine analogues containing a sigma-1
receptor activity as a candidate of anti-Alzheimer’s medicine

Sigma receptor has recently attracted attention as a new action site of therapeutic medicine for
several diseases such as amnesia, pain, stroke, retinal neuroprotection, HIV infection, cancer,
amyotrophic lateral sclerosis (ALS), depression, and Alzheimer's disease.* Sigma-1 and sigma-2
receptors, as the two established subtypes, are both highly expressed in the central nervous system
(CNS) and can be distinguished by their distinct pharmacological profiles and molecular
characteristics.*¢ It was reported that sigma-1 receptor regulates protein folding/degradation,
endoplasmic reticulum (ER)/oxidative stress, and cell survival through the molecular chaperone
activity.*’ Therefore, the sigma-1 receptor is significantly influential in homeostasis of tissue, which
is incapable of repairing, and it is anticipated that the agonists activated by sigma-1 receptor become
the therapeutic agents of diseases caused by cell damage. For instance, it has been elucidated that
patients with ALS carry mutations in sigma-1 receptor gene and dysfunction of sigma-1 receptor
protein.*® It has been suggested that 1-[2-(3,4-dimethoxyphenyl)ethyl]-4-(3-phenylpropyl)piperazine
(SA4503)* promotes regeneration and maturation of nerves as a selective sigma-1 receptor agonist.>
Currently, Phase 1I trials for SA4503 have been carried out in Europe as a medicine against CNS
disorders, which are caused by major depression and stroke.’' The sigma agonists protect cultured
neurons against amyloid B (AP )zs-3s-induced toxicity,’? and prevent memory deficits when ABas.3s is
injected intracerebroventricularly in mice.>® Therefore, the induction or activation of sigma-1 receptor
could improve clinical symptoms of Alzheimer's disease and protect against the associated
neuropathologic changes. Indeed, tetrahydro-N,N-dimethyl-2,2-diphenyl-3-furanmethanamine
hydrochloride (ANAVEX2-73), which exhibits neuroprotective effects and prevents tau
hyperphosphorylation, has been examined in Phase Ila for Alzheimer's disease trials as a sigma-1
receptor agonist since January, 2015.5* As a part of interim studies for the planned analysis, it was
announced that a positive dose-response relationship has been observed in its ongoing Phase Ila
clinical trials of ANAVEX 2-73 as a potential treatment for mild-to-moderate Alzheimer's disease by
November, 2015. For these reasons, sigma-1 receptor agonists have become key targets for therapeutic
approaches to treat these diseases and elicited significant interest in medicinal chemistry.

Recently, (+)-(2R,35)-4-(N-adamant-1-yl-N-methylamino)-2,3-methano-2-phenylbutan-1-ol [(+)-
AMMP] was reported as a high affinity probe for sigma receptors by Marrazzo.>> However, the
synthetic route of (+)-AMMP afforded 9% overall yield from 2-oxo-1-phenyl-3-
oxabicyclo[3.1.0]hexane as the starting material and the reagents used for synthesis of (+)-AMMP
were relatively expensive. Additionally, it was necessary to prepare various chiral lactones as the
starting materials in order to synthesize the substituted aryl analogues of (+)-AMMP. Therefore, it was
desirable to develop more efficient and inexpensive synthetic method for synthesis of (+)-AMMP

analogues. We have just achieved convenient asymmetric synthesis of (+)-AMMP from (2)-2-
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Ar amidation
\l> W N ~Ad Ar\l> ]/ “Ad Ar\l>"u]/OH
:} /_ E— : (|)
e
HO™ memantine (i) P-O
analogues
catalytic enantioselective
Simmons-Smith reaction
Ar>, OH Arj/yOH
P-0” (ii) P-O
P = protecting group
Arj/VOAC regioselective acetylation Arj/vOH
HO @) HO

Scheme 9. Retrosynthetic analysis of memantine analogues containing a chiral cyclopropane skeleton

via the three key reactions.

MeONa, MeOH, Ar OH
Arj/vOAc t-BuPh,Si-Cl Arj/vOAc it 3h j/v
ridine, rt, 24 h . or : .

HO Py t-BUPh,SIO DlBALT THE,  TBUPhSIO
17b (Ar = 4-MeOCgH,) 18b: Quant. -78°C,2h 19b: 90%
17c (Ar = 4-MeCgH,) 18c: Quant. 19c: 95%
17d (Ar = 4-CICgH,) 18d: Ql{)ant. 19d: Quoant.
17e (Ar = 4-BrCqH,) 18e: 92% 19e: 95 %

Scheme 10. Preparation of (£)-4-tert-butyldiphenylsiloxy-3-arylbut-2-en-1-ols 19b-19e.

phenylbut-2-ene-1,4-diol 34a via the following reactions>® such as (i) the regioselective acetylation
using PPL,'? (ii) the catalytic enantioselective Simmons-Smith reaction in the presence of our
developed chiral ligand which was prepared cheaply and easily from L-phenylalanine in five steps,'3
and (iii) the convenient amidation of mixed carbonic carboxylic anhydrides in aqueous organic
solvent.'* Particularly, the cyclopropane moiety with two stereogenic carbon centers was constructed
in quantitative yield with 71% ee via catalytic enantioselective Simmons-Smith reaction and the
sterically hindered 1-adamantanamine moiety was successfully introduced by our developed
amidation.

In this Chapter, I report a convenient enantioselective synthesis of (+)-AMMP and memantine
analogues containing a chiral cyclopropane skeleton, 4-substituted aryl group, and 1-adamantanamine
or memantine (3,5-dimethyl-1-adamantanamine) moiety via our developed reactions as shown in
Scheme 9.

As optimized our previous report,’® tert-butyldiphenylsilyl group was chosen for preparation of
various 4-O-protected (Z)-3-arylbut-2-en-1-ols 19b-19e. The allyl alcohols 19b-19e were converted
from (Z)-3-arylbut-2-en-1-yl acetates 17b-17e in 87%-quantitative yields in 2 steps, which were
prepared by our developed regioselective acetylation (Scheme 10).

Next, I attempted cyclopropanation of (Z)-4-tert-butyldiphenylsiloxy-3-arylbut-2-en-1-ols 19b-
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Table 16. Simmons-Smith reaction of (£)-4-fert-butyldiphenylsiloxy-3-arylbut-2-en-1-ols 19b-19e*

Ph
L1
Ars_~_-OH MsHN  NHTs AV\D":,/OH
t-BuPh,SiO EtoZn, CHala, CH,Cly, tBUPh,SIO”
19b-19e 0°C,3h 20b-20e
Entry Product Ar Yield/% ee®%
1 20b 4-MeOCgH4 70 36
2 20c¢ 4-MeC¢H4 Quant. 65
3 20d 4-CICsH4 97 66°
4 20e 4-BrCesHy 97 734

 All reactions were carried out with (Z)-4-tert-butyldiphenylsiloxy-3-arylbut-2-en-1-ols 19b-19e, 2.0 equiv
of Et,Zn, and 3.0 equiv of CHzI, in anhydrous CH>Cl,. ® Determined by HPLC analysis with a 95:5 mixture
of hexane and 2-propanol as an eluent using Chiralcel OD (1.0 mL/min). ¢ Determined by HPLC analysis
with hexane containing 0.1% 2-propanol as an eluent using Chiralcel OD-H after acetylation (1.0 mL/min).
4 Determined by HPLC analysis with a 99:1 mixture of hexane and 2-propanol as an eluent using Chiralcel
OD (1.0 mL/min).

AP

\
O
Ar -, OH (0] . Ar ., OH
> oH (X ar> " Nacio, Ho, O
t-BuPh,Si0” Dr{w?s’g tBuPhsio”  ° NaHzP04t’ '\?/"iCN-HzO' t-BuPh,Si0”
3 I y
20b (Ar = 4-MeOCgH,) 21b: 94% 22h: 95%
20c (Ar = 4-MeCgH,) 21c:. 96‘;@ 22c:' 96%
20d (Ar = 4-CICgH,) 21d: 96% 22d: 98%

20e (Ar = 4-BrCgH,) 21e: 96% 22e: 94%

Scheme 11. Preparation of the 2,3-methano-3-arylbutanoic acids 22b-22e.

19e as shown in Table 16. The reactions of allyl alcohols 19b-19e with various oriented substituents
on the aromatic ring worked smoothly. Methyl- and halo-substituted cinnamyl alcohols 19¢-19e gave
the correspondoing cyclopropane products 20c-20e in excellent yields with satisfactory
enantioselectivities (entries 2-4). However, the reaction of methoxy-substituted cinnamyl alcohol 19b
proceeded in 70% yield with low enantioselectivity (36% ee). It was suggested that the oxygen atom
of the methoxy group acts as a Lewis base to the catalyst (entry 1 of Table 16).

Subsequently, the 2,3-methano-3-arylbutan-1-ols 20b-20e were oxidized with 2-iodoxybenzoic
acid (IBX) in DMSO at rt for 3 h to afford the corresponding 2,3-methano-3-arylbutan-1-als 21b-21e
in 94-96% yields, which were converted with NaClO», H,O,, and NaH,PO4 in MeCN-H»O at rt for 3
h to the corresponding 2,3-methano-3-arylbutanoic acids 22b-22e in 95-98% yields as indicated in
Scheme 11.

Next, the amidation of the 2,3-methano-3-arylbutanoic acids 22b-22e with 1-adamantanamine
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H
Ar\l>""| OH 1) CICO,Et, Et;N, acetone, 0 °C, 30 min Ar\l; "’IH/N\Ad

S 0 2) 1-Ad-NH,-1/2H,S0,, , : 0
t-BuPh,SiO 1.0 M ag_NaOH, 0 °C, 24 h t-BuPh,Si0”

22b (Ar = 4-MeOCgH,) 23b: 84%

22¢ (Ar = 4-MeCgH,) o3c g1

- A 1 73%

22d (Ar = 4-CICgHy) 23e: 78%

22e (Ar = 4-BrCgHy,)

Scheme 12. Preparation of the 2,3-methano-3-arylbutanamides 23b-23e.

Table 17. Optimaization of the reaction conditions for reduction of N-adamant-1-yl-2,3-methano-3-

phenylbutanamide (23”)*

9 R Q Reductant o
Ph/\)J\HJAd Ph/\?)J\H’Ad solvent, conditions Ph/\/\HlAd PhMH/Ad
23' 23" 25' 25"
Entry  Reductant Equiv solvent conditions Yield®/%
1 BH3-SMe; 2.0 THF 40°C,49h 6
2 BHj3-SMe; 2.0 THF 50°C to reflux, 70 h 31
3 BH3-SMe; 5.0 THF rtto40°C, 71 h 58
4 BHj3-SMe; 5.0 toluene rtto 70°C, 23 h 69
5¢ NaBHy, I 2.5,1.0 THF 40°C,72h 20
6 LiAlH4 5.0 THF rt to reflux, 65 h 48
7 LiAlH4 2.5 toluene rtto 70°C, 46 h 54
8 LiAlH4 5.0 toluene 40to 70°C, 19 h 88
od LiAlH, 5.0 toluene 70°C, 13 h 92

2 All reactions were carried out with 0.18 mmol of 23°. ®Isolated yield. © The reaction was carried out with
0.18 mmol of 23°, 2.5 equiv of NaBH4, and 1.0 equiv of I in anhydrous THF. ¢23” was used as the starting
material instead of 23°.

sulfate was performed in the optimized conditions®® to afford the corresponding 2,3-methano-3-
arylbutanamides 23b-23e in 73-97% yields as indicated in Scheme 12.

Furthermore, the conditions for the reduction of N-adamant-1-yl-2,3-methano-3-
phenylbutanamide 23 were optimized and the results are shown in Table 17. The reaction of 23’ with
2.0 equiv of BH3'SMe; in anhydrous THF at 40 °C for 49 h afforded N-adamant-1-yl-3-
phenylpropylamine 25’ in 6% yield (entry 1). The use of 5.0 equiv of BH3-SMe; in anhydrous THF at
rt to 40 °C for 71 h gave the desired amine 25’ in 58% yield (entry 3), and 25” was obtained in 69%
yield when the reaction was carried at rt to 70 °C for 23 h in anhydrous toluene (entry 4). The yield
obtained when Meyer’s method was used was 20% (entry 5).%7 The yield (88%) greatly improved
under the conditions using 5.0 equiv of LiAlH4 in toluene at 40 to 70 °C for 19 h (entry 8). The
reduction of the chiral amide 23” containing a cyclopropane ring with 5.0 equiv of LiAlH4 proceeded

smoothly at 70 °C for 13 h to afford the corresponding chiral amine 25” in 92% yield without cleavage
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H H : §
Ph\!>-,,,|rN\Ad TBAF Ph\!>-,,,n/N\Ad LiAlH, Ph\£>-~,/N\Ad

0 THF ~ 0 toluene, 70 °C, 24 h -

HO HO
0, 0,
23a 93% 24a 8% 25a

86% ee

t+-BuPh,SiO”

Scheme 13. Optimal preparation pathway to the chiral 2,3-methano-2-pheylbutan-1-ol 25a.

H H | ’
Ar\!>-.,,”/N\Ad TBAF Ar\!>-.,,n/N\Ad LiAIH, Ar\!>r,,//N\Ad

S (6] THF e} toluene, >z
t-BuPh,SiO HO™ 70 °C to 100 °C HO
23b (Ar = 4-MeOCqgH,) 24b: 91%, 34% ee 25h: 85%, 34% ee
23c (Ar = 4-MeCgH,) 24c: 97%, 58% ee 25¢c: 84%, 60% ee
23d (Ar = 4-CICgH,) 24d: 91%, 73% ee 25d: 90%, 75% ee
23e (Ar = 4-BrCgH,) 24e: 97%, 73% ee 25e: 85%, 75% ee

Scheme 14. Preparation of the chiral 2,3-methano-2-arylbutan-1-ols 25b-25e in two steps from the
chiral 2,3-methano-3-arylbutanamides 23b-23e.

Me
H ]
Ar\[>-:,,/N\Ad Mel, NaHCO4 Ar\[>-.,,/N\Ad
: DMF, :
HO™ 80 °C, 2h HO™
25b (Ar = 4-MeOCgH,) 26b: 58%
25c (Ar = 4-MeCgHy,) 26¢: 59%
25d (Ar = 4-CICgH,) 26d: 65%
25e (Ar = 4-BrCgH,) 26e: 58%

Scheme 15. Synthesis of (+)-AMMP analogues by methylation from the chiral 2,3-methano-2-
arylbutan-1-ols 25b-25e.

of the cyclopropane skeleton (entry 9 of Table 17).

Subsequently, the silyl group of 23a was cleaved by tetrabutylammonium fluoride (TBAF) to give
the corresponding chiral 4-hydroxyamide 24a in 93% yield, followed by reduction with LiAlH4 to
afford 25a in 87% yield with 86% ee. The overall yield in 2 steps was 81%, which is better than the
yield of 25a in our previous report (Scheme 13).5

The chiral 2,3-methano-2-arylbutan-1-ols 25b-25e¢ were prepared efficiently from the
corresponding chiral amides 23b-23e in excellent yields in two steps as described in Scheme 14. I was
able to convert (+)-cis-4-tert-butyldiphenylsiloxy-2,3-methano-3-arylbutan-1-ols 20b-20e into the
corresponding chiral alcohols 25b-25e in five steps without the significant loss of enantiomeric excess
in all cases.

Additionally, (+)-AMMP analogues 26b-26e were acquired in 58-65% yields via methylation of
the amino alcohols 25b-25e with Mel as indicated in Scheme 15.

Finally, I succeeded in synthesizing memantine (3,5-dimethyl-1-adamantanamine) analogue 30
containing a chiral cyclopropane skeleton as shown in Scheme 16. The amidation of 2,3-methano-3-

phenylbutanoic acid 22a prepared from (Z)-2-phenylbut-2-ene-1,4-diol 34a in six steps®® 3% with
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Ph OH Ph OAc ) Ph OAc
fy Vinyl acetate, PPL j/N t-BuPh,Si-Cl j/y
HO 1,4-dioxane, rt, 24 h pyridine, rt, 24 h

HO t-BuPh,SiO
34a 91% 17a 97% 18a
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29: 74% ee 73% 30: 40% overall yield

with 74% ee

Scheme 16. Synthesis of memantine analogue containing a chiral cyclopropane skeleton from the 34a.

memantine hydrochloride worked easily to give the corresponding amide in 84% yield, followed by
desilylation, reduction, and methylation to afford the memantine derivative 30 in 40% overall yield
with 74% ee.

We have recently reported the detail of the cyclopropanation of various allylic alcohols using L-
tyrosine-derived fluorous disulfonamide as a chiral ligand and described the proposed reaction
pathway (Scheme 17) and a possible transition state (Fig. 1) of the cyclopropanation.’® % The
iodomethylzinc alkoxide 31 is produced by the addition of Zn(CHaI); to the allylic alcohol 19, and
complex 32 is formed from the species 31 and Lewis acid. The cyclopropane derivative 20 is generated
from the disulfonamide L1-zinc complex (Lewis acid) via complexes 32 and 33. I propose a possible
transition state for the enantioselective cyclopropanation with L-phenylalanine-derived disulfonamide
L1 as shown in Figure 1. I speculated that the zinc derived from the carbenoid to the double bond of
allylic alcohol 19 is accelerated by the oxygen atom of the methanesulfonamide group. Allylic alcohol
19 would take the opposite side of the benzene ring derived from L-phenylalanine in order to avoid
the steric hindrance, then the carbenoid approaches the allylic alcohol 19 from the opposite side of the

p-toluenesulfonamide group.
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Scheme 17. Proposed reaction pathway of the cyclopropanation

Figure 1. Possible transition state of the cyclopropanation
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Conclusions

Chapter 1. Amidation of carboxylic acids via mixed carboxylic carbonic anhydrides

Dipeptides were obtained in high yields from the reaction of N-protected a-amino acids 5 with
unprotected a-amino acids 2 via the corresponding mixed carbonic carboxylic anhydrides using ethyl
chloroformate and triethylamine under neutral conditions. Unprotected a-amino acids 2 containing a
hydrophilic side chain such as aliphatic alcohol, aromatic alcohol, thiol, carboxylic acid, and amide
are also suitable as a nucleophile and were reacted with mixed carbonic carboxylic anhydrides under
the basic conditions to afford the corresponding dipeptide in 66-96% yields. No racemization was
observed by '"H NMR analysis (Scheme 18).!7% 17> Next, primary amidation of N-protected a-amino
acids 5 with NH4Cl in the presence of ethyl chloroformate and triethylamine gave the corresponding
primary amides 10 in 74% to quantitative yields with 97->99% ee (Scheme 19).!7¢ Furthermore, the
application to the synthesis of (1S5,2R)-(+)-N-Cbz-tranylcypromine 15 via Lossen rearrangement have
been also achieved in 71% overall yield with 82% ee in three steps from (25,35)-(+)-13. Our method
is convenient and green because of inexpensive reagents, mild conditions, and safe byproducts, such

as triethylamine hydrochloride, carbon dioxide, and the corresponding alcohols.

RZ O ,
CICO,Et 6o o )—/( 2 o R

R 0O
> < EtsN R} H,N OH R} 0
43> ﬁ)J\O)J\OEt 2 W)J\N/'\f
THE THF-H,0 H

P-HN 50H P-HN PHN .~ OH

P = Cbz, Boc, Fmoc

or
THF-H,0, base « C-terminal free
* No racemization
39 examples,
up to 89 % yield

Scheme 18. Preparation of dipeptides 6 without protection of C-terminal under neutral or basic

conditions
O o
Rl (@) ClCOZEt 1
EtsN RH)J\ O)k OF RZR3NH-HCI RO /P R2 = H, alkyl
YW —— = ) < R® = H, alkyl, OH
PHN OH  THF P-HN THF-H,0 P-HN  NR?R®
1 4
P = Cbz, Boc, Fmoc * High enantiomeric excess
* Broad amidation
21 examples,

up to quantitative yield, >99% ee

Scheme 19. Primary amidation of N-protected a-amino acids 5 via the mixed carbonic carboxylic

anhydrides
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Chapter 2. Synthesis of memantine analogues containing sigma-1 receptor activity as a

candidate of anti-Alzheimer’s medicine

I have achieved the convenient enantioselective synthesis of (+)-AMMP analogues 26b-26e
containing a chiral cyclopropane skeleton in 19-39% overall yields from the starting (Z)-2-arylbut-2-
ene-1,4-diols 34b-34e without the significant loss of enantiomeric excess. The reagents used in our
synthetic route are relatively cheap, and the key reactions are three as follows; (i) the regioselective
acetylation using PPL,'? (ii) the catalytic enantioselective Simmons-Smith reaction in the presence of
L-phenylalanine-derived disulfonamide,'* and (iii) the convenient amidation of mixed carbonic
carboxylic anhydrides in aqueous organic solvent.!* Additionally, T have also succeeded in
synthesizing memantine analogue 30 containing a chiral cyclopropane skeleton with 74% ee in 40%

overall yield from (Z)-2-phenylbut-2-ene-1,4-diol 34a (Scheme 20).

Ar OH Vinyl acetate  Ar OA
j/\/ PPL j/\/

C
t-BuPh,Si-Cl

- -

Ar > OAc MeONa, MeOH,
j/\/ rt,3h

Al‘j/\/oH

HO 1|4r—tdi§‘>1<ar11ne, HO prxt/rig‘ilnﬁ, t-BuPh,SiO DIBAL . THE. FBUPh,SIO
34b (Ar = 4-MeOCgH,) 17b: 89% ' 18b: Quant. -78°C,2h 19b: 90%
34c (Ar = 4-MeCgH,) 17c: 91% 18c: Quant. 19c: 95%
34d (Ar = 4-CICgH,) 17d_: 86% 18d; Quant. 19d_: Quant.
34e (Ar = 4-BrCoH,) 17e: 74% 18e: 92% 19e: 95 %
Ph
L1
MsHN  NHTs Ar\D v, ~OH IBX Ar\Dw, H NaClOy, H,0, Ar\D-.,,‘ (OH
Et,Zn, CHaly, CH,Cly, 1. o DMSO, - 0  NaH;PO, MeCN-H,0, :
P e e Ly HBUPh;SIO M,3h" tBUPhSIO m 3h t-BuPh,Si0”
20b: 70%, 36% ee 21b: 94% 22b: 95%
20c: Quant., 65% ee 21c: 96% 22c: 96%
20d: 97%, 66% ee 21d: 96% 22d: 98%
20e: 97%, 73% ee 21e: 96% 22e: 94%
1) CICO,Et, Et3N, acetone,
0 °C, 30 min Ar\D"”‘(H\Ad TBAF Ar\,D'""fH\Ad LiAIH, Ar\D""/H\Ad
2) 1-Ad-NH,-1/12H,S0, , 0 THF, 1t, 4 h : toluene, :
1.0 Maq. NaOH, 0°C, 24h  t-BuPh,Sio” voo © 70°Ct0100°C  po~
23b: 84% 24h: 91%, 34% ee 25b: 85%, 34% ee
23c: 90% 24c¢: 97%, 58% ee 25¢: 84%, 60% ee
23d: 73% 24d: 91%, 73% ee 25d: 90%, 75% ee
23e: 78% 24e: 97%, 73% ee 25e: 85%, 75% ee
Me

N 4 examples
“~"SAd  19-34% overall yields
with 34-75% ee

Mel, NaHCO;  ar [>
_—

DMF, H
80°C,2h Lo~

Phj/VOH

HO

_
_—
_—

Prl>
HO/:
30

Me
//N
H
Me

34a
26b_: 58% 40% overall yields
ggg Eég‘;/Az: with 74% ee
26e: 58%

Scheme 20. Convenient enantioselective total synthesis of memantine analogues via the three key

reactions
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Experimental

1. General

All reagents were used without purification except for CH>Cl,. CHCl, was washed with water
twice, dried over molecular sieves 4 A, heated at reflux for 24 h with CaH,, and distilled before use.
The '"H NMR and '3C NMR spectra were measured with a Bruker UltrashieldTM 400 Plus (400 MHz)
spectrometer. The chemical shifts of "H NMR spectra are expressed in parts per million downfield
from tetramethylsilane (= 0.00) or dimethyl sulfoxide-d® (= 2.50) as an internal standard. '*C NMR
spectra were calibrated with tetramethylsilane (= 0.00) or dimethyl sulfoxide-d® (= 39.5). Chemical
shifts () are reported in ppm, and spin-spin coupling constants (J) are given in Hertz. Abbreviations to
denote the multiplicity of a particular signal are s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), and br (broad). The high-resolution mass spectra (HRMS) of the compounds with a high
molecular weight were recorded using a Waters LCT Premier (ESI-TOF-MS) spectrometer. Reactions
were monitored using thin-layer chromatography with silica gel 60 Fas4. Purification of the reaction
products was carried out by column chromatography using silica gel (64-210 mesh). HPLC analysis
was carried out with Chiralcel OD, OJ, OB, OK (10 mm, 46 % 250 mm), Chiralpak AD, AS (10 mm,
46 x 250 mm), and Chiralcel OD-H (5 mm, 46 x 250 mm) coupled to a photodiode array detector or
a dual A absorbance detector, and HPLC grade solvents were used for HPLC analysis. Melting points
were determined with a hot plate apparatus. Optical rotations were measured on a digital polarimeter
with a sodium lamp at room temperature. Infrared (IR) spectra were recorded on HORIBA FT-IR

Fourier transform infrared spectrophotometer.

Chapter 1. Amidation of carboxylic acids via mixed carboxylic carbonic anhydrides

Section 1. Convenient green preparation of dipeptides using unprotected a-amino acids under neutral

conditions

2. Typical procedure for amidation of 3-phenylpropanoic acid 1a with L-Phe-OH 2a

To a colorless solution of 75 mg (0.50 mmol) of 3-phenylpropanoic acid 1a in 10 mL of THF were
added at 0 °C 67 puL (0.70 mmol, 1.4 equiv) of ethyl chloroformate and 209 pL (1.5 mmol, 3.0 equiv)
of triethylamine. After stirring for 30 min at 0 °C, a solution of 124 mg (0.75 mmol, 1.5 equiv) of L-
Phe-OH 2a in 10 mL of H>O was added at 0 °C to the colorless suspension. The mixture was stirred
for 30 min at 0 °C and concentrated in vacuo. To the residue was added a 1.0 M aqueous HCI solution
to adjust to pH 2. The resulted suspension was extracted with 50 mL of EtOAc, washed with 10 mL

of brine, and dried over MgSOs. The crude product was chromatographed on silica gel with a 2:1
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mixture of hexane and EtOAc containing 1% AcOH to afford 145 mg (97% yield) of N-(3-
phenylpropanoyl)-L-Phe-OH 3aa.

2.1. N-(3-phenylpropanoyl)-L-Phe-OH 3aa

Colorless powder; mp: 167-169 °C; [a]*p = +1.42 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
5245 (ddd, J= 1.0, 7.6, 7.6 Hz, 1H, CHACO), 2.45 (ddd, J = 1.0, 8.0, 8.0 Hz, 1H, CH5CO), 2.79 (dd,
J=17.6, 8.0 Hz, 2H, CH:CH:C¢Hs), 2.91 (dd, J = 8.9, 13.8 Hz, 1H, CHCH,CsHs), 3.15 (dd, J = 5.0,
13.8 Hz, 1H, CHCHsCgHs), 4.64 (dd, J = 5.0, 8.9 Hz, 1H, CHCO), 7.13-7.17, 7.18-7.26 (m, m, 5H,
5H, C¢Hs x2); 3C NMR (100MHz, MeOD-d*): 6 30.5, 36.2, 36.4, 52.9, 124.9, 125.4, 127.1, 127.1,
127.2, 128.0, 136.3, 139.9, 172.7, 172.8; HRMS (ESI-TOF): Calcd for CisHi9NO3Na (M+Na)':
320.1257, found: 320.1283; IR (KB, vima/err!) = 3307 (OH), 1708 (CO2), 1600 (CON),

2.2. N-(3-phenylpropanoyl)-L-Phg-OH 3ab

Colorless powder; mp: 152-153 °C; [a]*’p = +108.4 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
02.57(ddd, J=1.5,7.6,7.6 Hz, 1H, CHACO), 2.57 (ddd, J=1.5, 8.0, 8.0 Hz, 1H, CHpCO), 2.90 (dd,
J=1.6,8.0 Hz, 2H, CH,C¢Hs), 5.41 (s, 1H, CHCO), 7.12-7.24, 7.30-7.34 (m, m, SH, 5H, C¢Hs x2);
3C NMR (100MHz, MeOD-d*): 6 32.8, 38.5, 58.2. 127.2, 128.8, 129.3, 129.5, 129.5, 129.8, 138.2,
142.2, 173.8, 174.8; HRMS (ESI-TOF): Calcd for C;7H;7NOsNa (M+Na)*: 306.1101, found:
306.1086; IR (KB, vmax/cm™) = 3338 (OH), 1698 (CO.), 1616 (CON).

2.3. N-(3-phenylpropanoyl)-L-Val-OH 3ac

Colorless powder; mp: 141-143 °C; [a]*'p = —22.9 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
0 0.87 (d, J= 6.8 Hz, 6H, (CH3)»), 2.06-2.14 (m, 1H, CH(CH3),), 2.57 (ddd, J=3.9, 7.6, 7.6 Hz, 1H,
CHACO), 2.58 (ddd, /=3.9,7.7, 7.7 Hz, 1H, CHgCO), 2.91 (dd, J= 7.6, 7.7 Hz, 2H, CH.C¢Hs), 4.28
(d, J=5.7Hz, 1H, CHCO), 7.13-7.17, 7.20-7.27 (m, m, 1H, 4H, C¢Hs); *C NMR (100MHz, MeOD-
d*):618.3,19.6,31.7,32.9,59.1, 127.2, 129.5, 129.5, 142.2, 175.1, 175.4; HRMS (ESI-TOF): Calcd
for C14H19NO3;Na (M+Na)*: 272.1257, found: 272.1243; IR (KBr, Vima/cm™) = 3338 (OH), 1699 (CO»),
1616 (CON).

2.4. N-(3-phenylpropanoyl)-L-ter-Leu-OH 3ad

Colorless powder; mp: 183-185 °C; [a]*°p = —9.72 (c 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
5 0.94 (s, 9H, (CH3)sC), 2.59 (ddd, J = 6.5, 7.7, 7.7 Hz, 1H, CHACO), 2.59 (ddd, J= 6.5, 7.7, 7.7 Hz,
1H, CHgCO), 2.91 (dd, J=7.7, 7.7 Hz, 2H, CH>CsHs), 4.25 (s, 1H, CHCO), 7.13-7.17, 7.20-7.26 (m,
m, 1H, 4H, C¢Hs); 3*C NMR (100MHz, MeOD-d*): § 27.2, 32.9, 34.8, 38.5, 62.2, 127.2, 129.5, 142.2,
174.4, 175.2; HRMS (ESI-TOF): Calcd for CisH21NO3Na (M+Na)*: 286.1414, found: 286.1386; IR
(KB, Vma/em™) = 3348 (OH), 1699 (CO,), 1610 (CON).
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2.5. N-(3-phenylpropanoyl)-L-Glu-OH 3ae

Colorless powder; mp: 131-134 °C; [a]**p = —28.4 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
6 1.80-1.90 (m, 1H, CH,CH), 2.07-2.15 (m, 1H, CHsCH), 2.22-2.26 (m, 2H, CH-CH,CH), 2.54 (dd,
J=17.4,8.0 Hz, 2H, CH>CO), 2.91 (dd, J= 7.4, 8.0 Hz, 2H, CH:C¢H5s), 4.40 (dd, J=4.8, 9.8 Hz, 1H,
CHCO), 7.15-7.18, 7.20-7.27 (m, m, 1H, 4H, C¢Hs); 3C NMR (100MHz, MeOD-d*%): § 27.9, 31.2,
32.8, 38.7, 53.0, 127.3, 129.5, 129.5, 142.2, 175.0, 175.4, 176.4; HRMS (ESI-TOF): Calcd for
C1sH17NOsNa (M+Na)*: 302.0999, found: 302.1010; IR (KBr, vmax/cm™) = 3276 (OH), 1716 (CO>),
1653 (CON).

2.6. N-(3-phenylpropanoyl)-L-GIn-OH 3af

Colorless powder; mp: 141-144 °C; [a]*’p = —19.2 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
51.83-1.93 (m, 1H, CH,CH), 2.07-2.24 (m, 3H, CH;CH, CH-CH,CH), 2.55 (dd, J= 7.5, 8.1 Hz, 2H,
CH>CO), 2.92 (dd, J = 7.5, 8.1 Hz, 2H, CH:CeHs), 4.37 (dd, J = 4.5, 9.4 Hz, 1H, CHCO), 7.14-7.18,
7.21-7.28 (m, m, 1H, 4H, C¢Hs); 3C NMR (100MHz, MeOD-d*): 6 28.6, 32.7, 32.8, 38.7, 53.3, 127.3,
129.5, 129.5, 142.2, 175.0, 175.4, 177.7; HRMS (ESI-TOF): Caled for Ci4H;sN2O4Na (M+Na)':
301.1159, found: 301.1184; IR (KB, vmax/em!) = 3292 (OH), 1724 (COy), 1646 (CON).

2.7. N-(3-phenylpropanoyl)-L-Thr-OH 3ag

Colorless oil; [a]**p = —7.04 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*): § 1.06 (d, J = 6.4 Hz,
3H, CH3), 2.61 (dd, J=7.4, 8.2 Hz, 2H, CH2CO), 2.94 (dd, J = 7.4, 8.2 Hz, 2H, CH,C¢Hjs), 4.24-4.29
(m, 1H, CHCH3), 441 (d, J= 3.0 Hz, 1H, CHCO), 7.13-7.20, 7.21-7.27 (m, m, 1H, 4H, C¢Hs); 1*C
NMR (100MHz, MeOD-d%): § 20.4, 32.8, 38.7, 59.1, 68.4, 127.2, 129.5, 129.5, 142.2, 173.9, 175.7,
HRMS (ESI-TOF): Calcd for Ci;3H;7NO4Na (M+Na)*: 274.1050, found: 274.1040; IR (NaCl, Vmax/cm”
Y= 3325 (OH), 1732 (CO.), 1653 (CON).

2.8. N-(3-phenylpropanoyl)-L-Met-OH 3ah

Yellow powder; mp: 73-75 °C; [0]*'p = -28.9 (¢ 0.98, MeOH); 'H NMR (400MHz, MeOD-d*): § 1.80-
1.89 (m, 1H, CH,CHS), 2.01-2.10 (m, 1H, CH3CH>S), 2.03 (s, 3H, CHz3), 2.27-2.41 (m, 2H,
CH:CH>S), 2.54 (dd, J = 7.4, 7.9 Hz, 2H, CH>CO), 2.91 (dd, J = 7.4, 7.7 Hz, 2H, CH,CsH5s), 4.48-
4.51 (m, 1H, CHCO), 7.14-7.27 (m, 5H, C¢Hs); 3C NMR (100MHz, MeOD-d*):  15.2, 31.2, 32.2,
32.8, 38.7, 52.6, 127.3, 129.5, 129.5, 142.2, 175.2, 175.4; HRMS (ESI-TOF): Calcd for
C14H19NO3SNa (M+Na)*: 304.0978, found: 304.0953; IR (KBr, vimax/cm™) = 3302 (OH), 1705 (CO»),
1647 (CON).

2.9. N-(3-phenylpropanoyl)-L-Trp-OH 3ai
Colorless powder; mp: 160-162 °C; [a]*’p = +1.30 (c 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
02.44 (dd, J=17.6, 8.0 Hz, 2H, CH»CO), 2.78 (ddd, /= 3.1, 7.6, 7.6 Hz, 1H, CH,CsHs), 2.78 (ddd, J
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=3.1, 8.0, 8.0 Hz, 1H, CHpC¢Hs), 3.11 (dd, J = 8.0, 14.8 Hz, 1H, CH4CH), 3.30 (dd, /= 5.0, 14.8 Hz,
1H, CH3CH), 4.71 (dd, J = 5.0, 8.0 Hz, 1H, CHCO), 6.96, 7.00, 7.06-7.21, 7.32, 7.53 (s, t, m, d, d, J
=7.4,7.8,7.8 Hz, 1H, 1H, 6H, 1H, 1H, indole, CsHs); *C NMR (100MHz, MeOD-d*): d 28.6, 32.7,
38.8,54.7, 111.1, 112.3, 119.3, 119.8, 122.4, 124.4, 127.2, 128.9, 129.4, 129.5, 138.1, 142.2, 175.1,
175.3; HRMS (ESI-TOF): Calcd for C20H20N>O3Na (M+Na)*: 359.1366, found: 359.1348; IR (KBr,
Vmax/cm) = 3410 (OH), 1734 (CO,), 1655 (CON).

3. Typical procedure for amidation of Cbz-L-Phe-OH S5a with L-Val-OH 2c

To a colorless solution of 150 mg (0.50 mmol) of Cbz-L-Phe-OH 5a in 10 mL of THF were added
at 0 °C 67 pL (0.70 mmol, 1.4 equiv) of ethyl chloroformate and 209 pL (1.5 mmol, 3.0 equiv) of
triethylamine. After stirring for 30 min at 0 °C, a solution of 88 mg (0.75 mmol, 1.5 equiv) of L-Val-
OH 2¢ in 10 mL of H,O was added at 0 °C to the colorless suspension. The mixture was stirred for 30
min at 0 °C and concentrated in vacuo. To the residue was added a 1.0 M aqueous HCI solution to
adjust to pH 2. The resulted suspension was extracted with 50 mL of EtOAc, washed with 10 mL of
brine, and dried over MgSOs. The crude product was chromatographed on silica gel with a 1:1 mixture

of hexane and EtOAc containing 1% AcOH to afford 149 mg (75% yield) of Cbz-L-Phe-L-Val-OH 6ac.

3.1. Cbz-L-Phe-L-Val-OH 6ac

Colorless powder; mp: 140-143 °C; [a]*p = -7.70 (¢ 1.00, MeOH); '"H NMR (400MHz, CDCl3): ¢
0.84 (d, J = 6.8 Hz, 3H, CH3), 0.89 (d, J = 6.8 Hz, 3H, CH3), 2.13-2.21 (m, 1H, CH(CHz),), 3.08 (dd,
J=17.0,7.3 Hz, 2H, CHCH:C4Hs), 4.46-4.49 (m, 2H, CHCO x2),5.07 (d,J= 12.3 Hz, 1H, OCH,CsHs),
5.11(d,J=12.3 Hz, 1H, OCHC¢Hs), 5.45 (br, 1H, NH), 6.36 (br, 1H, NH), 7.18-7.37 (m, 10H, CsHs
x2); BC-NMR (100MHz, CDCl3): 6 17.6, 18.8,30.9, 38.2, 56.3,57.2,67.2,127.1, 128.1, 128.3, 128.6,
128.8,129.3,136.1, 156.1, 171.2, 174.7, HRMS (ESI-TOF): Calcd for C22H27N205s (M+H)™: 399.1914,
found: 399.1918; IR (KBr, Vmax /cm™) = 3307 (OH), 1697 (CO,), 1635 (CON).

3.2. Boc-L-Phe-L-Val-OH 6bc

Colorless powder; mp: 64-67 °C; [a]*’p = —5.34 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*): 6
0.96 (d, J = 6.8 Hz, 6H, (CHs)2), 1.34 (s, 9H, (CH;);C), 2.13-2.21 (m, 1H, CH(CHs)»), 2.80 (dd, J =
42,13.9 Hz, 1H, CH4CgHs), 3.12 (dd, J= 4.9, 13.9 Hz, 1H, CHsC¢Hs), 4.32-4.37 (m, 2H, CHCO x2),
7.17-7.26 (m, 5H, C¢Hs); *C NMR (100MHz, MeOD-d%): 6 18.3, 19.6, 28.7, 32.1, 39.0, 57.3, 58.9,
80.7, 127.7, 129.4, 130.4, 138.7, 157.7, 174.4, 174.5; HRMS (ESI-TOF): Calcd for C;9H2sN20OsNa
(M+Na)*: 387.1890, found: 387.1901; IR (KB, Vma/cm™) = 3309 (OH), 1716 (CO), 1652 (CON).

3.3. Fmoc-L-Phe-L-Val-OH 6c¢cc
Colorless powder; mp: 93-95 °C; [a]*p = —19.6 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*): 6
0.96 (d, J = 6.8 Hz, 6H, CH3 x2), 2.13-2.21 (m, 1H, CH(CH3)>), 2.85 (dd, J = 9.8, 13.9 Hz, 1H,
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CH.CeHs), 3.12 (dd, J = 4.9, 13.9 Hz, 1H, CHyCeHs), 4.11-4.36 (m, 4H, CHCH(CHs),, CH:0,
CHCH;0), 4.45-4.51 (m, 1H, CHCHCgHs), 7.16-7.30, 7.37, 7.55-7.58, 7.78 (m, t, m, d, J = 7.6, 7.6
Hz, 7H, 2H, 2H, 2H, C¢Hs, fluorenyl); 3C NMR (100MHz, MeOD-d*): 6 18.3, 19.6, 32.0, 39.0, 57.7,
59.0, 59.1, 68.1, 121.0, 126.3, 126.3, 127.8, 128.2, 128.8, 129.5, 130.4, 138.7, 142.6, 145.2, 158.3,
174.3, 174.5; HRMS (ESI-TOF): Caled for CasH3oN>OsNa (M+Na)*: 509.2047, found: 509.2039; IR
(KB, vima/em!) = 3301 (OH), 1718 (CO2), 1691 (CON), 1656 (CON).

3.4. Cbz-L-Phe-L-tert-Leu-OH 6ad

Colorless powder; mp: 164-167 °C; [a]*’p = —14.3 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
0 1.00 (s, 9H, CHs x3), 2.83 (dd, J = 9.6, 13.8 Hz, 1H, CH4C¢Hs), 3.11 (dd, J = 5.3, 13.8 Hz, 1H,
CH3CeHs), 4.29 (s, 1H, CHC(CH3)3), 4.48 (dd, J = 5.3, 9.6 Hz, 1H, CHCH>C¢Hs), 5.09 (s, 2H,
OCH-CeHs), 7.17-7.32 (m, 10H, C¢Hs x2); *C NMR (100MHz, MeOD-d*): § 27.1, 35.2, 38.9, 57.8,
61.9, 67.6, 127.6, 128.7, 129.0, 129.5, 130.4, 138.2, 138.5, 158.3, 173.8, 174.0; HRMS (ESI-TOF):
Calcd for Cp3HasN2OsNa (M+Na)*: 435.1890, found: 435.1890; IR (KBr, vmax/cm’!) = 3327 (OH),
1699 (CO»), 1635 (CON).

3.5. Cbz-L-Phe-L-Glu-OH 6ae

Colorless powder; mp: 149-152 °C; [a]*’p = —12.1 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
0 1.89-1.99 (m, 1H, CH4,CH,CO), 2.15-2.23 (m, 1H, CHzCH,CO), 2.39 (dd, J = 7.6, 7.8 Hz, 2H,
CH>CO), 2.84 (dd, J = 9.6, 14.0 Hz, 1H, CH,CsHs), 3.15 (dd, J = 5.0, 14.0 Hz, 1H, CHsCHs), 4.40-
4.47 (m, 2H, CH x2), 4.99 (d, J = 13.0 Hz, 1H, OCH,C¢Hs), 5.03 (d, J = 13.0 Hz, 1H, OCH3C4Hs),
7.18-7.33 (m, 10H, C¢Hs x2); 3C NMR (100MHz, MeOD-4*): § 28.0, 31.1, 39.0, 53.1, 57.8, 67.6,
127.8, 128.8, 129.0, 129.5, 130.4, 138.2, 138.6, 158.3, 174.2, 174.6, 176.4; HRMS (ESI-TOF): Calcd
for C22HasN>07 (M+H)': 429.1656, found: 429.1672; IR (KBr, vmad/cm-!) = 3286 (OH), 1716 (CO»),
1660 (CON).

3.6. Cbz-L-Phe-L-GIn-OH 6af

Colorless powder; mp: 179-182 °C; [a]*®p = —10.2 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*):
51.91-1.98 (m, 1H, CH,CH,CO), 2.16-2.35 (m, 3H, CH;CH2CO, CH>CO), 2.85 (dd, J=9.7, 14.0 Hz,
1H, CH4CHs), 3.16 (dd, J=4.9, 14.0 Hz, 1H, CHsCHs), 4.38-4.43 (m, 2H, CH x2), 4.99 (d, J= 12.7
Hz, 1H, OCHCsHs), 5.03 (d, J = 12.7 Hz, 1H, OCHCqHs), 7.17-7.33 (m, 10H, C¢Hs x2); 13C NMR
(100MHz, MeOD-d%): § 28.8, 32.7, 39.0, 53.2, 57.8, 67.6, 127.8, 128.7, 129.0, 129.5, 129.5, 130.4,
138.2, 138.6, 158.3, 174.3, 174.6, 177.8; HRMS (ESI-TOF): Calcd for C»H2sN30sNa (M+Na)*:
450.1636, found: 450.1606; IR (KB, vmu/cm!) = 3309 (OH), 1716 (CO2), 1654 (CON).

3.7. Cbz-L-Phe-L-Phe-OH 6aa
Colorless powder; mp: 148-151 °C; [a]**p = —10.5 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
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02.76 (dd, J=9.7, 14.0 Hz, 1H, CH4CeHs), 3.00 (dd, J= 8.2, 13.8 Hz, 1H, CH4CsHs), 3.08 (dd, J =
5.0, 14.0 Hz, 1H, CHpC¢Hs), 3.19 (dd, J= 5.2, 13.8 Hz, 1H, CHCsHs), 4.36 (dd, J=5.0,9.7 Hz, 1H,
CH), 4.65 (dd, J=5.2, 8.2 Hz, 1H, CH’), 4.97 (d, /= 12.6 Hz, 1H, OCHC¢Hs), 5.01 (d, /= 12.6 Hz,
1H, OCH3C¢Hs), 7.15-7.33 (m, 15H, C¢Hs x3); 3C NMR (100MHz, MeOD-d*): ¢ 38.5, 39.1, 55.0,
57.7,67.6,127.7, 127.8, 128.7, 128.9, 129.4, 129.5, 130.4, 130.5, 138.2, 138.6, 158.2, 173.9, 174.2;
HRMS (ESI-TOF): Calcd for C26H27N205 (M+H)*: 447.1914, found: 447.1890; IR (KBr, Vipay/cm™) =
3307 (ORH), 1716 (CO2), 1695 (CON), 1660 (CON).

3.8. Cbz-L-Phe-D-Phe-OH 6aa’

Colorless powder; mp: 109-112 °C; [a]*’p = —19.2 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
62.67 (dd, J = 9.5, 14.0 Hz, 1H, CH,CgHs), 2.92-2.98 (m, 2H, CHyCsHs, CHzCeHs), 3.16 (dd, J =
5.0, 13.6 Hz, 1H, CHyCeHs), 437 (dd, J= 5.4, 9.5 Hz, 1H, CH), 4.66 (dd, J= 5.0, 8.4 Hz, 1H, CH’),
4.96 (d,J=12.8 Hz, 1H, OCH4CsH5), 5.02 (d,J=12.8 Hz, 1H, OCHpCsHs), 7.08-7.33 (m, 15H, CsHs
x3); BC NMR (100MHz, MeOD-d*): § 38.4,39.3, 54.9, 57.7, 67.6, 127.7, 127.9, 128.7, 129.0, 129.4,
129.5, 129.6, 130.4, 130.4, 138.2, 138.5, 158.1, 173.8, 174.3; HRMS (ESI-TOF): Calcd for
Ca6H26N20sNa (M+Na)*: 469.1734, found: 469.1726; IR (KBr, Via/cm™) = 3307 (OH), 1716 (CO»),
1652 (CON).

3.9. Cbz-L-Phe-L-Thr-OH 6ag

Colorless powder; mp: 141-143 °C; [a]*p = —7.70 (¢ 1.00, MeOH); 'H NMR (400MHz, CDCl3): ¢
1.17 (d, J= 6.4 Hz, 3H, CH3), 2.95 (dd, J = 8.0, 14.0 Hz, 1H, CH4CsH5), 3.11 (dd, J= 5.5, 14.0 Hz,
1H, CHCsHs), 4.40-4.48 (m, 1H, CHOH), 4.60-4.69 (m, 2H, CHCH,, CHCHOH), 4.92 (d, J=12.2
Hz, 1H, OCH4CsHs), 5.04 (d, J=12.2 Hz, 1H, OCH3C¢Hs), 5.46 (br, 1H, NH), 7.09-7.11, 7.19-7.21,
7.28-7.31 (m, m, m, 11H, NH, C¢Hs x2); 3C NMR (100MHz, CDCl3): § 19.2, 38.6, 55.8, 57.3, 67.3,
68.6, 127.1, 128.0, 128.2, 128.5, 128.7, 129.3, 135.9, 156.4, 172.0, 172.8; HRMS (ESI-TOF): Calcd
for C21H2sN206 (M+H)*: 401.1707, found: 401.1708; IR (KBr, vmax/cm™') = 3294 (OH), 1701 (CO»),
1658 (CON).

3.10. Cbz-L-Phe-L-Met-OH 6ah

Colorless powder; mp: 103-104 °C; [a]*°p = —16.1 (¢ 1.00, MeOH); '"H NMR (400MHz, CDCls): §
1.92-2.04 (m, 1H, CH4CH:S), 2.04 (s, 3H, CH3), 2.10-2.19 (m, 1H, CHCH:S), 2.37-2.48 (m, 2H,
CH>S), 3.03-3.15 (m, 2H, CH:CsHs), 4.43-4.55 (m, 1H, CHCH,CH,), 4.61-4.66 (m, 1H, CHCH,C¢H5),
5.08 (s, 2H, OCH,C¢Hs), 5.39 (br, 1H, NH), 6.72 (br, 1H, NH), 7.17-7.38 (m, 10H, C¢Hs x2); 3C
NMR (100MHz, CDCls): 6 15.3, 29.8, 30.8, 38.2, 51.7, 56.1, 67.3, 127.2, 128.1, 128.3, 128.6, 128.8,
129.3, 136.0, 156.2, 171.5, 174.4; HRMS (ESI-TOF): Calcd for C22H26N20sSNa (M+Na)*: 453.1455,
found: 453.1440; TR (KB, Vmx/cm™!) = 3301 (OH), 1712 (CO), 1689 (CON), 1652 (CON).
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3.11. Cbz-L-Phe-L-Trp-OH 6ai

Colorless powder; mp: 141-144 °C; [a]*’p = —3.30 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
§2.74 (dd, J=9.7, 14.0 Hz, 1H, CH4CeHs), 3.07 (dd, J = 5.0, 14.0 Hz, 1H, CHzCsHs), 3.22 (dd, J =
7.2,14.7 Hz, 1H, CHa-indole), 3.34 (dd, /= 5.2, 14.7 Hz, 1H, CHg-indole), 4.37 (dd, /= 5.0, 9.7 Hz,
IH, CHCH,CHs), 4.71 (dd, J=5.2,7.2 Hz, 1H, CHCHs-indole), 4.94 (d, J = 12.8 Hz, 1H, OCH,CsHs),
5.00 (d,J=12.8 Hz, 1H, OCH3CsHs), 6.99, 7.05-7.09, 7.14-7.32,7.55 (t, m, m,d, J=7.0, 7.9 Hz, 1H,
2H, 11H, 1H, C¢Hs %2, indole); 3C NMR (100MHz, MeOD-d*): § 28.5, 39.0, 54.7, 57.8, 67.6, 110.7,
112.3,119.4,119.9, 122.4, 124.6, 127.7, 128.7, 129.0, 129.4, 129.5, 130.4, 138.0, 138.2, 138.6, 158.2,
173.9, 174.9; HRMS (ESI-TOF): Calcd for C2sH27N305Na (M+Na)*: 508.1843, found: 508.1836; IR
(KB, via/em!) = 3408 (NH), 3313 (OH), 1712 (CO,), 1627 (CON).

3.12. Cbz-Gly-L-Phe-OH 6ba

Colorless sticky oil; [a]**p = +25.1 (¢ 0.98, MeOH); '"H NMR (400MHz, MeOD-d%): 6 3.00 (dd, J =
7.6, 14.2 Hz, 1H, CH4C¢Hs), 3.18 (dd, J = 5.4, 14.2 Hz, 1H, CHpCeHs), 3.72 (d, J = 17.0 Hz, 1H,
CH,CONH), 3.79 (d,J=17.0 Hz, 1H, CH3CONH), 4.67 (dd, J=5.4, 7.6 Hz, 1H, CHCH>C¢Hjs), 5.09
(s, 2H, OCH-C¢Hs), 7.16-7.27, 7.28-7.38 (m, m, 5H, 5H, C¢Hs x2); *C NMR (100MHz, MeOD-d*):
0 384,448, 54.9, 67.9, 127.9, 128.9, 129.1, 129.5, 130.4, 138.1, 159.0, 171.9, 174.4; HRMS (ESI-
TOF): Calcd for C19H20N20sNa (M+Na)*: 379.1264, found: 379.1250; IR (KBr, vmax/cm™) = 3326
(OH), 1732 (COy), 1662 (CON).

3.13. Cbz-L-Ala-L-Phe-OH 6ca

Colorless powder; mp: 125-127 °C; [a]*’p = +0.96 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
01.27(d,J=17.1 Hz, 3H, CH3), 3.01 (dd, J=7.8, 13.9 Hz, 1H, CH4CesHs), 3.18 (dd, /= 5.2, 13.9 Hz,
1H, CHCsHs), 4.13 (q, J = 7.1 Hz, 1H, CHCH3), 4.64 (dd, J= 5.2, 7.8 Hz, 1H, CHCH,CsH5s), 5.06
(s, 2H, OCH-C¢Hs), 7.16-7.26, 7.28-7.38 (m, m, 5H, 5H, C¢Hs x2); *C NMR (100MHz, MeOD-d*):
0 18.3, 38.4, 51.9, 54.9, 67.7, 127.8, 128.9, 129.0, 129.5, 129.5, 130.5, 138.2, 158.2, 174.3, 175.3;
HRMS (ESI-TOF): Calcd for C20H22N20s5Na (M+Na)*: 393.1421, found: 393.1449; IR (KBT, Vimax/cm™
1Y =3330 (OH), 1736 (CO,), 1714 (CON), 1691 (CON).

3.14. Cbz-L-Val-L-Phe-OH 6da

Colorless powder; mp: 174-177 °C; [a]*’p = -0.76 (¢ 1.00, DMSO); '"H NMR (400MHz, MeOD-d*):
5087 (d, J = 6.8 Hz, 3H, CH3), 0.89 (d, J = 6.8 Hz, 3H, CHz), 1.93-2.00 (m, 1H, CH(CHs),), 2.97
(dd, J= 8.6, 13.9 Hz, 1H, CH,CsHs), 3.18 (dd, /= 5.2, 13.9 Hz, 1H, CHgC¢Hs), 3.90 (d, /= 7.3 Hz,
1H, CHCH(CHs),), 4.66 (dd, J= 5.2, 8.6 Hz, 1H, CHCH,CHs), 5.08 (s, 2H, OCH:CsHs), 7.13-7.22,
7.28-7.35 (m, m, 5H, 5H, C¢Hs x2); 3C NMR (100MHz, MeOD-d*): 6 18.6, 19.7, 32.1, 38.5, 54.9,
62.1, 67.7, 127.8, 128.9, 129.1, 129.5, 129.5, 130.4, 138.3, 158.5, 174.0, 174.4; HRMS (ESI-TOF):
Calcd for C2oH26N20sNa (M+Na)*: 421.1734, found: 421.1757; IR (KBr, vmax/cm'') = 3342 (OH),
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1734 (CO»), 1635 (CON).

3.15. Cbz-L-Leu-L-Phe-OH 6ea

Colorless powder; mp: 81-83 °C; [a]*’p = —7.43 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*): ¢
0.89 (d, J = 6.6 Hz, 3H, CH3), 0.92 (d, J = 6.6 Hz, 3H, CHz3), 1.44-1.48 (m, 2H, CH,CH(CH3);,
CH(CHs),), 1.58-1.66 (m, 1H, CHsCH(CHs)»), 3.00 (dd, J = 8.4, 13.7 Hz, 1H, CH.CeHs), 3.19 (dd, J
= 5.2, 13.7 Hz, 1H, CH3CeHs), 4.14 (dd, J = 6.3, 6.3 Hz, 1H, CHCH,CH), 4.65 (dd, J= 5.2, 8.3 Hz,
1H, CHCH:CgHs), 5.07 (s, 2H, OCH:CgHs), 7.15-7.24, 7.27-7.35 (m, m, SH, 5H, C¢Hs x2); '3C NMR
(100MHz, MeOD-d%): 6 22.0,23.4,25.9,38.4,42.1,54.9,54.9,67.7,127.8,128.8, 129.0, 129.5, 129.5,
130.5, 138.2, 158.4, 174.3, 175.1; HRMS (ESI-TOF): Calcd for Ca3HasN2OsNa (M+Na)*: 435.1890,
found: 435.1909; IR (KBr, Vmax/cm™") = 3319 (OH), 1716 (CO2), 1697 (CON), 1664 (CON).

3.16. Cbz-L-Met-L-Phe-OH 6fa

Colorless powder; mp: 125-126 °C; [a]*’p = —6.98 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*):
0 1.77-1.86 (m, 1H, CH,CHS), 1.92-1.99 (m, 1H, CH3CH,S), 2.04 (s, 3H, CH3), 2.40-2.53 (m, 2H,
CH>S), 3.00 (dd, /= 8.3, 13.9 Hz, 1H, CH4C¢H5), 3.19 (dd, J= 5.2, 13.9 Hz, 1H, CHpC¢Hs), 4.22 (dd,
J=5.6,8.5Hz, 1H, CHCH,CH>), 4.66 (dd, J=5.2, 8.3 Hz, 1H, CHCH,CsHjs), 5.07 (s, 2H, OCH>CsH5),
7.15-7.26, 7.28-7.35 (m, m, 5H, 5H, CsHs x2); 3C NMR (100MHz, MeOD-d*): § 15.2, 31.0, 32.9,
38.3, 54.9, 55.5, 67.8, 127.9, 128.9, 129.1, 129.5, 129.5, 130.4, 138.2, 158.4, 174.1, 174.3; HRMS
(ESI-TOF): Calcd for C22H26N2OsSNa (M+Na)™: 453.1455, found: 453.1454; IR (KBr, vinax/cm™!) =
3311 (OH), 1722 (CO»), 1695 (CON), 1660 (CON).

3.17. Cbz-L-Trp-L-Phe-OH 6ga

Colorless powder; mp: 70-72 °C; [a]**p = —18.1 (¢ 0.99, MeOH); 'H NMR (400MHz, MeOD-d*): 6
2.96 (dd, J= 7.8, 13.9 Hz, 1H, CH4CsHs), 3.01 (dd, J = 8.4, 14.8 Hz, 1H, CHa-indole), 3.14 (dd, J =
5.4, 13.9 Hz, 1H, CHzCHs), 3.20 (dd, J = 5.4, 14.8 Hz, 1H, CHg-indole), 4.43 (dd, J = 5.4, 8.4 Hz,
1H, CHCHa-indole), 4.64 (dd, J= 5.4, 7.8 Hz, 1H, CHCH,CsHs), 5.00 (s, 2H, OCH:CsHs), 6.96-7.33,
7.57 (m, d, J=7.9 Hz, 14H, 1H, C¢Hs %2, indole); *C NMR (100MHz, MeOD-d*): § 29.1, 38.4, 55.0,
57.2,67.7,111.0, 112.3, 119.4, 119.9, 122.4, 124.7, 127.8, 128.7, 128.8, 128.9, 129.4, 129.5, 130.5,
138.1, 158.2, 174.2; HRMS (ESI-TOF): Calcd for CisH27N30sNa (M+Na)™: 508.1843, found:
508.1820; TR (KB, vima/cm!) = 3402 (NH), 3313 (OH), 1716 (CO5), 1662 (CON).

Section 2. Ecological base-conditioned preparation of dipeptides using unprotected a-amino acids

containing hydrophilic side chains
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4. Typical procedure for the amidation of 3-phenylpropanoic acid 1a using ethyl chloroformate
To a colorless solution of 75 mg (0.50 mmol) of 3-phenylpropanoic acid 1a in 10 mL of THF were
added at 0 °C 67 pL (0.70 mmol, 1.4 equiv) of ethyl chloroformate and 209 pL (1.5 mmol, 3.0 equiv)
of triethylamine. After stirring for 30 min at 0 °C, a solution of 110 mg (0.75 mmol, 1.5 equiv) of L-
Glu-OH 2e and 63 mg (0.75 mmol, 1.5 equiv) of NaHCOs3 in 10 mL of H>O was added at 0 °C to the
colorless suspension. The mixture was stirred for 30 min at 0 °C and the resulted colorless clear
solution was concentrated in vacuo. The residue was adjusted to pH 2 by addition of a 1.0 M aqueous
solution of HCI. The resulted suspension was diluted with 30 mL of EtOAc. The aqueous layer was
extracted with 20 mL of EtOAc. The combined organic layer was washed with 10 mL of brine, and
dried over anhydrous MgSQOs. The crude product was chromatographed on silica gel with EtOAc
containing 1% AcOH to afford 126 mg (90% yield) of N-(3-phenylpropanoyl)-L-Glu-OH 3e.

4.1. N-(3-phenylpropanoyl)-L-Ser-OH 3ak

Colorless powder; mp: 119-123 °C; [a]?®p = +6.70 (¢ 1.00, MeOH); *H NMR (400MHz, MeOD-d*):
§2.72(ddd, J=1.5,7.6, 7.6 Hz, 1H, CHACO), 2.72 (ddd, J = 1.5, 8.3, 8.3 Hz, 1H, CHgCO), 2.92 (dd,
J=7.6,8.3Hz, 2H, CHyCsHs), 3.77 (dd, J = 4.3, 11.2 Hz, 1H, CHAOH), 3.86 (dd, J = 4.8, 11.2 Hz,
1H, CHsOH), 4.48 (dd, J = 4.3, 4.8 Hz, 1H, CHCH,OH), 7.14-7.18, 7.21-7.28 (m, m, 1H, 4H, CsHs);
13C NMR (100MHz, MeOD-d*): ¢ 32.8, 38.8, 56.1, 63.0, 127.2, 129.4, 129.5, 142.3, 173.5, 175.4;
HRMS (ESI-TOF): Calcd for C12H1sNOsNa (M+Na)*: 260.0893, found: 260.0894; IR (KBr, vmax/cnm
1): 3305 (OH), 1716 (COy), 1648 (CON).

4.2. N-(3-phenylpropanoyl)-L-Cys-OH 3al

Colorless powder; mp: 132-133 °C; [a]?®p = —4.10 (c 1.01, MeOH); *H NMR (400MHz, MeOD-d*):
§2.58 (ddd, J=1.2,7.6, 7.6 Hz, 1H, CHACO), 2.58 (ddd, J = 1.2, 7.7, 7.7 Hz, 1H, CHgCO), 2.79 (dd,
J=6.6,14.0 Hz, 1H, CHASH), 2.86 (dd, J = 4.6, 14.0 Hz, 1H, CHgSH), 2.93 (dd, J = 7.6, 7.7 Hz, 2H,
CH2CgHs), 4.58 (dd, J = 4.6, 6.6 Hz, 1H, CHCH,SH), 7.14-7.19, 7.21-7.28 (m, m, 1H, 4H, C¢Hs); *C
NMR (100MHz, MeOD-d*): ¢ 26.8, 32.8, 38.6, 55.9, 127.3, 129.5, 129.5, 142.1, 173.1, 175.3; HRMS
(ESI-TOF): Calcd for C12H16NO3S (M+Na)*: 254.0854, found: 254.0856; IR (KBr, vmax/cm™): 3353
(OH), 2563 (SH), 1720 (COy), 1589 (CON).

4.3. N-(3-phenylpropanoyl)-L-Tyr-OH 3am

Colorless powder; mp: 164-167 °C; [a]®p = +16.8 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*):
02.46 (ddd, J=1.6, 8.1, 8.1 Hz, 1H, CHACO), 2.46 (ddd, J= 1.6, 8.2, 8.2 Hz, 1H, CHgCO) , 2.81 (dd,
J=18.1,8.2 Hz, 2H, CH,C¢Hs), 2.82 (dd, J = 8.8, 13.9 Hz, 1H, CHACsH.), 3.05 (dd, J = 5.1, 13.9 Hz,
1H, CHgCsH4), 4.58 (dd, J = 5.1, 8.8 Hz, 1H, CHCH,CsHa4), 6.67, 6.95, (d, d, J = 8.6, 8.6 Hz, 2H, 2H,
CeHa), 7.13-7.16, 7.21-7.25 (m, m, 3H, 2H, CsHs); 13C NMR (100MHz, MeOD-d%): § 32.8, 37.7, 38.6,
55.3,116.2, 127.2, 129.1, 129.4, 129.5, 131.3, 142.2, 157.3, 174.9, 175.1; HRMS (ESI-TOF): Calcd
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for C1sH19NOsNa (M+Na)*: 336.1206, found: 336.1187; IR (KBr, vmax/cm™): 3309 (ArOH), 3197
(OH), 1745 (COy), 15923(CON).

4.4, N-(3-phenylpropanoyl)-L-Glu-OH 3ae (see Section 1 of Chapter 1 in Experimental)!6?
Colorless powder; *H NMR (400MHz, MeOD-d%): ¢ 1.80-1.90 (m, 1H, CHACH), 2.07-2.15 (m, 1H,
CHgCH), 2.22-2.26 (m, 2H, CH2CH>CH), 2.54 (ddd, J = 1.4, 7.4, 7.4 Hz, 1H, CHACO), 2.54 (ddd, J
=1.4,8.0,8.0 Hz, 1H, CHgCO), 2.91 (dd, J = 7.4, 8.0 Hz, 2H, CH,CgHs), 4.40 (dd, J = 4.8, 9.8 Hz,
1H, CHCO), 7.15-7.18, 7.20-7.27 (m, m, 1H, 4H, C¢Hs).

4.5. N-(3-phenylpropanoyl)-L-GIn-OH 3af (see Section 1 of Chapter 1 in Experimental)!6?
Colorless powder; *H NMR (400MHz, MeOD-d%): ¢ 1.83-1.93 (m, 1H, CHACH), 2.07-2.24 (m, 3H,
CHgCH, CH2CH2CH), 2.55 (ddd, J = 1.5, 7.5, 7.5 Hz, 1H, CHACO), 2.55 (ddd, J = 1.5, 8.1, 8.1 Hz,
1H, CHgCO), 2.92 (dd, J = 7.5, 8.1 Hz, 2H, CH2C¢H5s), 4.37 (dd, J = 4.5, 9.4 Hz, 1H, CHCO), 7.14-
7.18,7.21-7.28 (m, m, 1H, 4H, C¢Hs).

5. Typical procedure for the amidation of Cbz-L-Phe-OH 5a using ethyl chloroformate

To a colorless solution of 150 mg (0.50 mmol) of Cbz-L-Phe-OH 5a in 10 mL of THF were added
at 0 °C 67 pL (0.70 mmol, 1.4 equiv) of ethyl chloroformate and 209 pL (1.5 mmol, 3.0 equiv) of
triethylamine. After stirring for 30 min at 0 °C, a solution of 110 mg (0.75 mmol, 1.5 equiv) of L-Glu-
OH 2e and 63 mg (0.75 mmol, 1.5 equiv) of NaHCO3 in 10 mL of H,O was added at 0 °C to the
colorless suspension. The mixture was stirred for 30 min at 0 °C and the resulted colorless clear
solution was concentrated in vacuo. The residue was adjusted to pH 2 by addition of a 1.0 M aqueous
solution of HCI. The colorless suspension was diluted with 10 mL of brine, extracted with 25 mL x3
of a 4:1 mixture of EtOAc and MeOH, and dried over anhydrous MgSO.. The crude product was
chromatographed on silica gel with a 9:1 mixture of chloroform and MeOH containing 1% AcOH to
afford 187 mg (87% yield) of Cbz-L-Phe-L-Glu-OH 6ae.

5.1. Cbz-L-Phe-L-Ser-OH 6ak

Colorless powder; mp: 156-159 °C; [a]*% = +4.82 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*):
§2.85 (dd, J = 9.8, 13.8 Hz, 1H, CHaC¢Hs), 3.19 (dd, J = 4.7, 13.8 Hz, 1H, CHgCsHs), 3.83 (dd, J =
3.8, 11.2 Hz, 1H, CHAOH), 3.92 (dd, J = 4.5, 11.2 Hz, 1H, CHgOH), 4.46 (dd, J = 4.7, 9.8 Hz, 1H,
CHCH,CgHs), 4.48 (dd, J = 3.8, 4.5 Hz, 1H, CHCH,0H), 4.98 (d, J = 12.6 Hz, 1H, OCHACsHs), 5.03
(d, J =12.6 Hz, 1H, OCHgCsHs), 7.19-7.33 (m, 10H, C¢Hs x2); *C NMR (100MHz, MeOD-d%): §
39.2,56.2,57.8,63.0,67.6,127.8,128.7,129.0, 129.5, 129.5, 130.4, 138.2, 138.6, 158.4, 173.1, 174.2;
HRMS (ESI-TOF): Calcd for C2H23N206 (M+H)*: 387.1551, found: 387.1539; IR (KBTI, vmax/cm™):
3298 (OH), 1732 (COy), 1647 (CON).
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5.2. Cbz-L-Phe-L-Cys-OH 6al

Colorless powder; mp: 121-122 °C; [a]*®p = -9.32 (¢ 1.00, MeOH); *H NMR (400MHz, MeOD-d*):
§2.87 (dd, J= 9.5, 13.9 Hz, 1H, CHACsHs), 2.88 (dd, J = 4.6, 14.0 Hz, 1H, CHaSH), 2.97 (dd, J = 4.6,
14.0 Hz, 1H, CHgSH), 3.16 (dd, J = 5.2, 13.9 Hz, 1H, CHgCsHs), 4.44 (dd, J = 5.2, 9.5 Hz, 1H,
CHCH.C¢Hs), 4.60 (dd, J =4.6, 4.6 Hz, 1H, CHCH,SH), 5.01 (s, 2H, OCH,CeHs), 7.17-7.33 (m, 10H,
CsHs x2); 13C NMR (100MHz, MeOD-d*): ¢ 26.8, 39.0, 56.0, 57.8, 67.6, 127.8, 128.7, 129.0, 129.5,
130.4, 138.2, 138.6, 158.3, 172.8, 174.2; HRMS (ESI-TOF): Calcd for CaoH2sN20sS (M+H)*:
403.1322, found: 403.1296; IR (KB, vmax/cm): 3309 (OH), 2568 (SH), 1716 (CO2), 1656(CON).

5.3. Cbz-L-Phe-L-Tyr-OH 6am

Colorless powder; mp: 189-190 °C; [a]*®p = —4.90 (c 1.00, MeOH); *H NMR (400MHz, MeOD-d*):
§2.77 (dd, J = 9.9, 14.0 Hz, 1H, CHACsHa), 2.91 (dd, J = 8.0, 14.0 Hz, 1H, CHACeHs), 3.09 (dd, J =
5.0, 14.0 Hz, 1H, CHgCgHa), 3.09 (dd, J = 5.3, 14.0 Hz, 1H, CHgCeHs), 4.36 (dd, J = 5.0, 9.9 Hz, 1H,
CHCH2CgHa), 4.58 (dd, J = 5.3, 8.0 Hz, 1H, CHCH2CsHs), 4.97 (d, J = 12.6 Hz, 1H, OCHaCeHs),
5.03 (d, J = 12.6 Hz, 1H, OCHgC¢Hs), 6.68, 7.02 (d, d, J = 8.4, 8.4 Hz, 2H, 2H, CsHa4), 7.16-7.32 (m,
10H, CgHs x2); 13C NMR (100MHz, MeOD-d*): ¢ 37.7, 39.0, 55.3, 57.8, 67.6, 116.3, 127.7, 128.7,
128.8,129.0, 129.4, 129.5, 130.4, 131.5, 138.2, 138.6, 157.4, 173.9, 174.4; HRMS (ESI-TOF): Calcd
for CasH27N20g (M+H)*: 463.1864, found: 463.1862; IR (KB, vmadcm™): 3433 (OH), 3334 (ArOH),
1734 (COy), 1684 (CON), 1653 (CON).

5.4. Cbz-L-Phe-L-Glu-OH 6ae (see Section 1 of Chapter 1 in Experimental)'6
Colorless powder; *H NMR (400MHz, MeOD-d*): 6 1.89-1.99 (m, 1H, CHACH.CO), 2.15-2.23 (m,
1H, CHgCH2CO), 2.39 (dd, J = 7.6, 7.8 Hz, 2H, CH»CO), 2.84 (dd, J = 9.6, 14.0 Hz, 1H, CHaC¢H5),
3.15 (dd, J = 5.0, 14.0 Hz, 1H, CHgCsHs), 4.40-4.47 (m, 2H, CH x2), 4.99 (d, J = 13.0 Hz, 1H,
OCHAaC¢Hs), 5.03 (d, J = 13.0 Hz, 1H, OCHgCs¢Hs), 7.18-7.33 (m, 10H, CeHs x2).

5.5. Cbz-L-Phe-L-GIn-OH 6af (see Section 1 of Chapter 1 in Experimental)'%

Colorless powder; *H NMR (400MHz, MeOD-d%): 6 1.91-1.98 (m, 1H, CHACH,CO), 2.16-2.35 (m,
3H, CHgCH,CO, CH2CO), 2.85 (dd, J = 9.7, 14.0 Hz, 1H, CHaCsHs), 3.16 (dd, J = 4.9, 14.0 Hz, 1H,
CHgCsHs), 4.38-4.43 (m, 2H, CH x2), 4.99 (d, J = 12.7 Hz, 1H, OCHAC¢Hs), 5.03 (d, J = 12.7 Hz,
1H, OCHgC¢Hs), 7.17-7.33 (m, 10H, CeHs x2).

5.6. Cbz-D-Phe-L-Glu-OH 6a’e

Colorless powder; mp: 169-172 °C; [a]?®p = +0.82 (c 1.00, MeOH); *H NMR (400MHz, MeOD-d*):
§1.79-1.88 (M, 1H, CHACH,CO), 2.04-2.18 (m, 3H, CHsCH,CO, CH2CO), 2.88 (dd, J = 8.8, 13.7 Hz,
1H, CHACéHs), 3.09 (dd, J = 6.6, 13.7 Hz, 1H, CHeCsHs), 4.38 (dd, J = 6.6, 8.8 Hz, 1H, CHCH,CHs),
4.40-4.44 (m, 1H, CHCH2CHj), 5.00 (d, J = 12.4 Hz, 1H, OCHaCsHs), 5.05 (d, J = 12.4 Hz, 1H,
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OCHgCgHs), 7.19-7.33 (m, 10H, CsHs x2); 1*C NMR (100MHz, MeOD-d*): § 27.8, 31.0, 39.5, 53.1,
58.0, 67.7, 127.9, 128.8, 129.0, 129.5, 129.6, 130.4, 138.2, 138.4, 158.2, 174.0, 174.6, 176.3; HRMS
(ESI-TOF): Calcd for C22H24N207Na (M+Na)*: 451.1476, found: 451.1488; IR (KBTI, vmax/cm™): 3299
(OH), 1716 (CO,), 1670 (CON).

5.7. Cbz-L-Phe-L-Asp-OH 6an

Colorless powder; mp: 178-179 °C; [a]®®p = -11.7 (c 1.01, MeOH); *H NMR (400MHz, MeOD-d*):
02.84 (dd, J =9.7, 13.9 Hz, 1H, CHACsHs), 2.84 (d, J = 5.6 Hz, 2H, CH,CO), 3.18 (dd, J = 4.8, 13.9
Hz, 1H, CHgCgHs), 4.42 (dd, J = 4.8, 9.7 Hz, 1H, CHCH2C¢Hs), 4.73 (t, J = 5.6 Hz, 1H, CHCH,CO),
4.97 (d, J = 12.7 Hz, 1H, OCHACsHs), 5.02 (d, J = 12.7 Hz, 1H, OCHgCsHs), 7.18-7.33 (m, 10H, CeHs
x2); 3C NMR (100MHz, MeOD-d*): ¢ 36.8, 39.1, 50.2, 57.8, 67.6, 127.7, 128.7, 128.9, 129.5, 130.4,
138.2,138.6, 158.3, 173.7, 173.9, 174.0; HRMS (ESI-TOF): Calcd for C21H23N207 (M+H)*: 415.1500,
found: 415.1486; IR (KB, vmax/cm): 3305 (OH), 1716 (CO2), 1695 (CON), 1653 (CON).

5.8. Cbz-L-Phe-L-Tyr(3-OH)-OH 6ao

Colorless powder; mp: 132-134 °C; [a]?®p = —7.26 (¢ 1.00, MeOH); *H NMR (400MHz, MeOD-d*):
02.77 (dd, J = 9.8, 14.0 Hz, 1H, CHaCeH3), 2.87 (dd, J = 7.7, 14.0 Hz, 1H, CHaCeHs), 3.03 (dd, J =
5.5, 14.0 Hz, 1H, CHgCgHs), 3.09 (dd, J = 4.9, 14.0 Hz, 1H, CHgCeH3), 4.37 (dd, J = 4.9, 9.8 Hz, 1H,
CHCH2CgH3), 4.58 (dd, J = 5.5, 7.7 Hz, 1H, CHCH2CsHs), 4.96 (d, J = 12.7 Hz, 1H, OCHaCeHs),
5.03 (d, J = 12.7 Hz, 1H, OCH&CsHs), 6.53, 6.65-6.67 (d, m, J = 8.0 Hz, 1H, 2H, CsH3), 7.16-7.32 (m,
10H, CgHs x2); 13C NMR (100MHz, MeOD-d*): ¢ 37.9, 39.0, 55.2, 57.8, 67.7, 116.4, 117.5, 121.9,
127.7,128.7,128.9, 129.4, 129.5, 130.4, 138.2, 138.6, 145.3, 146.2, 158.3, 173.9, 174.5; HRMS (ESI-
TOF): Calcd for CosH27N207 (M+H)*: 479.1813, found: 479.1796; IR (KB, vmax/cmL): 3487 (ArOH),
3325 (ArOH), 3033 (OH), 1724 (CO,), 1695 (CON), 1657 (CON).

5.9. Cbz-L-Phe-L-Tyr(3-1)-OH 6ap

Colorless powder; mp: 182-185 °C; [a]®p = —1.08 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*):
§2.79 (dd, J = 9.7, 13.9 Hz, 1H, CHACsHs), 2.88 (dd, J = 7.9, 13.9 Hz, 1H, CHACsHs), 3.08 (dd, J =
5.1, 13.9 Hz, 1H, CHgCsHs), 3.08 (dd, J = 5.1, 13.9 Hz, 1H, CHsCsHs3), 4.36 (dd, J = 5.1, 9.7 Hz, 1H,
CHCH,CeHs), 4.58 (dd, J = 5.1, 7.9 Hz, 1H, CHCH2C¢Hs), 4.97 (d, J = 12.6 Hz, 1H, OCHaCsHs),
5.03 (d, J =12.6 Hz, 1H, OCHgC¢Hs), 6.74, 7.03, 7.54 (d, d, s, J = 8.0 Hz, 1H, 1H, 1H CeHg), 7.17-
7.32 (m, 10H, Cg¢Hs x2); 3C NMR (100MHz, MeOD-d%): § 37.0, 39.2, 55.1, 57.9, 67.7, 84.6, 115.7,
127.7,128.7,128.9, 129.5, 129.5, 130.4, 131.0, 131.6, 138.2, 138.6, 141.0, 157.0,174.0, 174.2; HRMS
(ESI-TOF): Calcd for CagHasIN20s (M+H)*: 589.0830, found: 589.0835; IR (KB, vmax/cm): 3359
(ArOH), 3280 (OH), 1735 (CO), 1706 (CON) 1644 (CON), 1051 (Arl).

5.10. Cbz-L-Phe-L-Trp(5-OH)-OH 6aq

46



Colorless powder; mp: 107-110 °C; [a]*®p = -14.2 (c 1.00, MeOH); *H NMR (400MHz, MeOD-d*):
§2.72 (dd, J = 10.0, 14.0 Hz, 1H, CHa-indole), 3.08 (dd, J = 4.7, 14.0 Hz, 1H, CHg-indole), 3.14 (dd,
J=17.2,14.1 Hz, 1H, CHAC¢Hs), 3.28 (dd, J = 5.3, 14.1 Hz, 1H, CHgCsHs), 4.37 (dd, J = 4.7, 10.0 Hz,
1H, CHCH.-indole), 4.69 (dd, J = 5.3, 7,2 Hz, 1H, CHCH:CsHs), 4.94 (d, J = 12.8 Hz, 1H, OCHaC¢H),
5.01 (d, J = 12.8 Hz, 1H, OCHgCsHs), 6.66, 6.95, 7.03, 7.13-7.29 (d, s, s, m, J = 8.6 Hz, 1H, 1H, 1H,
11H, indole, CsHs x2); 13C NMR (100MHz, MeOD-d*): 6 28.6, 39.0, 54.7, 57.8, 67.6, 103.7, 110.0,
112.5,112.8,125.4,127.7,128.7,128.9, 129.4, 129.5, 129.7, 130.3, 133.0, 138.2, 138.6, 151.3, 158.3,
174.0, 174.9; HRMS (ESI-TOF): Calcd for C2gH2sN306 (M+H)*: 502.1973, found: 502.1957; IR (KBr,
vmadem™): 3566 (NH), 3396 (ArOH), 3324 (OH), 1704 (CO,), 1654 (CON).

5.11. Cbz-L-Ala-L-Ser-OH 6ek

Colorless powder; mp: 300 °C<; [a]®p = +33.9 (¢ 1.00, DMSO); *H NMR (400MHz, DMSO-d): 6
1.22 (d, J = 7.3 Hz, 3H, CHs), 3.40 (dd, J = 6.2, 9.9 Hz, 1H, CHAOH), 3.60 (dd, J = 5.3, 9.9 Hz, 1H,
CHgOH), 3.79 (ddd, J = 5.3, 6.2, 6.2 Hz, 1H, CHCH20H), 4.04 (dd, J = 7.3, 7.6 Hz, 1H, CHCHs),
5.01 (d, J = 12.6 Hz, 1H, OCHaCsHs), 5.06 (d, J = 12.6 Hz, 1H, OCHgCsHs), 5.34 (br, 1H, OH), 7.31-
7.38 (m, 5H, CsHs), 7.49 (d, J = 6.2 Hz, 1H, NHCHCHS,), 7.60 (d, J = 7.6 Hz, 1H, NHCHCHS); 13C
NMR (100MHz, DMSO-d): § 18.3, 50.4, 55.2, 62.5, 65.4, 127.7, 127.8, 128.4, 137.0, 155.7, 171.7,
173.9; HRMS (ESI-TOF): Calcd for C14H18N2OgNa (M+Na)*: 333.1057, found: 333.1073; IR (KBr,
vmax/cm1): 3354 (OH), 3320 (OH), 1693 (CO.), 1666 (CON).

5.12. Cbz-L-Ala-L-Cys-OH 6el

Colorless powder; mp: 164-166 °C; [a]*’p = -11.9 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*):
§1.36 (d, J = 7.2 Hz, 3H, CHs), 2.90 (dd, J = 5.8, 14.0 Hz, 1H, CHASH), 2.98 (dd, J = 4.6, 14.0 Hz,
1H, CHgSH), 4.21 (g, J = 7.2 Hz, 1H, CHCHs3), 4.61 (dd, J = 4.6, 5.8 Hz, 1H, CHCH.SH), 5.09 (s,
2H, OCH2CgHs), 7.26-7.37 (m, 5H, C¢Hs); 1*C NMR (100MHz, MeOD-d%): 6 18.2, 26.8, 52.0, 55.9,
67.7,128.9, 129.1, 129.5, 138.2, 158.3, 173.0, 175.6; HRMS (ESI-TOF): Calcd for C14H1sN20sSNa
(M+Na)*: 349.0829, found: 349.0847; IR (KBT, vma/cm™): 3346 (OH), 2565 (SH), 1733 (CO»), 1637
(CON).

5.13. Cbz-L-Ala-L-Tyr-OH 6em

Colorless powder; mp: 148-152 °C; [a]®p = +10.6 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*):
§1.28 (d, J = 7.1 Hz, 3H, CH3), 2.93 (dd, J = 7.5, 14.0 Hz, 1H, CHaC¢cH4), 3.07 (dd, J = 5.4, 14.0 Hz,
1H, CHgCeHa), 4.14 (q, J = 7.1 Hz, 1H, CHCHa), 4.57 (dd, J = 5.4, 7.5 Hz, 1H, CHCH,CeHa), 5.05
(d, J = 12.5 Hz, 1H, OCHaCsHs), 5.09 (d, J = 12.5 Hz, 1H, OCHgCsHs), 6.68, 7.02 (d, d, J = 8.3, 8.3
Hz, 2H, 2H, C¢H4), 7.28-7.35 (m, 5H, CsHs); 13C NMR (100MHz, MeOD-d*): 6 18.2, 37.6, 51.9, 55.2,
67.8,116.2, 128.8, 128.9, 129.1, 129.5, 131.5, 138.2, 157.4, 158.2, 174.6, 175.3; HRMS (ESI-TOF):
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Calcd for CaoH22N20gNa (M+Na)*: 409.1370, found: 409.1386; IR (KBF, vmad/cm): 3401 (ArOH),
3300 (OH), 1733 (CO5), 1687 (CON), 1653 (CON).

5.14. Cbz-L-Val-L-Ser-OH 6fk

Colorless powder; mp: 172-175 °C; [a]*®p = —4.24 (c 1.00, MeOH); *H NMR (400MHz, MeOD-d*):
5 0.94 (d, J = 6.8 Hz, 3H, CHs), 0.99 (d, J = 6.8 Hz, 3H, CH3), 2.05-2.14 (m, 1H, CH(CH3)2), 3.82
(dd, J=4.2,11.3 Hz, 1H, CHAOH), 3.91 (dd, J = 4.5, 11.3 Hz, 1H, CHgOH), 4.03 (d, J = 6.8 Hz, 1H,
CHCH(CH3)2), 4.49 (dd, J=4.2, 4.5 Hz, 1H, CHCH,0H), 5.10 (s, 2H, OCH,Cs¢Hs), 7.26-7.38 (m, 5H,
CsHs); °C NMR (100MHz, MeOD-d*): 6 18.4, 19.8, 32.2, 56.1, 62.0, 63.1, 67.8, 128.9, 129.1, 129.5,
138.3, 158.7, 173.2, 174.3; HRMS (ESI-TOF): Calcd for C16H2oN20sNa (M+Na)*: 361.1370, found:
361.1388; IR (KB, vma/cml): 3546 (OH), 3307 (OH), 1733 (CO5), 1645 (CON).

5.15. Cbz-L-Val-L-Cys-OH 6fl

Colorless powder; mp: 152-154 °C; [a]®®p = -11.2 (¢ 1.00, MeOH); *H NMR (400MHz, MeOD-d*):
0 0.96 (d, J =7.0 Hz, 3H, CHj3), 0.98 (d, J = 7.0 Hz, 3H, CHs), 2.03-2.12 (m, 1H, CH(CH5s).), 2.88
(dd, J=6.4, 13.9 Hz, 1H, CHASH), 2.96 (dd, J = 4.6, 13.9 Hz, 1H, CHgSH), 3.99 (d, J = 7.0 Hz, 1H,
CHCH(CHs)2), 4.62 (dd, J = 4.6, 6.4 Hz, 1H, CHCH,SH), 5.09 (s, 2H, OCHCeHs), 7.26-7.37 (m, 5H,
CsHs); 3C NMR (100MHz, MeOD-d*): 6 18.6, 19.8, 26.7, 31.9, 55.9, 62.2, 67.8, 128.9, 129.0, 129.5,
138.3,158.7,172.8, 174.4; HRMS (ESI-TOF): Calcd for C16H22N20sSNa (M+Na)*: 377.1142, found:
372.1144; IR (KBr, vmax/cml): 3356 (OH), 2575 (SH), 1736 (CO2), 1643 (CON).

5.16. Cbz-L-Val-L-Tyr-OH 6fm

Colorless powder; mp: 156-157 °C; [a]*’p = —4.70 (c 1.00, MeOH); 'H NMR (400MHz, MeOD-d*):
00.88 (d, J =7.1 Hz, 3H, CH3), 0.89 (d, J = 7.1 Hz, 3H, CHs), 1.96-2.01 (m, 1H, CH(CH3).), 2.89
(dd, J = 8.2, 13.9 Hz, 1H, CHACsH4), 3.08 (dd, J = 5.3, 13.9 Hz, 1H, CHgCsH4), 3.91 (d, J = 7.1 Hz,
1H, CHCH(CHs3)2), 4.60 (dd, J =5.3, 8.2 Hz, 1H, CHCH2CsH4), 5.06 (d, J = 12.5 Hz, 1H, OCHAC¢Hs),
5.11 (d, J =12.5 Hz, 1H, OCHgC¢Hs), 6.67, 7.03 (d, d, J = 8.4, 8.4 Hz, 2H, 2H, CsHa), 7.26-7.37 (m,
5H, CgHs); *C NMR (100MHz, MeOD-d*): ¢ 18.6, 19.7, 32.0, 37.8, 55.3, 62.1, 67.8, 116.2, 128.9,
129.0, 129.1, 129.6, 131.4, 138.3, 157.4, 158.6, 174.0, 174.6; HRMS (ESI-TOF): Calcd for
C22H26N206Na (M+Na)*: 437.1683, found: 437.1685; IR (KBr, vmax/cm™): 3301 (ArOH), 3307 (OH),
1716 (COy), 1695 (CON), 1654 (CON).

5.17. Cbz-L-Met-L-Ser-OH 6hk

Colorless powder; mp: 158-161 °C; [a]?®p = +8.16 (¢ 1.00, DMSO); 'H NMR (400MHz, MeOD-d*):
0 1.87-1.96 (m, 1H, CHACH,S), 2.04-2.13 (m, 1H, CHgCH,S), 2.08 (s, 3H, CH3), 2.51-2.63 (m, 2H,
CH>S), 3.83 (dd, J =3.9, 11.3 Hz, 1H, CHAOH), 3.93 (dd, J = 4.3, 11.3 Hz, 1H, CHgOH), 4.32 (dd, J
= 5.3, 8.6 Hz, 1H, CHCH,CHy), 4.48 (dd, J = 3.9, 4.3 Hz, 1H, CHCH20H), 5.10 (s, 2H, OCH2C¢Hs),
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7.26-7.38 (M, 5H, CsHs); 3C NMR (100MHz, MeOD-d*): 6 15.2, 31.1, 33.0, 55.5, 56.2, 62.9, 67.8,
128.9, 129.1, 129.5, 138.2, 158.5, 173.2, 174.4; HRMS (ESI-TOF): Calcd for C1H2sN206S (M+H)*:
371.1271, found: 371.1262; IR (KB, vmad/cml): 3289 (OH), 1743 (CO5), 1722 (CON), 1680 (CON).

5.18. Cbz-L-Met-L-Cys-OH 6hl

Colorless powder; mp: 142-144 °C; [a]?®p = —7.03 (c 1.00, MeOH); *H NMR (400MHz, MeOD-d*):
5 1.88-1.97 (M, 1H, CHACH,S), 2.03-2.12 (m, 1H, CHsCH.S), 2.07 (s, 3H, CHs), 2.50-2.63 (m, 2H,
CH2CH3S), 2.90 (dd, J = 6.0, 13.8 Hz, 1H, CHaSH), 2.98 (dd, J = 4.5, 13.8 Hz, 1H, CHsSH), 4.30 (dd,
J=55, 8.5 Hz, 1H, CHCH2CHy>), 4.62 (dd, J = 4.5, 6.0 Hz, 1H, CHCH,SH), 5.10 (s, 2H, OCH,CsHs),
7.27-7.37 (m, 5H, CgHs); 3C NMR (100MHz, MeOD-d*): 6 15.3, 26.7, 31.1, 32.8, 55.5, 55.9, 62.9,
67.8, 128.9, 129.1, 129.5, 138.2, 158.5, 172.8, 174.5; HRMS (ESI-TOF): Calcd for C16H23N20sS
(M+H)*: 387.1043, found: 387.1062; IR (KBT, vma/cm™): 3313 (OH), 2584 (SH), 1736 (CO2), 1635
(CON).

5.19. Cbz-L-Met-L-Tyr-OH 6hm

Colorless powder; mp: 133-135 °C; [a]*®*p = +0.26 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*):
6 1.78-1.87 (m, 1H, CH,CH:S), 1.93-2.04 (m, 1H, CHzCH.S), 2.04 (s, 3H, CHs), 2.41-2.54 (m, 2H,
CH,S), 2.92 (dd, J = 8.0, 14.0 Hz, 1H, CH,CgHs), 3.09 (dd, J= 5.1, 14.0 Hz, 1H, CHsCsHs), 4.23 (dd,
J=57,8.7 Hz, 1H, CHCH:CH>), 4.59 (dd, J = 5.1, 8.0 Hz, 1H, CHCH2C4Hs), 5.06 (d, J = 12.4 Hz,
1H, OCH4CeHs), 5.10 (d, J = 12.4 Hz, 1H, OCHpC¢Hs), 6.68, 7.03 (d, d, J = 8.4, 8.4 Hz, 2H, 2H,
CsHa), 7.28-7.35 (m, SH, CHs); 13C NMR (100MHz, MeOD-d%): 6 15.2, 31.0, 32.8, 37.5, 5.2, 55.5,
67.8,116.3, 128.8, 128.9, 129.1, 129.5, 131.4, 138.2, 157.4, 158.4, 174.1, 174.5; HRMS (ESI-TOF):
Calcd for C2oH27N206S (M+H)™: 447.1584, found: 447.1569; IR (KBr, Vimax/cm™): 3302 (OH), 1716
(CO,), 1691 (CON), 1649 (CON).

5.20. N-Boc-O-Bn-L-Ser-L-Glu-OH 6je

Colorless sticky oil; [a]"p = —1.46 (¢ 1.00, MeOH); '"H NMR (400MHz, MeOD-d*): J 1.45 (s, 9H,
CH; x3), 1.89-1.98 (m, 1H, CH4CH,CO), 2.15-2.25 (m, 1H, CHzCH>CO), 2.36-2.42 (m, 2H, CH,CO),
3.67 (dd, J = 4.5, 9.8 Hz, 1H, CH;OCHCgHs), 3.74 (dd, J = 5.2, 9.8 Hz, 1H, CH;OCHCgHs), 4.30
(dd, J = 4.5, 5.2 Hz, 1H, CHCH;0), 4.47-4.50 (m, 1H, CHCH,CH,), 4.52 (d, J = 11.5 Hz, 1H,
OCH C¢Hs), 4.55 (d, J = 11.5 Hz, 1H, OCHCsHs), 7.26-7.33 (m, 5H, C¢Hs); *C NMR (100MHz,
MeOD-d%): 6 28.2, 28.7, 31.0, 53.0, 56.2, 71.1, 74.3, 81.0, 128.8, 129.0, 129.5, 139.3, 157.8, 172.9,
174.4, 176.4; HRMS (ESI-TOF): Calcd for C2oH2sN2OgNa (M+Na)*: 447.1743, found: 447.1756; IR
(KBr, Vmax/cm™): 3329 (OH), 1716 (CO,), 1652 (CON).

5.21. N*-Boc-N*-Cbz-L-Lys-L-Glu-OH 6ke
Colorless sticky oil; [a]'®p = —11.4 (¢ 1.00, MeOH); 'H NMR (400MHz, MeOD-d*):  1.39-1.55 (m,
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13H, CHs x3, CHy(CHa):N, CH:CH,N), 1.56-1.63 (m, 1H, CH4(CHy):N), 1.70-1.81 (m, 1H,
CH3(CH2);N), 1.91-1.98 (m, 1H, CH,CH,CO), 2.14-2.23 (m, 1H, CH;CH,CO), 2.38-2.42 (m, 2H,
CH,CO), 3.09-3.13 (m, 2H, CH,N), 3.99-4.03 (m, 1H, CH(CH,uN), 4.42-4.44 (m, 1H,
CHCH,CH,CO), 5.06 (s, 2H, OCH>C¢Hs), 7.28-7.34 (m, SH, CsHs); *C NMR (100MHz, MeOD-d"):
0 24.1, 28.0, 28.8, 30.5, 31.1, 32.9, 41.5, 52.9, 56.0, 67.4, 81.0, 128.8, 129.0, 129.5, 138.5, 157.9,
159.0, 174.6, 175.4, 176.4; HRMS (ESI-TOF): Caled for C24H3sN3OsNa (M+Na)*: 532.2276, found:
532.2278; IR (KBr, vmax/om™'): 3329 (OH), 1716 (CO,), 1685 (CON), 1655 (CON).

6. Typical procedure for the amidation of Cbz-L-Phe-OH 5a in a glam scale

To a colorless solution of 1.50 g (5.0 mmol) of Cbz-L-Phe-OH 5a in 100 mL of THF were added
at 0 °C 0.67 mL (7.0 mmol, 1.4 equiv) of ethyl chloroformate and 2.09 mL (15 mmol, 3.0 equiv) of
triethylamine. After stirring for 30 min at 0 °C, a solution of 1.10 g (7.5 mmol, 1.5 equiv) of L-Glu-
OH 2e and 0.63 g (7.5 mmol, 1.5 equiv) of NaHCO3 in 100 mL of H>O was added at 0 °C to the
colorless suspension. The mixture was stirred for 30 min at 0 °C and the resulted colorless clear
solution was concentrated in vacuo. The residue was adjusted to pH 2 by addition of a 1.0 M aqueous
solution of HCI. The colorless suspension was diluted with 100 mL of brine, extracted with 200 mL
of a 9:1 mixture of EtOAc and MeOH. The aqueous layer was extracted with 100 mL %2 of a 9:1
mixture of EtOAc and MeOH. The combined organic layer was dried over anhydrous MgSOs. The
crude product was recrystallized from 50 mL of a 1:4 mixture of toluene and hexane to afford a
colorless solid, followed by recrystallization from 20 mL of a 4:1 mixture of EtOAc and hexane to

afford 1.74 g (81% yield) of Cbz-L-Phe-L-Glu-OH 6ae.

Section 3. Amidation of carboxylic acids via mixed carbonic carboxylic anhydrides and its application

to synthesis of antidepressant (15,2R)-tranylcypromine

7. Typical procedure for the primary amidation of 3-phenylpropanoic acid 1a with NH4CI

To a colorless solution of 75 mg (0.50 mmol) of 3-phenylpropanoic acid 1a in 10 mL of THF were
added at 0 °C 67 uL (0.70 mmol, 1.4 equiv) of ethyl chloroformate and 209 uL (1.5 mmol, 3.0 equiv)
of triethylamine. After stirring for 30 min at 0 °C, 0.75 ml of a 1.0 M aqueous solution of NH.CI (0.75
mmol, 1.5 equiv) was added at 0 °C to the colorless suspension. The mixture was stirred for 30 min at
0 °C and 5 mL of H,O was added to the resulted mixture. The colorless clear solution was extracted
with 30 mL of EtOAc and the aqueous layer was extracted with 20 mL of EtOAc. The organic layers
were combined, washed with 5 mL of brine, and dried over anhydrous MgSQOa. The crude product was

chromatographed on silica gel with EtOAc to afford 72 mg (96% yield) of 3-phenylpropanamide 9a.
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7.1. 3-Phenylpropanamide 9a

Colorless solid; mp: 92-95 °C; "H NMR (400 MHz, CDCl3): 6 2.54 (t,J = 8.0 Hz, 2H, CH-C¢Hs), 2.98
(t,J= 8.0 Hz, 2H, CH>CO), 5.29 (br, 2H, NH>), 7.20-7.23, 7.26-7.32 (m, m, 3H, 2H, C¢Hs); 3C NMR
(100 MHz, CDCls): J 31.4, 37.5, 126.3, 128.3, 128.6, 140.8, 174.6; HRMS (ESI-TOF): Calcd for
CoHi;1NONa (M+Na)*: 172.0733, found: 172.0711; IR (KBr, vma/cm) = 3394 (CONH), 3186
(CONH), 1646 (CON), 1628 (CON).

7.2. Cinnamamide 9b

Colorless powder; mp: 140-142 °C; '"H NMR (400 MHz, CDCl3): 6 5.52 (br, 2H, NH>), 6.46 (d, J =
15.7 Hz, 1H, CHCO), 7.37-7.40, 7.51-7.54 (m, m, 3H, 2H, C¢Hs), 7.66 (d, J= 15.7 Hz, |H, CHC4Hs);
13C NMR (100 MHz, CDCl3): 6 119.7, 128.1, 129.0, 130.1, 134.6, 142.6, 167.8; HRMS (ESI-TOF):
Calced for CoHoNONa (M+Na)*: 170.0576, found: 170.0556; IR (KBr, vmax/cm™) = 3373 (CONH),
3168 (CONH), 1662 (CON).

7.3. 4-Methoxycinnamamide 9c

Colorless powder; mp: 198-201 °C; *H NMR (400 MHz, MeOD-d*): 6 3.82 (s, 3H, CH3), 6.49 (d, J =
15.9 Hz, 1H, CHCO), 7.50 (d, J = 15.9 Hz, 1H, CHC¢Hs), 6.94, 7.51 (d, d, J = 8.7, 8.7 Hz, 2H, 2H,
CsHa); 13C NMR (100 MHz, MeOD-d%): § 55.9, 115.4, 118.8, 128.8, 130.6, 142.6, 162.7, 171.5;
HRMS (ESI-TOF): Calcd for C10H11NO2Na (M+Na)*: 200.0682, found: 200.0673; IR (KBr, vmax/Cnm
1) = 3361 (CONH), 3166 (CONH), 1684 (CON), 1662 (CON).

7.4. Pivalamide 9d

Colorless solid; mp: 105-108 °C; 'H NMR (400 MHz, CDCls): 6 1.23 (s, 9H, CH3 x3), 5.21 (br, 1H,
NHa), 5.59 (br, 1H, NHg); '3C NMR (100 MHz, CDCl3): § 27.7, 38.7, 181.6; HRMS (ESI-TOF):
Calcd for CsH;iNONa (M-+Na)*: 124.0733, found: 124.0723; IR (KBTI, Vma/cm™!) = 3398 (CONH),
3205 (CONH), 2960 (CH3), 1653 (CON), 1624 (CON).

7.5. Benzamide 9e

Colorless powder; mp: 109-110 °C; "H NMR (400 MHz, CDCls): 6 5.67 (br, 1H, NH,), 6.08 (br, 1H,
NHg), 7.44-7.49, 7.52-7.57,7.81-7.84 (m, m, m, 2H, 1H, 2H, C¢Hs); 3C NMR (100 MHz, CDCls): §
127.4, 128.6, 132.0, 133.4, 169.4; HRMS (ESI-TOF): Calcd for CsH/NONa (M+Na)*: 144.0420,
found: 144.0411; IR (KBr, Vmax/cm™) = 3367 (CONH), 3170 (CONH), 1658 (CON), 1623 (CON).

7.6. 4-Nitrobenzamide 9f

Colorless powder; mp: 202-204 °C; *H NMR (400 MHz, MeOD-d%): ¢ 8.07, 8.32 (d, d, J = 9.0, 9.0
Hz, 2H, 2H, CeH.); 1*C NMR (100 MHz, MeOD-d%): § 124.6, 130.0, 140.9, 151.2, 170.2; HRMS (ESI-
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TOF): Calcd for CsHgN2O3sNa (M+Na)*: 189.0271, found: 189.0280; IR (KBr, vmax/cm™) = 3467
(CONH), 1664 (CON), 1602 (CON), 1525 (NO2), 1342 (NO,).

7.7. 2-Acetoxybenzamide 9g

Colorless powder; mp: 130-132 °C; *H NMR (400 MHz, CDCls) : 6 2.36 (s, 3H, CHs), 5.75 (br, 1H,
NHa), 6.27 (br, 1H, NHg), 7.13, 7.31-7.35, 7.49-7.53, 7.85 (d, m, m, d, J = 9.2, 7.7 Hz, 1H, 1H, 1H,
1H, CsHa); 3C NMR (100 MHz, CDCls): § 21.2, 123.3, 126.3, 127.2, 130.1, 132.4, 148.2, 167.5,
169.1; HRMS (ESI-TOF): Calcd for CoHgNOsNa (M+Na)*: 202.0475, found: 202.0496; IR (KBr,
vma/cm™?) = 3392 (CONH), 3167 (CONH), 1741 (CO,), 1678 (CON), 1628 (CON).

7.8. 4-Methoxybenzamide 9h

Coloress solid; mp: 139-142 °C; *H NMR (400 MHz, MeOD-d%: 6 3.86 (s, 3H, CH3), 6.97, 7.84 (d,
d,J=9.0,9.0 Hz, 2H, 2H, C¢H,); 1*C NMR (100 MHz, MeOD-d*): § 56.0, 114.7, 127.0, 130.7, 164.2,
172.1; HRMS (ESI-TOF): Calcd for CoHoNO3Na (M+Na)*: 202.0475, found: 202.0496; IR (KBr,
vmax/cm1): 3392 (CONH), 3168 (CONH), 1646 (CON), 1618 (CON).

7.9. Picolinamide 9i

Colorless solid; mp: 95-97 °C; 'H NMR (400 MHz, CDCl3):  5.55 (br, 1H, NHa), 7.44-7.48, 7.85-
7.89, 8.20-8.23, 8.57-8.59 (m, m, m, m, 1H, 2H, 1H, 1H, pyridyl, NHg); '*C NMR (100 MHz, CDCl;):
0 1224, 126.5, 137.3, 148.3, 149.6, 167.0; HRMS (ESI-TOF): Calcd for CsHsN,ONa (M+Na)*:
145.0372, found: 145.0370; IR (KBr, vinax/cm™!) = 3417 (CONH), 3182 (CONH), 1662 (CON).

7.10. Nicotinamide 9j

Colorless solid; mp: 122-124 °C; 'TH NMR (400 MHz, DMSO-d°): 6 7.50, 8.20, 8.70, 9.02 (dd, d, d, s,
J=438,8.2,82,48 Hz, 1H, 1H, 1H, 1H, pyridyl), 7.61 (br, 1H, NH,), 8.16 (br, 1H, NHg); *C NMR
(100 MHz, DMSO-d%): 6 123.3, 129.6, 135.1, 148.6, 151.8, 166.4; HRMS (ESI-TOF): Calcd for
CsHeN2ONa (M+Na)*: 145.0372, found: 145.0370; IR (KBr, vma/cm™') = 3367 (CONH), 3159
(CONH), 1699 (CON), 1682 (CON).

7.11. Isonicotinamide 9k

Colorless solid; mp: 151-153 °C; '"H NMR (400 MHz, DMSO-d®): 6 7.73 (br, 1H, NHa), 7.76, 8.72 (d,
d, J= 6.0, 6.0 Hz, 2H, 2H, pyridyl), 8.25 (br, 1H, NHg); *C NMR (100 MHz, DMSO-d%): § 121.3,
141.2, 150.1, 166.2; HRMS (ESI-TOF): Calcd for CsH7N,O (M+H)™: 123.0553, found: 123.0529; IR
(KB, vmax/cm") = 3334 (CONH), 1684 (CON), 1624 (CON).

7.12. Furan-2-carboxamide 9l
Colorless powder; mp: 143-144 °C; *H NMR (400 MHz, CDCls): 6 5.82 (br, 1H, NHa), 6.26 (br, 1H,
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NHsg), 6.53, 7.17, 7.47 (dd, d, d, J = 1.8, 3.5, 3.5, 1.8 Hz, 1H, 1H, 1H, furanyl); *C NMR (100 MHz,
CDCly): 6 112.3, 115.1, 144.4, 147.5, 160.4; HRMS (ESI-TOF): Calcd for CsHsNONa (M+Na)*:
134.0212, found: 134.0209; IR (KBr, vmax/cm®) = 3352 (CONH), 3163 (CONH), 1664 (CON), 1624
(CON).

7.13. Furan-3-carboxamide 9m

Colorless powder; mp: 162-164 °C; *H NMR (400 MHz, MeOD-d*): ¢ 6.79, 7.56, 8.07 (dd, dd, dd, J
=0.9,1.9,1.7,1.9,0.9, 1.7 Hz, 1H, 1H, 1H, furanyl); 33C NMR (100 MHz, MeOD-d*): § 110.0, 123.4,
145.3, 147.1, 167.6; HRMS (ESI-TOF): Calcd for CsHsNOzNa (M+Na)*: 134.0212, found: 134.0209;
IR (KBr, vmax/cm™) = 3309 (CONH), 1621 (CON).

7.14. Thiophene-2-carboxamide 9n

Colorless solid; mp: 143-145 °C; 'H NMR (400 MHz, MeOD-d*): § 7.12, 7.66, 7.70 (dd, d, d, J = 3.9,
5.0, 5.0, 3.9 Hz, 1H, 1H 1H, thiophenyl); 1*C NMR (100 MHz, MeOD-d%): 6 128.9, 130.6, 132.2,
139.9, 166.7; HRMS (ESI-TOF): Calcd for CsHsNO2Na (M+Na)*: 134.0212, found: 134.0209; IR
(KB, vma/cmt) = 3342 (CONH), 1612 (CON).

7.15. Thiophene-3-carboxamide 90

Colorless powder; mp: 178-180 °C; *H NMR (400 MHz, MeOD-d*): ¢ 7.46, 7.50, 8.08 (dd, dd, dd, J
=29,51, 14,51, 1.4, 2.9 Hz, 1H, 1H, 1H, thiophenyl); 13C NMR (100 MHz, MeOD-d*%): § 127.5,
127.9, 130.6, 138.1, 167.8; HRMS (ESI-TOF): Calcd for CsHsNOSNa (M+Na)*: 149.9984, found:
150.0010; IR (KBr, vmax/cm™?) = 3359 (CONH), 1622 (CON).

8. Typical procedure for the primary amidation of Cbz-L-Phe-OH 5a with NH4ClI

To a colorless solution of 150 mg (0.50 mmol) of Cbz-L-Phe-OH 5a in 10 mL of THF were added
at 0 °C 67 pL (0.70 mmol, 1.4 equiv) of ethyl chloroformate and 209 uL (1.5 mmol, 3.0 equiv) of
triethylamine. After stirring for 30 min at 0 °C, 0.75 ml of a 1.0 M aqueous solution of NH4CI (0.75
mmol, 1.5 equiv) was added at 0 °C to the colorless suspension. The mixture was stirred for 30 min at
0 °C and 5 mL of H,O was added to the resulted mixture. The colorless clear solution was extracted
with 30 mL of EtOAc and the aqueous layer was extracted with 20 mL of EtOAc. The organic layers
were combined, washed with 5 mL of brine, and dried over anhydrous MgSQOa. The crude product was
chromatographed on silica gel with EtOAc to afford 129 mg (86% yield) of Cbhz-L-Phe-NH, 10a.

8.1. Cbz-L-Phe-NH; 10a

Colorless solid; 97% ee; mp: 163-164 °C; [a]*’p =-8.2 (¢ 1.01, MeOH); "H NMR (400 MHz, DMSO-
d®): 6 2.73 (dd, J=10.5, 13.6 Hz, 1H, CHCH,CeH5), 2.99 (dd, J = 4.1, 13.6 Hz, 1H, CHCHC¢Hs),
4.17 (ddd, J=4.1, 8.7, 10.5 Hz, 1H, CH), 4.94 (s, 2H, OCH:CsHs), 7.08 (br, 1H, CONH,), 7.19-7.35
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(m, 10H, C¢Hs x2), 7.43 (d, J = 8.7 Hz, 1H, NHCH), 7.48 (br, 1H, CONHg); 3C NMR (100 MHz,
DMSO-d®): d 37.5, 56.1, 65.1, 126.2, 127.4, 127.7, 128.0, 128.3, 129.2, 137.1, 138.3, 155.9, 173 .4;
HRMS (ESI-TOF): Calcd for C17H1sN203Na (M+Na)*: 321.1210, found: 321.1290; IR (KBT, Vimax/cm™
)Y =3419 (CONH), 3318 (CONH), 3199 (CONH), 1691 (CON), 1657 (CON); The enantiomeric ratio
was determined by HPLC (Chiralcel AD: hexane/2-propanol = 90/10): 7; 23.0 min.

8.2. Cbz-p-Phe-NH; 10a’
Colorless solid; >99% ee; [0]®p = +7.9 (¢ 1.00, MeOH); The enantiomeric ratio was determined by
HPLC (Chiralcel AD: hexane/2-propanol = 90/10): T, 18.2 min.

8.3. Boc-L-Phe-NH> 10b

Colorless solid; >99% ee; mp: 142-144 °C; [a]*p = +12.9 (¢ 1.00, MeOH); '"H NMR (400 MHz,
DMSO-d®): § 1.30 (s, 9H, CH3 x3), 2.72 (dd, J=10.2, 13.8 Hz, 1H, CH,C¢Hs), 2.95 (dd, J=4.4, 13.8
Hz, 1H, CHC¢Hs), 4.08 (ddd, J = 4.4, 8.8, 10.2 Hz, 1H, CH), 6.81 (d, J = 8.8 Hz, 1H, NHCH), 7.01
(br, 1H, CONHa,), 7.16-7.21, 7.24-7.28 (m, m, 1H, 4H, C¢Hs), 7.37 (br, 1H, CONHg); '3*C NMR (100
MHz, DMSO-d%): § 28.1, 37.5, 55.6, 77.9, 126.1, 128.0, 129.2, 138.3, 155.2, 173.6; HRMS (ESI-
TOF): Calcd for C14H20N203Na (M+Na)*: 287.1366, found: 287.1351; IR (KBr, vmax/cm™) = 3390
(CONH), 3346 (CONH), 3192 (CONH), 1684 (CON), 1660 (CON); The enantiomeric ratio was
determined by HPLC (Chiralcel AD: hexane/2-propanol = 95/5): T; 20.7 min.

8.4. Boc-D-Phe-NH; 10b’
Colorless solid; >99% eg; [a]?°p = —14.2 (c 0.99, MeOH); The enantiomeric ratio was determined by
HPLC (Chiralcel AD: hexane/2-propanol = 95/5): T, 18.3 min.

8.5. Fmoc-L-Phe-NH; 10c

Colorless solid; >99% ee; mp: 221-224 °C; [a]*p = -8.4 (c 1.01, DMSO); 'H NMR (400 MHz,
DMSO-d®): ¢ 2.78 (dd, J = 10.6, 13.6 Hz, 1H, CHaACsHs), 3.00 (dd, J = 4.2, 13.6 Hz, 1H, CHgC¢Hs),
4.11-4.20 (m, 4H, CHCH.CsHs, CH,0, CHCH,0), 7.08 (br, 1H, CONHa), 7.45 (br, 1H, CONHg),
7.16-7.43,7.54,7.64,7.88 (m,d, t,d, J=8.8, 8.2, 7.6 Hz, 9H, 1H, 2H, 2H, NHCH, CgHs, fluorenyl);
13C NMR (100 MHz, DMSO-d®): § 37.5, 46.6, 56.1, 65.6, 120.1, 125.3, 125.4, 126.2, 127.0, 127.6,
128.0, 129.2, 138.3, 140.7, 143.8, 143.8, 155.8, 173.4; HRMS (ESI-TOF): Calcd for Co4H22N203Na
(M+Na)*: 409.1523, found: 409.1519; IR (KBr, vmad/cm™) = 3375 (CONH), 3321 (CONH), 3207
(CONH), 1682 (CON), 1645 (CON), 1623 (CON); The enantiomeric ratio was determined by HPLC
(Chiralcel AD: hexane/2-propanol = 90/10): T, 22.2 min.

8.6. Fmoc-p-Phe-NH, 10c¢’

Colorless solid; >99% ee; [a]*®p = +10.6 (¢ 1.01, DMSO); The enantiomeric ratio was determined by
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HPLC (Chiralcel AD: hexane/2-propanol = 90/10): T, 24.4 min.

8.7. Cbz-L-Val-NH; 10f

Colorless solid; >99% ee; mp: 172-175 °C; [a]*p = +17.8 (¢ 0.99, DMSO); 'H NMR (400 MHz,
DMSO-d®): § 0.83 (d, J= 6.8 Hz, 3H, CH3), 0.86 (d, J= 6.8 Hz, 3H, CH3), 1.94 (ddd, /= 6.7, 6.8, 6.8
Hz, 1H, CH(CH3),), 3.80 (dd, J = 6.7, 8.8 Hz, 1H, CHCO), 5.03 (s, 2H, OCH:CsHs), 7.03 (br, 1H,
CONH,), 7.16 (d, J = 8.8 Hz, 1H, NHCH), 7.29-7.39 (m, 6H, CONHg, C¢Hs); *C NMR (100 MHz,
DMSO-d®): § 18.0,19.3, 30.1, 60.0, 65.3, 127.6, 127.7, 128.3, 137.1, 156.1, 173.2; HRMS (ESI-TOF):
Calcd for Ci3HisN>O3sNa (M+Na)*: 273.1210, found: 273.1193; IR (KBr, vmax/cm™): 3381 (CONH),
3319 (CONH), 3203 (CONH), 1654 (CON); The enantiomeric ratio was determined by HPLC
(Chiralcel AD: hexane/2-propanol = 90/10): 7; 11.5 min.

8.8. Cbz-p-Val-NH; 10f’
Colorless solid; >99% ee; [a]?®o = —17.9 (c 1.00, DMSO); The enantiomeric ratio was determined by
HPLC (Chiralcel AD: hexane/2-propanol = 90/10): T, 23.8 min.

8.9. Boc-L-Val-NH, 10l

Colorless solid; >99% ee; mp: 149-152 °C; [a]*% = —2.4 (¢ 1.00, MeOH); *H NMR (400 MHz,
CDCls): 6 0.94 (d, J = 6.8 Hz, 3H, CH3CH), 0.99 (d, J = 6.8 Hz, 3H, CH3CH), 1.45 (s, 9H, (CH3)3sC),
2.16 (ddd, J=6.7, 6.8, 6.8 Hz, 1H, CH(CH3)2), 3.96 (dd, J = 6.7, 7.8 Hz, 1H, CHCO), 5.03, 5.42, 5.89
(br, br, br, 1H, 1H, 1H, NH, NH,); **C NMR (100 MHz, CDCls): 6 17.8, 19.3, 28.3, 30.8, 59.5, 79.9,
156.0, 174.4; HRMS (ESI-TOF): Calcd for C10H20N203Na (M+Na)*: 239.1366, found: 239.1340; IR
(KBr, vmax/cm™): 3386 (CONH), 3345 (CONH), 3205 (CONH), 1680 (CON), 1641 (CON); The
enantiomeric ratio was determined by HPLC (Chiralcel OD: hexane/2-propanol = 95/5): T, 9.4 min.

8.10. Boc-D-Val-NH; 10I°
Colorless solid; 98% ee; [0]?*®p = +1.4 (¢ 1.00, MeOH); The enantiomeric ratio was determined by
HPLC (Chiralcel OD: hexane/2-propanol = 95/5): T, 7.5 min.

8.11. Fmoc-L-Val-NH; 10m

Colorless solid; >99% ee; mp: 204-206 °C; [a]*p = -3.0 (¢ 0.99, DMSO); 'H NMR (400 MHz,
DMSO-d®): 6 0.86 (d, J = 6.8 Hz, 3H, CH3), 0.87 (d, J= 7.0 Hz, 3H, CH3), 1.96 (ddd, J = 6.8, 7.0, 8.2
Hz, 1H, CH(CHs),), 3.80 (dd, J = 7.6, 8.2 Hz, 1H, CHCO), 4.22-4.29 (m, 3H, CHCH,0, CHCH,O),
7.04 (br, 1H, CONHa), 7.29-7.44, 7.75,7.90 (m, d, d, /= 5.9, 7.5 Hz, 6H, 2H, 2H, NHCH, CONHp,
fluorenyl); *C NMR (100 MHz, DMSO-d®): 6 18.0, 19.2, 30.1, 46.6, 60.0, 65.6, 120.0, 125.3, 127.0,
127.5, 140.6, 143.7, 143.8, 156.0, 173.1; HRMS (ESI-TOF): Calcd for C2H2N,O3Na (M+Na)*:
361.1523, found: 361.1509; IR (KBr, vmax/cm™): 3369 (CONH), 3311 (CONH), 3197 (CONH), 1689
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(CON), 1660 (CON); The enantiomeric ratio was determined by HPLC (Chiralcel AD: hexane/2-
propanol = 90/10): 7; 20.7 min.

8.12. Fmoc-p-Val-NH; 10m’
Colorless solid; >99% ee; [a]®p = +2.7 (¢ 1.00, DMSO); The enantiomeric ratio was determined by
HPLC (Chiralcel AD: hexane/2-propanol = 90/10): T, 13.3 min.

8.13. Cbz-L-Met-NH; 10h

Colorless solid; >99% ee; mp: 108-112 °C; [a]*’p = —14.9 (¢ 1.01, MeOH); '"H NMR (400 MHz,
CDCl3): 6 1.96-2.05 (m, 1H, CH4CH), 2.08-2.17 (m, 1H, CH3CH), 2.11 (s, 3H, CH3S), 2.52-2.66 (m,
2H, CH»S), 4.37-4.43 (m, 1H, CH), 5.12 (s, 2H, OCH>CsH5), 5.39, 5.46, 6.08 (br, br, br, 1H, 1H, 1H,
NH, NHy), 7.31-7.40 (m, 5H, C¢Hs); '3C NMR (100 MHz, CDCls): 6 15.3, 30.1, 31.6, 53.5, 67.2,
128.1, 128.3, 128.6, 136.1, 156.3, 173.8; HRMS (ESI-TOF): Calcd for Ci3HisN2O3SNa (M+Na)™:
305.0930, found: 305.0908; IR (KB, Vmax/cm) = 3386 (CONH), 3315 (CONH), 3201 (CONH), 1655
(CON); The enantiomeric ratio was determined by HPLC (Chiralcel AD: hexane/2-propanol = 90/10):
T 21.2 min.

8.14. Cbhz-p-Met-NH, 10h’
Colorless solid; >99% ee; [0]%p = +13.3 (¢ 0.99, MeOH); The enantiomeric ratio was determined by
HPLC (Chiralcel AD: hexane/2-propanol = 90/10): T, 25.5 min.

8.15. Boc-L-Met-NH> 10n

Colorless solid; >99% ee; mp: 118-120 °C; [a]*’p = -8.3 (¢ 1.01, MeOH); *H NMR (400 MHz,
CDCls): 6 1.45 (s, 9H, (CH3)3C), 1.89-1.98 (m, 1H, CHACH), 2.08-2.16 (m, 1H, CHsCH), 2.12 (s, 3H,
CH3S), 2.53-2.65 (m, 2H, CH>S), 3.99-4.02 (m, 1H, CH), 5.16, 5.46, 6.19 (br, br, br, 1H, 1H, 1H, NH,
NH2); *C NMR (100 MHz, CDCls): ¢ 15.4, 28.4, 30.2, 31.7, 53.1, 80.3, 155.7, 174.3; HRMS (ESI-
TOF): Calcd for CioH20N203SNa (M+Na)*: 271.1087, found: 271.1095; IR (KBr, vmax/cm™): 3390
(CONH), 3346 (CONH), 3188 (CONH), 1684 (CON), 1660 (CON); The enantiomeric ratio was
determined by HPLC (Chiralcel OD: hexane/2-propanol = 95/5): T, 17.4 min.

8.16. Boc-D-Met-NH, 10n°
Colorless solid; >99% ee; [a]*®o = +5.0 (¢ 1.00, MeOH); The enantiomeric ratio was determined by
HPLC (Chiralcel OD: hexane/2-propanol = 95/5): T; 15.1 min.

8.17. Fmoc-L-Met-NH: 100
Colorless solid; >99% ee; mp: 181-184 °C; [a]?’o = —2.0 (c 1.00, DMSO); 'H NMR (400 MHz,
DMSO-d®): § 1.78-1.83 (m, 1H, CHACH), 1.88-1.94 (m, 1H, CHgCH), 2.04 (s, 3H, CH3S), 2.39-2.50
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(m, 2H, CH,S), 3.99-4.02 (m, 1H, CHCH,CH>), 4.22-4.30 (m, 3H, CHCH0), 7.04 (br, 1H, CONH,),
7.33-7.49, 7.72-7.75, 7.90 (m, m, d, J = 7.5 Hz, 6H, 2H, 2H, NHCH, CONHp, fluorenyl); 1*C NMR
(100 MHz, DMSO-d®): 6 14.5, 29.7, 31.5, 46.6, 53.6, 65.5, 120.0, 125.2, 127.0, 127.5, 140.6, 143.7,
143.8, 155.9, 173.4; HRMS (ESI-TOF): Calcd for CisH1sN20sSNa (M+Na)*: 305.0930, found:
305.0908; IR (KBr, vmax/cm™): 3367 (CONH), 3319 (CONH), 3201 (CONH), 1685 (CON), 1647
(CON), 1626 (CON); The enantiomeric ratio was determined by HPLC (Chiralcel AD: hexane/2-
propanol = 80/20): T, 9.9 min.

8.18. Fmoc-b-Met-NH; 100’
Colorless solid; >99% ee; [a]*'p = +1.5 (¢ 1.00, DMSO); The enantiomeric ratio was determined by
HPLC (Chiralcel AD: hexane/2-propanol = 80/20): T, 13.6 min.

8.19. Cbz-L-Ala-NH; 10e

Colorless solid; >99% ee; mp: 128-130 °C; [a]*®> = —4.9 (¢ 1.00, MeOH); *H NMR (400 MHz,
CDCl3): 6 1.39 (d, J = 7.1 Hz, 3H, CHa), 4.23-4.31 (m, 1H, CHCH3), 5.08 (d, J = 12.2 Hz, 1H,
OCHaCgHs), 5.12 (d, J=12.2 Hz, 1H, OCHgCsHs), 5.48, 5.74, 6.19 (br, br, br, 1H, 1H, 1H, NH, NH>),
7.29-7.38 (m, 5H, CsHs); 13C NMR (100 MHz, CDCls): 6 18.5, 50.1, 67.1, 128.0, 128.2, 128.6, 136.1,
156.1, 175.1; HRMS (ESI-TOF): Calcd for C11H1aN2OsNa (M+Na)*: 245.0897, found: 245.0916; IR
(KBr, vmad/cm®) = 3394 (CONH), 3311 (CONH), 3197 (CONH), 1682 (CON), 1643 (CON); The
enantiomeric ratio was determined by HPLC (Chiralcel AD: hexane/2-propanol = 90/10): T, 13.6 min.

8.20. Chz-p-Ala-NH; 10e’
Colorless solid; 99% ee; [0]**o = +3.8 (¢ 1.01, MeOH); The enantiomeric ratio was determined by
HPLC (Chiralcel AD: hexane/2-propanol = 90/10): T, 15.7 min.

8.21. Cbz-L-GIn-NH; 10p

Colorless solid; 198-200 °C; [a]*°p = +11.7 (c 1.00, DMSO); *H NMR (400 MHz, DMSO-d°®): § 1.65-
1.74 (m, 1H, CHaCH), 1.82-1.91 (m, 1H, CHsCH), 2.07-2.12 (m, 2H, CH2CO), 3.86-3.92 (m, 1H,
CH), 5.02 (s, 2H, OCH2C¢Hs), 6.76 (br, 1H, NHa), 7.02 (br, 1H, NHg), 7.28-7.39 (m, 8H, NH, NH,,
CsHs); 1*C NMR (100 MHz, DMSO-d%): ¢ 27.7, 31.5, 54.3, 65.4, 127.7, 127.8, 128.4, 137.1, 155.9,
173.6, 173.7; HRMS (ESI-TOF): Calcd for C13H17N3OsNa (M+Na)*: 302.1111, found: 302.1115; IR
(KB, vmax/cm™): 3446 (CONH), 3423 (CONH), 3328 (CONH), 3203 (CONH), 1658 (CON).

8.22. Cbz-p-GIn-NH; 10p’
Colorless solid; [a]*°> = —10.5 (c 0.99, DMSO).

8.23. Cbz-L-Leu-NH; 10g
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Colorless solid; >99% ee; mp: 123-125 °C; [a]?’p = —-11.2 (¢ 1.00, MeOH); *H NMR (400 MHz,
CDCls): 6 0.95 (d, J = 6.2 Hz, 6H, CH3 x2), 1.51-1.59 (m, 1H, CHACH(CH3),), 1.66-1.74 (m, 2H,
CHgCH(CHs)2, CH(CHs3)), 4.19-4.25 (m, 1H, CHCO), 5.12 (s, 2H, OCH>CsHs), 5.12, 5.39, 6.00 (br,
br, br, 1H, 1H, 1H, NH, NH>), 7.30-7.39 (m, 5H, CeHs); 3C NMR (100 MHz, CDCls): 6 21.9, 22.9,
24.7, 41.3, 53.1, 67.1, 128.0, 128.3, 128.6, 136.1, 156.4, 174.9; HRMS (ESI-TOF): Calcd for
C1aH20N203Na (M+Na)*: 287.1366, found: 287.1396; IR (KBr, vma/cm™) = 3392 (CONH), 3321
(CONH), 3203 (CONH), 1666 (CON); The enantiomeric ratio was determined by HPLC (Chiralcel
AD: hexane/2-propanol = 90/10): T, 10.7 min.

8.24. Cbz-p-Leu-NH; 109’
Colorless solid; >99% ee; [0]?"p = +11.1 (c 1.00, MeOH); The enantiomeric ratio was determined by
HPLC (Chiralcel AD: hexane/2-propanol = 90/10): T, 14.4 min.

8.25. Cbz-L-Trp-NH; 10i

Colorless solid; >99% ee; mp: 186-188 °C; [a]®p = —30.0 (¢ 1.00, DMSO); 'H NMR (400 MHz,
DMSO-d®): § 2.90 (dd, J=9.5, 13.9 Hz, 1H, CHa-indole), 3.10 (dd, J = 4.3, 13.9 Hz, 1H, CHg-indole),
4.21 (ddd, J = 4.3, 8.2, 9.5 Hz, 1H, CH), 4.92 (d, J = 12.5 Hz, 1H, OCHACsH5), 4.96 (d, J = 12.5 Hz,
1H, OCHgCsHs), 6.95-6.98, 7.04-7.08, 7.14, 7.25-7.35 (m, m, s, m, 1H, 2H, 1H, 7H, CONHa, CsHs,
indolyl), 7.47 (br, 1H, CONHg), 7.64 (d, J = 8.2 Hz, 1H, NHCHCHy), 10.81 (br, 1H, indoleNH); 13C
NMR (100 MHz, DMSO-d®): § 27.7,55.3, 65.1,110.2, 111.2, 118.1, 118.4, 120.7, 123.6, 127.2, 127.4,
127.6, 128.2, 136.0, 136.9, 155.7, 173.7; HRMS (ESI-TOF): Calcd for C1gH19N3O3Na (M+Na)*:
360.1319, found: 360.1329; IR (KBr, vmax/cm™) = 3402 (NH), 3313 (OH), 1716 (CO.), 1662 (CON);
The enantiomeric ratio was determined by HPLC (Chiralcel AD: hexane/2-propanol = 85/15): T, 26.1

min.

8.26. Cbz-b-Trp-NH; 10i°
Colorless solid; >99% ee; [a]*'p = +29.2 (c 0.99, DMSO); The enantiomeric ratio was determined by
HPLC (Chiralcel AD: hexane/2-propanol = 85/15): T, 24.2 min.

8.27. Boc-O-Bn-L-Ser-NH; 10j

Colorless solid; >99% ee; mp: 86-89 °C; [a]*p = +13.9 (¢ 1.00, MeOH); 'H NMR (400 MHz, CDCls):
§1.45 (s, 9H, CH3 x3), 3.58 (dd, J = 6.9, 9.1 Hz, 1H, CHACH), 3.93 (dd, J = 3.7, 9.1 Hz, 1H, CHsCH),
4.24-4.36 (m, 1H, CH), 4.53 (d, J = 11.6 Hz, 1H, OCHACsHs), 4.61 (d, J = 11.6 Hz, 1H, OCHgCsHs),
5.42, 6.44 (br, br, 2H, 1H, NH, NH,), 7.29-7.38 (m, 5H, C¢Hs); 3C NMR (100 MHz, CDCls): § 28.3,
53.6, 69.8, 73.5, 80.3, 127.8, 128.0, 128.5, 137.4, 1555, 172.8; HRMS (ESI-TOF): Calcd for
CisH2N204Na (M+Na)*: 317.1472, found: 317.1490; IR (KBr, vma/cmt) = 3390 (CONH), 3346
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(CONH), 3192 (CONH), 1685 (CON), 1660 (CON); The enantiomeric ratio was determined by
HPLC(Chiralcel AD: hexane/2-propanol = 95/5): T, 23.8 min.

8.28. Boc-O-Bn-p-Ser-NH- 10j°
Colorless solid; >99% ee; [0]*'p = -12.2 (¢ 1.00, MeOH); The enantiomeric ratio was determined by
HPLC (Chiralcel AD: hexane/2-propanol = 95/5): T, 25.4 min.

9. Typical procedure for the amidation of Cbz-L-Phe-OH 5a with hydroxylamine hydrochloride
11h

To a colorless solution of 150 mg (0.50 mmol) of Cbz-L-Phe-OH 5a in 10 mL of THF were added
at 0 °C 67 pL (0.70 mmol, 1.4 equiv) of ethyl chloroformate and 209 uL (1.5 mmol, 3.0 equiv) of
triethylamine. After stirring for 30 minat 0 °C, 0.75 mL of a 1.0 M aqueous solution of hydroxylamine
hydrochloride (0.75 mmol, 1.5 equiv) was added at 0 °C to the colorless suspension. The mixture was
stirred for 30 min at 0 °C, and 5 mL of H>O was added to the resulted mixture. The colorless clear
solution was extracted with 30 mL of EtOAc and the aqueous layer was extracted with 20 mL of
EtOAc. The organic layers were combined, washed with 5 mL of brine, and dried over anhydrous
NazSO4. The crude product was chromatographed on silica gel with a 1:1 mixture of hexane and
EtOAc to afford 100 mg (64% vyield) of Cbz-L-Phe-NHOH 12ah.

9.1. Cbz-L-Phe-NHEt 12aa

Colorless solid; mp: 138-139 °C; [a]?p = —6.6 (¢ 1.00, MeOH); *H NMR (400 MHz, CDCls): 6 0.97
(t, J = 7.3 Hz, 3H, CHs), 2.99 (dd, J = 8.1, 13.6 Hz, 1H, CHCHACsHs), 3.12-3.22 (m, 3H, CH2CHs,
CHCHgC¢H5s), 4.30 (dd, J =7.6, 8.4 Hz, 1H, CHCHy), 5.09 (s, 2H, OCH2C¢Hs), 5.34, 5.43 (br, br, 1H,
1H, NH x2), 7.19-7.38 (m, 10H, CsHs x2); 3C NMR (100 MHz, CDCls): 6 14.5, 34.3, 39.0, 59.5,
67.0,127.0, 128.0, 128.2, 128.6, 128.7, 129.3, 136.2, 136.6, 155.9, 170.4; HRMS (ESI-TOF): Calcd
for C1sH22N203Na (M+Na)*: 349.1523, found: 349.1513; IR (KBr, vmad/cm-L) = 3315 (CONH), 1689
(CON), 1651 (CON).

9.2. Cbz-L-Phe-NHCH,CHPh 12ab

Colorless solid; mp: 118-120 °C; [a]*°p = —6.8 (¢ 1.00, MeOH); *H NMR (400 MHz, CDCls): 6 2.56-
2.72 (m, 2H, CH,CH2CgHs), 2.99 (dd, J = 7.8, 13.5 Hz, 1H, CHCHACsHs), 3.10 (dd, J = 6.0, 13.5 Hz,
1H, CHCHgCsHs), 3.23-3.50 (m, 2H, CH>CH2CgHs), 4.29 (dd, J = 6.0, 7.8 Hz, 1H, CHCHy), 5.07 (s,
2H, OCH,CgHs), 5.28, 5.60 (br, br, 1H, 1H, NH x2), 7.02, 7.16-7.38 (d, m, J = 6.6 Hz, 2H, 13H, CsHs
x3); 13C NMR (100 MHz, CDCls): 6 35.6, 38.9, 40.7, 56.6, 67.2, 126.7, 127.2, 128.1, 128.4, 128.7,
128.7, 128.8, 129.4, 136.2, 136.6, 138.6, 156.0, 170.8; HRMS (ESI-TOF): Calcd for C5H26N203Na
(M+Na)*: 425.1836, found: 425.1827; IR (KB, vmax/cmt) = 3305 (CONH), 1687 (CON), 1651 (CON).
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9.3. Cbz-L-Phe-cyclohexyINH 12ac

Colorless solid; mp: 151-153 °C; [a]*’p = +16.8 (¢ 1.00, DMSO); 'H NMR (400 MHz, CDCls): 6 0.79-
0.88,0.92-1.03, 1.06-1.15, 1.19-1.35, 1.51-1.69, 1.74-1.81 (m, m, m, m, m, m, 1H, 1H, 1H, 2H, 4H,
1H, CH; x5 of cyclohexane), 2.95 (dd, J= 8.2, 13.7 Hz, 1H, CHCHAC¢H5), 3.15 (dd, J=5.7, 13.7 Hz,
1H, CHCHgC¢Hs), 3.61-3.69 (m, 1H, CH of cyclohexane), 4.28 (dd, /= 5.7, 8.2 Hz, 1H, CHCH,C¢Hs),
5.10 (s, 2H, OCH>C¢Hs), 5.25, 5.40 (br, br, 1H, 1H, NH x2), 7.19-7.38 (m, 10H, C¢Hs x2); *C NMR
(100 MHz, CDCl3): 6 24.6, 25.4, 32.7, 32.8, 39.2,48.2, 56.6, 67.0, 127.0, 128.1, 128.2, 128.6, 128.7,
129.4, 136.2, 136.6, 155.8, 169.4; HRMS (ESI-TOF): Calcd for C23H2sN>03Na (M+Na)*: 403.1992,
found: 403.1972; IR (KBr, vimax/cm™) = 3317 (CONH), 3275 (CONH), 1689 (CON), 1647 (CON).

9.4. Cbz-L-Phe-adamantyINH 12ad

Colorless solid; mp: 55-57 °C; [a]?®o = —1.1 (¢ 1.00, MeOH); *H NMR (400 MHz, CDCls): 6 1.59-
1.64 (m, 6H, CH; x3 of adamantane), 1.75-1.82 (m, 6H, CH; x3 of adamantane), 1.97-2.04 (m, 3H, CH
x3 of adamantane), 2.90 (dd, J = 8.7, 13.4 Hz, 1H, CHCHaCe¢Hs), 3.14 (dd, J = 5.0, 13.4 Hz, 1H,
CHCHgCsHs), 4.25 (dd, J=5.0, 8.7 Hz, 1H, CHCH2C¢Hs), 5.00 (br, 1H, NH), 5.10 (s, 2H, OCH2CeHs),
5.43 (br, 1H, NH), 7.21-7.38 (m, 10H, CsHs x2); 13C NMR (100 MHz, CDCls): ¢ 29.3, 36.2, 39.3,
41.3, 52.0, 56.9, 66.9, 127.0, 128.0, 128.2, 128.5, 128.7, 129.5, 136.3, 136.8, 155.8, 169.2; HRMS
(ESI-TOF): Calcd for C27H32N203Na (M+Na)*: 455.2305, found: 455.2277; IR (KBr, vmax/cm™): 3307
(CONH), 1705 (CON), 1655 (CON).

9.5. Cbz-L-Phe-NMe; 12ae

Colorless oil; [a]®p = +12.9 (c 1.21, MeOH); *H NMR (400 MHz, CDCls): 6 2.62 (s, 3H, CH3), 2.86
(s, 3H, CHs3), 2.93-3.03 (m, 2H, CHCHCgHs), 4.85-4.91 (m, 1H, CHCH,), 5.06 (d, J = 12.4 Hz, 1H,
OCHaCgHs), 5.10 (d, J = 12.4 Hz, 1H, OCHgCeHs), 5.69 (br, 1H, NH), 7.14-7.18, 7.21-7.38 (m, m,
2H, 8H, CsHs x2); 13C NMR (100 MHz, CDCls) : § 35.5, 36.8, 40.2, 51.9, 66.8, 127.0, 128.0, 128.1,
128.4, 128.5, 129.4, 136.2, 136.4, 155.6, 171.2; HRMS (ESI-TOF): Calcd for C19H23N203 (M+H)*:
327.1703, found: 327.1726; IR (NaCl, vmax/cm™) = 3280 (CONH), 1716 (CON), 1639 (CON).

9.6. Cbz-L-Phe-NEt; 12af

Colorless oil; [a]®p = 8.7 (¢ 0.99, MeOH); 'H NMR (400 MHz, CDCls): 6 0.98 (t, J = 7.1 Hz, 3H,
CHs), 1.04 (t, J = 7.1 Hz, 3H, CH3), 2.88-3.11 (m, 5H, CH,CH3; x2, CHCHACsHs), 3.49-3.58 (m, 1H,
CHCHgCgHs), 4.76-4.82 (m, 1H, CHCHy), 5.05 (d, J = 12.3 Hz, 1H, OCHAC¢Hs), 5.12 (d, J = 12.3
Hz, 1H, OCHgCeHs), 5.61 (br, 1H, NH), 7.18-7.29, 7.30-7.37 (m, m, 5H, 5H, C¢Hs x2); 13C NMR
(100 MHz, CDCls): 0 12.8, 14.1, 40.4, 40.5, 41.6, 51.9, 66.8, 127.0, 128.0, 128.1, 128.4, 128.5, 129.6,
136.3, 136.4, 155.6, 170.5; HRMS (ESI-TOF): Calcd for C21H27N20s (M+H)*: 355.2016, found:
355.2022; IR (NaCl, vmax/cm™®) = 3273 (CONH), 1716 (CON), 1631 (CON).
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9.7. Cbz-L-Phe-piperidyl 12ag

Pale orange oil; [a]*p = +2.5 (¢ 1.01, MeOH); '"H NMR (400 MHz, CDCls): 6 0.97-1.04 (m, 1H,
CH,CH>CH)N of piperidine), 1.34-1.58 (m, 5SH, CHCH>CH>N of piperidine, CH,CHoN %2 of
piperidine), 2.97 (br, 1H, CHaN of piperidine) , 2.99 (br, 1H, CHgN of piperidine), 3.00 (dd, J = 7.3,
13.3 Hz, 1H, CHCHACsHs) 3.23 (dd, J = 7.3, 13.3 Hz, 1H, CHCHACsHs) 3.48 (t, J = 5.3 Hz, 2H,
CH>N of piperidine), 4.91 (ddd, J = 7.3, 7.3, 8.2 Hz, 1H, CHCH»), 5.06 (d, J = 12.4 Hz, 1H,
OCH4C¢Hs), 5.11 (d, J=12.4 Hz, 1H, OCHpCsHs), 5.73 (d, /= 8.2 Hz, 1H, NH), 7.13-7.38 (m, 10H,
CeHs x2); 3C NMR (100 MHz, CDCl3): 6 24.3, 25.3, 25.9, 40.2, 43.1, 46.6, 51.4, 66.7, 126.9, 128.0,
128.1, 128.5, 128.5, 129.6, 136.2, 136.5, 155.6, 169.3; HRMS (ESI-TOF): Calcd for C22H2¢N>O3Na
(M+Na)*: 389.1836, found: 389.1808; IR (NaCl, vmax/cm') = 3280 (CONH), 1716 (CON), 1630
(CON).

9.8. Cbz-L-Phe-NHOH 12ah

Colorless solid; mp: 139-141 °C; [a]*p = —11.8 (¢ 1.00, MeOH); '"H NMR (400 MHz, DMSO-d®): ¢
2.78 (dd, J = 10.0, 13.7 Hz, 1H, CHCH,CeHs), 2.89 (dd, J = 4.9, 13.7 Hz, 1H, CHCHsCeHs), 4.10
(ddd, J=4.9, 8.8, 10.0 Hz, 1H, CHCH,), 4.92 (d, J = 13.3 Hz, 1H, OCH,CgHs), 4.95 (d, J=13.3 Hz,
1H, OCH5CeHs), 7.18-7.36 (m, 10H, C¢Hs x2), 7.62 (d, J= 8.8 Hz, 1H, NHCH), 8.89 (s, |H, NHOH),
10.73 (s, 1H, NHOH); 3C NMR (100 MHz, DMSO-d°): § 37.6, 53.9, 65.1, 126.2, 127.4, 127.6, 128.0,
128.2, 129.1, 136.9, 137.8, 155.6, 168.0; HRMS (ESI-TOF): Calcd for C;7H;sN2OsNa (M+Na)™:
337.1159, found: 337.1129; IR (KBr, vmax/cm™) = 3315 (OH), 3255 (CONH), 3143 (CONH), 1701
(CON), 1668 (CON).

10. Typical procedure for the amidation of (2S,3S)-(+)-2,3-methano-3-phenylpropanoic acid 13
with hydroxylamine hydrochloride 11h

To a colorless solution of 162 mg (1.0 mmol) of (2S,3S)-(+)-2,3-methano-3-phenylpropanoic acid
13 prepared from (2S,3S)-(+)-2,3-methano-3-phenylpropanol in 5 mL of THF were added at -15 °C
105 pL (1.1 mmol, 1.1 equiv) of ethyl chloroformate and 419 pL (3.0 mmol, 3.0 equiv) of
triethylamine After stirring for 10 minat -15 °C, 1.0 mL of a 2.0 M aqueous solution of hydroxylamine
hydrochloride (2.0 mmol, 2.0 equiv) 11h was added at -15 °C to the colorless suspension. The mixture
was stirred for 4 h at -15 °C and 5 mL of a 1.0 M aqueous HCI solution was added to the resulted
mixture. The colorless clear solution was extracted with 10 mL of EtOAc and the aqueous layer was
extracted with 10 mL of EtOAc x2. The organic layers were combined, washed with 5 mL of brine,
and dried over anhydrous Na,SO.. The crude product was chromatographed on silica gel with a 15:1
mixture of CHCIl; and MeOH to afford 146 mg (82% vyield) of (2S,3S)-(+)-N-hydroxy-2,3-methano-
3-phenylpropanamide 14. (2S,3S)-(+)-14: colorless solid; mp: 125-127 °C; [a]*p = +338.1 (¢ 1.13,
CHCIs); *H NMR (400 MHz, CDCls): 6 1.33-1.37 (m, 1H, CHa of cyclopropane), 1.65-1.70 (m, 2H,
CHpg of cyclopropane, CHCgHs), 2.54-2.59 (m, 1H, CHCO), 7.06-7.11, 7.19-7.23, 7.26-7.30 (m, m, m,
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2H, 1H, 2H, CeHs), 8.01 (br, 1H, NH), 8.26 (br, 1H, OH); 3C NMR (100 MHz, CDCls, few drops of
CD30D for solubility): 6 15.5, 23.0, 24.7, 31.3, 126.2, 126.5, 128.5, 140.3, 171.3; HRMS (ESI-TOF):
Calcd for C10H11NO2Na (M+Na)*: 200.0682, found: 200.0655; IR (KBr, vmax/cm™) = 3361 (CONH),
3186 (OH), 1653 (CON).

11. Typical procedure for the Lossen rearrangment of (2S,3S)-(+)-N-hydroxy-2,3-methano-3-
phenylpropanamide 14

To a colorless solution of 100 mg (0.565 mmol) of (2S,3S)-(+)-N-hydroxy-2,3-methano-3-
phenylpropanamide 14 and 142 mg (0.622 mmol, 1.1 equiv) of 4-nitrobenzenesulfonyl chloride in 5
mL of anhydrous THF was added at 0 °C 250 pL (1.41 mmol, 2.5 equiv) of i-ProNEt. After stirring
for2hat0°C, 9 pL (0.113 mmol, 0.2 equiv) of N-methylimidazole and 293 pL (2.82 mmol, 5.0 equiv)
of benzylalcohol were added to the resulted mixture. The mixture was stirred for 15 h at 35 °C, diluted
with 15 mL of EtOAc, and washed with 10 mL of half brine. The aqueous layer was extracted with 10
mL of EtOAc. The organic layers were combined and dried over anhydrous MgSQ,. The crude product
was chromatographed on silica gel with a 4:1 mixture of hexane and EtOAc to afford 131 mg (87%
yield) of (1S,2R)-(+)-N-Cbz-tranylcypromine 15. (1S,2R)-(+)-15: colorless solid; mp: 67-69 °C; [a]?"p
= +69.6 (c 1.01, CHCI3); 'H NMR (400 MHz, CDCls): 6 1.12-1.27 (m, 1H, CH; of cyclopropane),
2.05-2.12 (m, 1H, CHCHCgHs), 2.72-2.81 (m, 1H, CHCO), 5.09 (br, 1H, NH), 5.12 (s, 2H,
OCH,CsHs), 7.10-7.41 (m, 10H, CsHs x2); 13C NMR (100 MHz, CDCls): J 16.1, 25.1, 32.6, 66.8,
126.1, 126.6, 128.1, 128.3, 128.5, 136.4, 140.4, 156.8; HRMS (ESI-TOF): Calcd for C17H17NO2Na
(M+Na)*: 290.1151, found: 290.1146; IR (KBr, vmax/cm™t) = 3342 (CONH), 1689 (CON).

12. Typical procedure for the preparation of (1S,2R)-(+)-N-acetyltranylcypromine 16

A colorless suspension of 30 mg (0.11 mmol) of (1S,2R)-(+)-N-Cbz-tranylcypromine 15 in 5 mL
of a 6.0 M aqueous solution of HCI was stirred for 16 h at reflux and washed with 5 mL of EtOAc x3.
The aqueous layer was concentrated in vacuo to afford a crude (1S,2R)-tranylcypromine hydrochloride.
To the crude residual solid were added at rt 2 mL of pyridine, 23 pL (0.22 mmol, 2.0 equiv) of Ac20,
and 31 pL (0.22 mmol, 2.0 equiv) of triethylamine. After stirring for 12 h at rt, the colorless solution
was quenched with 5 mL of H,O and extracted with 10 mL of EtOAc x2. The organic layers were
combined, washed with 5 mL of brine, and dried over MgSO.. The crude product was
chromatographed on silica gel with EtOAc to afford 20 mg (quant) of (1S,2R)-(+)-N-
acetyltranylcypromine 16. (1S,2R)-(+)-16: colorless solid; 82% ee; mp: 90-93 °C; [a]*p = +123.9 (c
1.00, CHCIs); *H NMR (400 MHz, CDCls): 6 1.14-1.18 (m, 1H, CHa of cyclopropane), 1.20-1.28 (m,
1H, CHg of cyclopropane), 1.98 (s, 3H, CH3), 2.02-2.06 (m, 1H, CHC¢Hs), 2.87-2.92 (m, 1H, CHNH),
5.77 (br, 1H, NH), 7.12-7.32 (m, 5H, CeHs); 3C NMR (100MHz, CDCl3): 6 16.3, 23.1, 24.6, 126.1,
126.4, 128.4, 140.5, 171.3; HRMS (ESI-TOF): Calcd for C11H13NONa (M+Na)*: 198.0889, found:
198.0907; IR (KBr, vmax/cm™) = 3273 (CONH), 1647 (CON); The enantiomeric ratio was determined
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by HPLC (Chiralcel OD: hexane/2-propanol = 95/5): T,(major) 54.2 min, T,(minor) 42.6 min (er
90.9:9.1).

Chapter 3. Synthesis of memantine analogues containing a sigma-1 receptor activity as a candidate of

anti-Alzheimer’s medicine

13. Typical procedure for acetylation of (Z)-2-phenylbut-2-ene-1,4-diol 34a using PPL'> 38

To a pale yellow suspension of 164 mg (1.00 mmol) of (Z)-2-phenylbut-2-ene-1,4-diol 34a, 0.92
mL (10.0 mmol, 10 equiv) of vinyl acetate, and 82 mg (50 w/w%) of PPL in 3 mL of 1,4-dioxane was
stirred at rt for 24 h. The reaction suspension was diluted with 10 mL of EtOAc and dried over
anhydrous MgSOs. The residue was chromatographed on silica gel with a 1:2 mixture of EtOAc and
hexane to afford 187 mg (91% yield) of (Z2)-4-hydroxy-3-phenylbut-2-en-1-yl acetate 17a.

13.1. (Z)-4-Hydroxy-3-phenylbut-2-en-1-yl acetate 17a'> 8

Colorless oil; 'TH NMR (400 MHz, CDCls): ¢ 2.08 (s, 3H, CH3CO), 2.45 (br, 1H, OH), 4.60 (s, 2H,
CH,0H), 4.88 (d, J = 7.2 Hz, 2H, CH>0OAc), 5.92 (t,J = 7.2 Hz, 1H, =CH), 7.28-7.38, 7.48-7.50 (m,
m, 3H, 2H, C¢Hs); *C NMR (100 MHz, CDCls): 6 21.1, 60.1, 61.2, 124.3, 126.4, 128.0, 128.6, 140.1,
143.9, 171.5; HRMS (ESI-TOF): Calcd for Ci2H;403Na (M+Na)*: 229.0835, found: 229.0815.

13.2. (Z)-4-Hydroxy-3-(4-methoxyphenyl)but-2-en-1-yl acetate 17b'? 38

Colorless oil; "H NMR (400 MHz, CDCl3): 6 2.08 (s, 3H, CH:CO), 2.43 (t,J = 6.1 Hz, 1H, OH), 3.81
(s, 3H, OCHs), 4.58 (d, J = 6.1 Hz, 2H, CH,OH), 4.85 (d, J = 7.4 Hz, 2H, CH:0Ac), 5.86 (t, J = 7.4
Hz, 1H, =CH), 6.91, 7.14 (d, d, J = 8.8, 8.8 Hz, 2H, 2H, C¢Ha); 13C NMR (100 MHz, CDCls): 6 21.1,
55.3, 60.0, 61.3, 113.9, 122.5, 127.6, 132.4, 143.4, 159.5, 171.5; HRMS (ESI-TOF): Calcd for
Ci3H160sNa (M+Na)™: 259.0941, found: 259.0915.

13.3. (Z)-4-Hydroxy-3-(4-methylphenyl)but-2-en-1-yl acetate 17¢!> 8

Colorless oil; 'TH NMR (400 MHz, CDCl5): 6 2.08 (s, 3H, CH3CO), 2.35 (s, br, 3H, 1H, ArCH3, OH),
4.59 (d, J =5.4 Hz, 2H, CH,OH), 4.87 (d, J = 7.4 Hz, 2H, CH:0Ac), 5.90 (t, J = 7.4 Hz, 1H, =CH),
7.16,7.39(d, d, J = 8.2, 8.2 Hz, 2H, 2H, C¢Ha); *C NMR (100 MHz, CDCl3): 6 21.0, 21.1, 60.0, 61.2,
123.4,126.3, 129.3, 137.1, 137.9, 143.8, 171.4; HRMS (ESI-TOF): Calcd for Ci3H1603Na (M+Na)*:
243.0992, found: 243.1007.

13.4. (Z)-3-(4-Chlorophenyl)-4-hydroxybut-2-en-1-yl acetate 17d'> 3
Colorless oil; 'H NMR (400 MHz, CDCls): 6 2.08 (s, 3H, CH;CO), 2.49-2.54 (m, 1H, OH), 4.56 (d, J

63



= 6.0 Hz, 2H, CH,OH), 4.86 (d, J =7.2 Hz, 2H, CH:0Ac), 5.90 (t, J = 7.2 Hz, 1H, =CH), 7.31, 7.44
(d, d, J = 8.6 Hz, 8.6 Hz, 2H, 2H, CeH,); 3C NMR (100 MHz, CDCL3): d 21.1, 59.9, 61.1, 124.7,
127.8, 128.7, 133.9, 138.6, 142.8, 171.5; HRMS (ESI-TOF): Caled for C12H1sClOsNa (M+Na)*:
263.0445, found: 263.0425.

13.5. (£)-3-(4-Bromophenyl)-4-hydroxybut-2-en-1-yl acetate 17¢

Colorless oil; 'H NMR (400 MHz, CDCls): d 2.10 (s, 3H, CH3CO), 2.50 (br, 1H, OH), 4.57 (d, J =
5.5 Hz, 2H, CH>OH), 4.86 (d, J =7.4 Hz, 2H, CH,0OAc), 5.91 (t,J = 7.4 Hz, 1H,=CH), 7.38, 7.48 (d,
d,J=8.6, 8.6 Hz, 2H, 2H, CsHs); *C NMR (100 MHz, CDCl3): 6 21.1,59.9, 61.1, 122.0, 124.7, 128.1,
131.6, 139.1, 142.8, 171.5; HRMS (ESI-TOF): Calcd for C12Hi3BrOs;Na (M+Na)*: 306.9940, found:
306.9964.

14. Typical procedure for preparation of (Z£)-4-(fert-butyldiphenylsiloxy)-3-phenylbut-2-en-1-yl
acetate 18a.%

To a colorless solution of 206 mg (1.00 mmol) of (Z)-4-hydroxy-3-phenylbut-2-en-1-yl acetate
17a in 5 mL of pyridine was added 330 mg (1.20 mmol 1.2 equiv) of #~BuPh,SiCl under an argon
atmosphere. After stirring at rt for 24 h, the reaction mixture was quenched with 10 mL of water and
extracted with 10 mL x3 of EtOAc. The organic layers were combined, washed with 5 mL of brine,
and dried over anhydrous MgSOj. The residue was chromatographed on silica gel with a 1:8 mixture
of EtOAc and hexane to afford 431 mg (97 % yield) of (2)-4-(tert-butyldiphenylsiloxy)-3-phenylbut-
2-en-1-yl acetate 18a.

14.1. (Z)-4-(tert-Butyldiphenylsiloxy)-3-phenylbut-2-en-1-yl acetate 18a

Reaction time: 24h; Pale yellow oil; 'H NMR (400 MHz, CDCls): 6 0.97 (s, 9H, (CH3)3C), 2.03 (s,
3H, CH3CO), 4.60 (s, 2H, CH,0S1), 4.65 (d, J = 6.8 Hz, 2H, CH>OAc), 5.84 (t,J = 6.8 Hz, 1H, =CH),
7.25-7.31,7.34-7.44,7.62-7.65 (m, m, m, 3H, 8H, 4H, C¢Hs x3); 3C NMR (100 MHz, CDCls): § 19.1,
20.8, 26.6, 61.0, 61.3, 124.2, 126.8, 127.3, 127.6, 128.0, 129.7, 133.1, 135.5, 140.3, 142.8, 170.5;
HRMS (ESI-TOF): Calcd for C23H3,03SiNa (M+Na)*: 467.2013, found: 467.2010.

14.2. (Z)-4-(tert-Butyldiphenylsiloxy)-3-(4-methoxyphenyl)but-2-en-1-yl acetate 18b

Reaction time: 24h; Colorless oil; '"H NMR (400 MHz, CDCl;): 6 0.98 (s, 9H, (CH3);C), 2.03 (s, 3H,
CH3CO), 3.81 (s, 3H, CH30), 4.57 (s, 2H, CH20Si), 4.62 (d, J = 6.9 Hz, 2H, CH,0Ac), 5.78 (t, J =
6.9 Hz, 1H, =CH), 6.83, 7.31 (d, d, J = 8.8 Hz, 8.8 Hz, 2H, 2H, CeHy), 7.35-7.45, 7.63-7.65 (m, m,
6H, 4H, C¢Hs x2); *C NMR (100 MHz, CDCl3): § 19.2, 21.0, 26.7, 55.3, 61.2, 61.4, 113.5, 122.7,
127.7, 128.0, 129.7, 132.8, 133.3, 135.7, 1424, 159.1, 170.8; HRMS (ESI-TOF): Calcd for
C29H3404SiNa (M+Na)*: 497.2119, found: 497.2125.
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14.3. (Z2)-4-(tert-Butyldiphenylsiloxy)-3-(4-methylphenyl)but-2-en-1-yl acetate 18¢c

Reaction time: 24h; Pale yellow oil; 'H NMR (400 MHz, CDCls): 6 0.98 (s, 9H, (CH3)3C), 2.03 (s,
3H, CH;CO), 2.34 (s, 3H, CHs), 4.57 (s, 2H, CH20S1), 4.65 (d, J = 6.9 Hz, 2H, CH>0OAc), 5.82 (t, J
=6.9 Hz, 1H, =CH), 7.10, 7.25-7.27, 7.34-7.45, 7.63-7.65 (d, m, m, m, J = 7.8 Hz, 2H, 2H, 6H, 4H,
CeHas, CeHs x2); *C NMR (100 MHz, CDCl3): 6 19.2,21.0,21.1,26.7, 61.3, 61.5, 123.6, 126.7, 127.7,
128.8, 129.7, 133.3, 135.7, 137.2, 137.5, 142.7, 170.1; HRMS (ESI-TOF): Calcd for C29H3403SiNa
(M+Na)*: 481.2175, found: 481.2178.

14.4. (Z2)-4-(tert-Butyldiphenylsiloxy)-3-(4-chlorophenyl)but-2-en-1-yl acetate 18d
Reaction time: 24h; Colorless oil; '"H NMR (400 MHz, CDCI3): 6 0.96 (s, 9H, (CH;3);C), 2.04 (s, 3H,
CH;CO), 4.56 (s, 2H, CH20Si), 4.59 (d, J = 6.8 Hz, 2H, CH,0Ac), 5.81 (t, J = 6.8 Hz, 1H, =CH),
7.24-7.29, 7.35-7.46, 7.60-7.63 (m, m, m, 4H, 6H, 4H, C¢Ha, C¢Hs x2); 3C NMR (100 MHz, CDCl5):
019.2, 209, 26.7, 61.0, 61.1, 124.6, 127.7, 128.2, 129.8, 133.1, 133.3, 135.6, 138.8, 141.9, 170.7;
HRMS (ESI-TOF): Calcd for C»3H31C103SiNa (M+Na)*: 501.1623, found: 501.1608.

14.5. (Z2)-3-(4-Bromophenyl)-4-(tert-butyldiphenylsiloxy)but-2-en-1-yl acetate 18e

Reaction time: 24h; Colorless oil; '"H NMR (400 MHz, CDCI3): 6 0.97 (s, 9H, (CH;);C), 2.04 (s, 3H,
CH3CO), 4.59 (s, 2H, CH,0Si), 4.62 (d, J = 6.9 Hz, 2H, CH>OAc), 5.81 (t, J = 6.9 Hz, 1H, =CH),
7.22, 7.35-7.46, 7.60-7.62 (d, m, m, J = 8.6 Hz, 2H, 8H, 4H, C¢Ha, CcHs x2); 3C NMR (100 MHz,
CDCl): 6 19.2, 20.9, 26.7, 61.0, 61.0, 121.5, 124.7, 127.8, 128.6, 129.8, 131.2, 133.1, 135.6, 139.3,
141.9, 170.7, HRMS (ESI-TOF): Calcd for C»3H3;BrOs;SiNa (M+Na)*: 545.1118, found: 545.1114.

15. Typical procedure for preparation of (Z2)-4-(tert-butyldiphenylsiloxy)-3-phenylbut-2-en-1-ol
19238

To a colorless solution of 907 mg (2.03 mmol) of (Z2)-4-(tert-butyldiphenylsiloxy)-3-phenylbut-2-
en-1-yl acetate 18a in 58 ml of 1:1 mixture of Et;,O-MeOH was added a catalytic amount (3 drops) of
28% MeONa solution in MeOH. The mixture was stirred at rt for 5 h and quenched with 5 mL of
saturated aqueous NH4Cl. The organic layer was separated and the aqueous layer was extracted with
10 mL x2 of EtOAc. The organic layers were combined, washed with 10 mL of brine, and dried over
anhydrous MgSOs. The residue was chromatographed on silica gel with a 5:1 mixture of hexane and
EtOAc to afford 821 mg (quantitative yield) of (2)-4-(fert-butyldiphenylsiloxy)-3-phenylbut-2-en-1-
ol 19a.

15.1. (Z)-4-(tert-Butyldiphenylsiloxy)-3-phenylbut-2-en-1-o0l 19a°®

Colorless oil; 'H NMR (400 MHz, CDCls): 6 0.98 (s, 9H, (CH3);C), 1.64 (br, 1H, OH), 4.16 (dd, J =
6.4, 6.4 Hz, 2H, CH>OH), 4.59 (s, 2H, CH,0S1), 5.97 (t, J = 6.4 Hz, 1H, =CH), 7.23-7.46, 7.64-7.66
(m, m, 11H, 4H, C¢Hs x3); *C NMR (100 MHz, CDCls): 6 19.1, 26.7, 59.3, 61.6, 126.8, 127.3, 127.7,
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128.1,129.7,129.8,133.2,135.7,140.8, 141.3; HRMS (ESI-TOF): Calcd for C26H3002SiNa (M+Na)*:
425.1907, found: 425.1915.

15.2. (Z)-4-(tert-Butyldiphenylsiloxy)-3-(4-chlorophenyl)but-2-en-1-0l 19d

Colorless oil; 'H NMR (400 MHz, CDCl3): 6 0.97 (s, 9H, (CH3)3C), 1.53 (t,J = 6.2 Hz, 1H, OH), 4.11
(dd, J=6.2, 6.5, 2H, CH,OH), 4.56 (s, 2H, CH,0Si), 5.93 (t, J = 6.5 Hz, 1H, =CH), 7.24-7.29, 7.36-
7.47,7.62-7.64 (m, m, m, 4H, 6H, 4H, C¢Ha, CsHs x2); 3C NMR (100 MHz, CDCl3): § 19.1, 26.7,
59.2, 61.2, 127.8, 128.1, 128.3, 129.9, 130.0, 133.1, 135.7, 139.1, 140.1; HRMS (ESI-TOF): Calcd
for CogH29C10,SiNa (M+Na)™: 459.1518, found: 459.1526.

15.3. (£)-3-(4-Bromophenyl)-4-(tert-butyldiphenylsiloxy)but-2-en-1-o0l 19e

Colorless oil; 'TH NMR (400 MHz, CDCls): 6 0.97 (s, 9H, (CH3)3C), 1.50 (br, 1H, OH), 4.11 (dd, J =
6.3, 6.6 Hz, 2H, CH>OH), 4.55 (s, 2H, CH,0Si), 5.94 (t,J = 6.6 Hz, 1H, =CH), 7.21, 7.36-7.47, 7.62-
7.64 (d, m, m, J = 8.6 Hz, 2H, 8H, 4H, C¢H4, CsHs x2); 3C NMR (100 MHz, CDCls): J 19.2, 26.7,
59.2, 61.1, 121.3, 127.8, 128.5, 129.9, 130.0, 131.2, 133.1, 135.7, 139.6, 140.1; HRMS (ESI-TOF):
Calcd for C26H29BrO,SiNa (M+Na)*: 503.1012, found: 503.1017.

16. Typical procedure for preparation of (Z)-4-(tert-butyldiphenylsiloxy)-3-(4-methoxyphenyl)
but-2-en-1-o0l 19b.3

To a colorless solution of 588 mg (1.2 mmol) of (Z)-4-(tert-butyldiphenylsiloxy)-3-(4-
methoxyphenyl)but-2-en-1-yl acetate 18b in 5 mL of anhydrous THF was added dropwise at -78 °C
3.1 mL (2.6 mmol, 2.1 equiv) of a 1.03M DIBAL-H solution in hexane under an argon atmosphere.
The mixture was stirred at -78 °C for 2 h and quenched at -78 °C with 2 mL of MeOH. To the reaction
mixture was added a solution of 7.20 g of potassium sodium tartarate in 20 mL of water. After stirring
at rt for 3 h, the reaction mixture was extracted with 20 mL %3 of EtOAc. The EtOAc layers were
combined, washed with brine, and dried over anhydrous MgSOs. The residue was chromatographed
on silica gel with a 5:1 mixture of hexane and EtOAc to afford 466 mg (90% yield) of (2)-4-(tert-
butyldiphenylsiloxy)-3-(4-methoxyphenyl)but-2-en-1-ol 19b.

16.1. (Z2)-4-(tert-Butyldiphenylsiloxy)-3-(4-methoxyphenyl)but-2-en-1-o0l 19b

Colorless oil; '"H NMR (400 MHz, CDCl3): 6 0.99 (s, 9H, (CH3)3C), 1.55-1.58 (m, 1H, OH), 3.82 (s,
3H, CH30), 4.13 (dd, J = 6.2, 6.7 Hz, 2H, CH,OH), 4.57 (s, 2H, CH>0Si), 5.92 (t, J = 6.7 Hz, 1H,
=CH), 6.82,7.29 (d, d, J = 8.9, 8.9 Hz, 2H, 2H, C¢Hy), 7.36-7.46, 7.64-7.67 (m, m, 6H, 4H, CsHs x2);
13C NMR (100 MHz, CDCls): 6 19.2, 26.7, 55.3, 59.3, 61.6, 113.5, 127.7, 127.9, 128.2, 129.8, 133.2,
135.7, 140.7, 159.0; HRMS (ESI-TOF): Calcd for C»7H3,03SiNa (M+Na)™: 455.2013, found:
455.2038.
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16.2. (Z2)-4-(tert-Butyldiphenylsiloxy)-3-(4-methylphenyl)but-2-en-1-ol 19¢

Colorless oil; '"H NMR (400 MHz, CDCl3): 6 0.99 (s, 9H, (CH3)3C), 1.63 (br, 1H, OH), 2.34 (s, 3H,
CH3), 4.15 (dd, J = 6.6, 6.6 Hz, 2H, CH,OH), 4.57 (s, 2H, CH,0S1), 5.96 (t,J = 6.6 Hz, 1H, =CH),
7.09,7.24 (d, d, J = 8.2, 8.2 Hz, 2H, 2H, C¢Hy), 7.36-7.46, 7.64-7.67 (m, m, 6H, 4H, C¢Hs x2); 13C
NMR (100 MHz, CDCL): 6 19.2, 21.1, 26.7, 59.3, 61.7, 126.6, 127.7, 128.8, 129.0, 129.8, 133.2,
135.7, 137.0, 137.9, 141.1; HRMS (ESI-TOF): Calcd for C27H3202SiNa (M+Na)™: 439.2064, found:
439.2090.

17. Typical procedure for cyclopropanation of 19a in the presence of a catalytic amount of L1.3

To a colorless solution of 201 mg (0.50 mmol) of (Z)-4-(tert-butyldiphenylsiloxy)-3-phenylbut-2-
en-1-ol 19a and 19 mg (0.05 mmol, 0.1 equiv) of the disulfonamide L1 in 7.5 mL of anhydrous CH>Cl»
were added dropwise at -40 °C under an argon atmosphere 1.0 mL (1.00 mmol, 2.0 equiv) of 1.0 M
EtZn solution in hexane and 121 pL (1.50 mmol, 3.0 equiv) of CHal,. After stirring at 0 °C for 3 h,
the reaction mixture was quenched with 0.3 mL of triethylamine and extracted with 20 mL %3 of
EtOAc. The organic layers were combined, washed with 5 mL of brine, and dried over MgSO4. The
residue was chromatographed on silica gel with a 8:1 mixture of hexane and EtOAc to afford 208 mg

(quantitative yield) of (25,3R)-4-(tert-butyldiphenylsiloxy)-2,3-methano-3-phenylbutan-1-ol 20a.

17.1. (285,3R)-4-(tert-Butyldiphenylsiloxy)-2,3-methano-3-phenylbutan-1-ol 202

Colorless oil; 71% ee; [a]?®p = +51.2 (¢ 1.02, CHCl3); '"H NMR (400 MHz, CDCl3): 6 0.69 (dd, J =
5.3, 53 Hz, 1H, CHa of cyclopropane), 0.96 (s, 9H, (CH3);C), 0.96-0.99 (m, 1H, CHg of
cyclopropane), 1.81-1.89 (m, 1H, CHCH,OH), 3.45-3.59 (m, 2H, CH,OH, OH), 3.55 (d,J = 11.2 Hz,
1H, CHAOSI), 4.06 (d, J = 11.2 Hz, 1H, CHgOSi), 4.12-4.19 (m, 1H, CHzOH), 7.05-7.07, 7.11-7.15,
7.28-7.45, 7.56-7.59 (m, m, m, m, 2H, 2H, 9H, 2H, C¢Hs x3); *C NMR (100 MHz, CDCl;): 6 16.0,
19.0,25.8,26.7,32.5,63.7,69.2, 126.8, 127.5, 127.9, 128.2, 129.5, 129.8, 130.6, 131.7, 132.7, 135.4,
135.5, 143.9; HRMS (ESI-TOF): Calcd for C27H3202SiNa (M+Na)*: 439.2064, found: 439.2069; The
enantiomeric ratio was determined by HPLC (Chiralcel OD: hexane/2-propanol = 95/5) T(major) 5.1
min, T(minor) 4.3 min (er 85.7:14.3).

17.2. (28,3R)-4-(tert-Butyldiphenylsiloxy)-2,3-methano-3-(4-methoxyphenyl)butan-1-ol 20b

Colorless oil; 36% ee; [a]?*p = +34.8 (¢ 1.01, CHCl3); '"H NMR (400 MHz, CDCl3): 6 0.65 (dd, J =
5.2, 5.3, Hz, 1H, CHa of cyclopropane), 0.91-0.94 (m, 1H, CHg of cyclopropane), 0.97 (s, 9H,
(CH3)3C), 1.76-1.84 (m, 1H, CHCH,OH), 3.43-3.59 (m, 3H, OH, CH,OH, CHAOSi), 3.85 (s, 3H,
CH;0), 4.03 (d, J = 11.0 Hz, 1H, CHgOSi), 4.11-4.18 (m, 1H, CHzOH), 6.85, 7.08-7.16, 7.29-7.45,
7.56-7.59 (d, m, m, m, J = 8.8 Hz, 2H, 4H, 6H, 2H, C¢Ha, CsHs x2); 1*C NMR (100 MHz, CDCls): §
16.1, 19.0, 26.0, 26.7, 31.7, 55.4, 63.8, 69.4, 113.5, 127.5, 127.8, 129.5, 129.8, 131.6, 131.8, 132.8,
135.4, 135.6, 136.2, 142.3; HRMS (ESI-TOF): Calcd for CasH3403SiNa (M+Na)™: 469.2169, found:
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469.2178; The enantiomeric ratio was determined by HPLC (Chiralcel OD: hexane/2-propanol = 95/5)
T{(major) 5.2 min, T(minor) 4.7 min (er 68:32).

17.3. (28,3R)-4-(tert-Butyldiphenylsiloxy)-2,3-methano-3-(4-methylphenyl)butan-1-o0l 20c
Colorless oil; 65% ee; [a]?°p = +56.7 (¢ 1.05, CHCl3); '"H NMR (400 MHz, CDCls3): 6 0.66 (dd, J =
5.2, 5.3 Hz, 1H, CHa of cyclopropane), 0.93-0.96 (m, 1H, CHg of cyclopropane), 0.97 (s, 9H,
(CHs)3C), 1.78-1.86 (m, 1H, CHCH>OH), 2.40 (s, 3H, CHz3), 3.44-3.60 (m, 3H, OH, CH,OH,
CHAOSIi), 4.05 (d, J = 11.1 Hz, 1H, CHgOSi), 4.11-4.18 (m, 1H, CHOH), 7.05-7.13, 7.27-7.45, 7.56-
7.59 (m, m, m, 6H, 6H, 2H, CsHa, C¢Hs x2); 3C NMR (100 MHz, CDCls): 6 16.1, 19.0, 21.1, 25.9,
26.7, 32.0, 63.8, 69.3, 127.5, 127.8, 128.8, 129.5, 129.8, 130.4, 131.8, 132.8, 135.4, 135.6, 136.3,
141.0; HRMS (ESI-TOF): Calcd for Ci3sH3402SiNa (M+Na)*": 453.2220, found: 453.2231; The
enantiomeric ratio was determined by HPLC (Chiralcel OD: hexane/2-propanol = 95/5) Ti(major) 4.5
min, T(minor) 4.1 min (er 82.4:17.6).

17.4. (28,3 R)-4-(tert-Butyldiphenylsiloxy)-3-(4-chlorophenyl)-2,3-methanobutan-1-ol 20d
Colorless oil; 66% ee; [a]?'p = +75.8 (¢ 1.01, CHCl3); '"H NMR (400 MHz, CDCl3): 6 0.70 (dd, J =
5.3, 5.4 Hz, 1H, CHAa of cyclopropane), 0.93 (dd, J = 5.3, 8.6 Hz, 1H, CHg of cyclopropane), 0.97 (s,
9H, (CH3)3C), 1.76-1.83 (m, 1H, CHCH>OH), 3.45-3.57 (m, 3H, OH, CH,OH, CHAOSi), 4.02 (d, J =
10.8 Hz, 1H, CHgOSi), 4.11-4.18 (m, 1H, CH3OH), 7.09-7.12, 7.15-7.19, 7.24-7.46, 7.54-7.56 (m, m,
m, m, 2H, 2H, 8H, 2H, C¢Ha, C¢Hs x2); 3C NMR (100 MHz, CDCl3): 6 16.1, 19.0, 26.0, 26.8, 31.9,
63.6, 69.0, 127.6, 127.8, 128.3, 129.7, 129.9, 131.8, 132.6, 135.4, 135.5, 142.3; HRMS (ESI-TOF):
Calcd for Cy7H3Cl102SiNa (M+Na)'™: 473.1674, found: 473.1676; The enantiomeric ratio was
determined by HPLC (Chiralcel OD-H: hexane/2-propanol = 99.9/0.01) after acetylation 7:(major)
18.0 min, 7y(minor) 14.5 min (er 83:17).

17.5. (28,3R)-3-(4-Bromophenyl)-4-(zert-butyldiphenylsiloxy)-2,3-methanobutan-1-ol 20e
Colorless oil; 73% ee; [a]**p = +82.6 (¢ 1.00, CHCl3); '"H NMR (400 MHz, CDCl3): 6 0.70 (dd, J =
5.2, 5.2 Hz, 1H, CHa of cyclopropane), 0.93 (dd, J = 5.2, 8.6 Hz, 1H, CHg of cyclopropane), 0.97 (s,
9H, (CH3)3C), 1.77-1.81 (m, 1H, CHCH>OH), 3.45-3.57 (m, 3H, OH, CH,OH, CHAOSi), 4.02 (d, J =
11.2 Hz, 1H, CHgOSI), 4.11-4.18 (m, 1H, CHpOH), 7.09-7.11, 7.16-7.24, 7.32-7.45, 7.54-7.56 (m, m,
m, m, 2H, 4H, 6H, 2H, C¢Ha, C¢Hs x2); 3C NMR (100 MHz, CDCl3): 6 16.1, 19.0, 25.9, 26.8, 32.0,
63.5,68.9,120.7, 127.6, 127.9, 129.7, 129.9, 131.2, 131.6, 132.2, 132.6, 135.4, 135.5, 143.0; HRMS
(ESI-TOF): Caled for C»7H3:1BrO,SiNa (M+Na)™: 517.1169, found: 517.1159; The enantiomeric ratio
was determined by HPLC (Chiralcel OD: hexane/2-propanol = 99/1) Ti(major) 9.0 min, 7:(minor) 8.2
min (er 86.6:13.4).

18. Typical procedure for oxidation of the alcohol 20a into the aldehyde 21a.%
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To a solution of 204 mg (0.46 mmol) of (2§,3R)-4-(tert-butyldiphenylsiloxy)-2,3-methano-3-
phenylbutan-1-ol 20a in 5 mL of dimethylsulfoxide (DMSO) was added at rt 320 mg (1.14 mmol, 2.5
equiv) of 2-iodoxybenzoic acid (IBX). After stirring at rt for 3 h, 10 mL of EtOAc was added to the
reaction mixture. The suspension was filtered through Celite. The filtrate was combined with 10 mL
of half brine and extracted with 10 mL x3 of EtOAc. The EtOAc layers were combined, washed with
brine, and dried over anhydrous MgSO4. The resiue was chromatographed on silica gel with a 8:1
mixture of hexane and EtOAc to afford 191 mg (94 % yield) of (25,3R)-4-(tert-butyldiphenylsiloxy)-
2,3-methano-3-phenylbutanal 21a.

18.1. (28,3 R)-4-(tert-Butyldiphenylsiloxy)-2,3-methano-3-phenylbutanal 21a%

Colorless oil; 71% ee derived from 20a; [a]**p = +57.4 (¢ 1.00, CHCls); '"H NMR (400 MHz, CDCl5):
0 0.96 (s, 9H, (CH3);C), 1.49 (dd, J = 4.9, 8.1 Hz, 1H, CHa of cyclopropane), 1.79 (dd, J=4.9, 5.3
Hz, 1H, CHg of cyclopropane), 2.30 (dt, J = 8.1, 5.3 Hz 1H, CHCHO), 3.76 (d, J = 11.0 Hz, 1H,
CHAOSI), 4.04 (d, J = 11.0 Hz, 1H, CHgOSi), 7.19-7.43, 7.49-7.52 (m, m, 13H, 2H, CeHs x3), 9.63
(d, J = 5.3 Hz, 1H, CHO); '3C NMR (100 MHz, CDCls): § 18.6, 19.1, 26.6, 34.3, 41.1, 66.5, 127.4,
127.5,127.7,128.4,129.5,129.7, 129.8, 132.8, 132.9, 135.4, 135.5, 142.0, 200.1; HRMS (ESI-TOF):
Calcd for C27H3002SiNa (M+Na)*: 437.1907, found: 437.1900.

18.2. (28,3R)-4-(tert-Butyldiphenylsiloxy)-2,3-methano-3-(4-methoxyphenyl)butanal 21b
Colorless oil; 36% ee derived from 20b; [a]*°p = +29.4 (¢ 1.00, CHCl3); "H NMR (400 MHz, CDCls):
0 0.97 (s, 9H, (CH3);C), 1.46 (dd, J = 4.8, 8.1 Hz, 1H, CHa of cyclopropane), 1.76 (dd, J=4.8, 5.3
Hz, 1H, CHs of cyclopropane), 2.24 (dt, J = 8.1, 5.3 Hz, 1H, CHCHO), 3.73 (d, J = 11.0 Hz, 1H,
CHAOSI), 3.83 (s, 3H, CH30), 4.02 (d, J = 11.0 Hz, 1H, CHgOSI), 6.85, 7.20-7.43, 7.50-7.52 (d, m,
m, J = 8.8 Hz, 2H, 10H, 2H, C¢Hs, C¢Hs x2), 9.61 (d, J = 5.3 Hz, 1H, CHO); '3C NMR (100 MHz,
CDCl): 0 18.8, 19.1, 26.7, 34.7, 40.4, 55.4, 66.7, 113.7, 127.5, 127.7, 129.5, 129.7, 130.8, 132.9,
133.0, 134.3, 135.5, 135.5, 158.9, 200.2; HRMS (ESI-TOF): Calcd for C3H3,03SiNa (M+Na)*:
467.2013, found: 467.2010.

18.3. (25,3R)-4-(tert-Butyldiphenylsiloxy)-2,3-methano-3-(4-methylphenyl)butanal 21c

Colorless oil; 65% ee derived from 20¢; [0]*°p = +53.2 (¢ 1.13, CHCI3); '"H NMR (400 MHz, CDCl5):
0 0.97 (s, 9H, (CH3);C), 1.46 (dd, J = 4.8, 8.1 Hz, 1H, CHa of cyclopropane), 1.78 (dd, J=4.8, 5.3
Hz, 1H, CHg of cyclopropane), 2.26 (dt, J = 8.1, 5.4 Hz, 1H, CHCHO), 2.37 (s, 3H, CH3), 3.75 (d, J
= 11.0 Hz, 1H, CHAOSi), 4.04 (d, J = 11.0 Hz, 1H, CHgOSi), 7.12-7.14, 7.19-7.42, 7.50-7.52 (m, m,
m, 2H, 10H, 2H, C¢Ha, CeHs x2), 9.61 (d, J = 5.4 Hz, 1H, CHO); '*C NMR (100 MHz, CDCls): &
18.7, 19.1, 21.1, 26.7, 34.5, 40.8, 66.6, 127.5, 127.7, 129.0, 129.5, 129.6, 129.7, 132.9, 133.0, 135.5,
135.5, 137.1 139.1, 200.2; HRMS (ESI-TOF): Calcd for C23H3,0,SiNa (M+Na)*: 451.2064, found:
451.2087.
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18.4. (25,3R)-4-(tert-Butyldiphenylsiloxy)-3-(4-chlorophenyl)-2,3-methanobutanal 21d

Colorless oil; 66% ee derived from 20d; [a]*°p = +69.9 (¢ 1.00, CHCl3); "H NMR (400 MHz, CDCls):
0 0.96 (s, 9H, (CH3)3C), 1.44 (dd, J = 5.0, 8.2 Hz, 1H, CHA of cyclopropane), 1.77 (dd, J = 5.0, 5.2
Hz, 1H, CHs of cyclopropane), 2.25 (dt, J = 8.2, 5.2 Hz, 1H, CHCHO), 3.75 (d, J = 11.1 Hz, 1H,
CHAOSI), 4.00 (d, J = 11.1 Hz, 1H, CHgOSI), 7.21-7.43, 7.48-7.50 (m, m, 12H, 2H, C¢H4, C¢Hs x2),
9.61 (d, J = 5.2 Hz, 1H, CHO); '*C NMR (100 MHz, CDCl3): ¢ 18.6, 19.1, 26.7, 34.2, 40.4, 66.3,
127.6,127.7,128.5,129.6, 129.8, 131.1, 132.7, 132.8, 133.3, 135.4, 135.5, 140.5, 199.6; HRMS (ESI-
TOF): Calcd for C27H29Cl02SiNa (M+Na)*: 471.1518, found: 471.1496.

18.5. (25,3R)-3-(4-Bromophenyl)-4-(fert-butyldiphenylsiloxy)-2,3-methanobutanal 21e

Colorless oil; 73% ee derived from 20e; [o]’p = +77.5 (¢ 1.15, CHCI3); '"H NMR (400 MHz, CDCl5):
0 0.96 (s, 9H, (CH3);C), 1.44 (dd, J = 5.0, 8.2 Hz, 1H, CHa of cyclopropane), 1.77 (dd, J= 5.0, 5.2
Hz, 1H, CHs of cyclopropane), 2.25 (dt, J = 8.1, 5.2 Hz, 1H, CHCHO), 3.75 (d, J = 11.1 Hz, 1H,
CHAOSI), 4.00 (d, J = 11.1 Hz, 1H, CHgOSI), 7.21-7.50 (m, 14H, C¢Ha, CsHs x2), 9.61 (d, J = 5.2
Hz, 1H, CHO); *C NMR (100 MHz, CDCls): 6 18.5, 19.1, 26.7, 34.1, 40.5, 66.3, 121.4, 127.6, 127.7,
129.6, 129.8, 131.4, 132.7, 132.8, 135.4, 135.5, 141.1, 199.5; HRMS (ESI-TOF): Calcd for
C27H29BrO,SiNa (M+Na)*: 515.1012, found: 515.1010.

19. Typical procedure for oxidation of the aldehyde 21a into the carboxylic acid 22a.%

To a colorless solution of 187 mg (0.45 mmol) of (2S,3R)-4-(tert-butyldiphenylsiloxy)-2,3-
methano-3-phenylbutanal 21a and 16 mg (0.14 mmol, 0.3 equiv) of NaH>POy4 in 5.5 mL of a 10:1
mixture of MeCN and water were added at 0 °C 61 pL (0.54 mmol, 1.2 equiv) of 35% aq. H.O»
solution and a solution of 76 mg (0.68 mmol, 1.5 equiv.) of NaClO; in 2 mL of water. After stirring at
rt for 3 h, 1 mL of sat. aq. NaxSO3 solution was added to the reaction mixture. The resulted mixture
was adjusted to pH 3 with 1.0M aq. HCI solution and extracted with 10 mL x3 of EtOAc. The
combined EtOAc layers were washed with brine and dried over anhydrous MgSQO4. The residue was
chromatographed on silica gel with a 5:1 mixture of hexane and EtOAc to afford 190 mg (98 % yield)
of (25,3 R)-4-(tert-butyldiphenylsiloxy)-2,3-methano-3-phenylbutanoic acid 22a.

19.1. (25,3R)-4-(tert-Butyldiphenylsiloxy)-2,3-methano-3-phenylbutanoic acid 22a3*

Colorless solid; 71% ee derived from 20a; mp: 143-145 °C; [a]*®p = +57.4 (¢ 1.00, CHCl3); '"H NMR
(400 MHz, CDCl3): ¢ 0.92 (s, 9H, (CH3);C), 1.38 (dd, J = 4.8, 8.0 Hz, 1H, CHa of cyclopropane),
1.55(dd, J = 4.8, 5.7 Hz, 1H, CHg of cyclopropane), 2.18 (dd, J = 5.7, 8.0 Hz, 1H, CHCO,H), 3.98
(s, 2H, CH20Si), 7.15-7.23, 7.28-7.38, 7.43-7.46, 7.50-7.52 (m, m, m, m, 4H, 7H, 2H, 2H, C¢Hs x3),
11.59 (br, 1H, CO,H); 3C NMR (100 MHz, CDCl3): 6§ 19.2, 24.5,26.5,39.6, 66.4, 127.2, 127.4, 127.6,
128.2, 129.3, 129.5, 130.1, 133.2, 133.4, 135.4, 135.5, 142.7, 178.2; HRMS (ESI-TOF): Calcd for
C27H3003SiNa (M+Na)*: 453.1856, found: 453.1852.
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19.2. (28,3R)-4-(tert-Butyldiphenylsiloxy)-2,3-methano-3-(4-methoxyphenyl)butanoic acid 22b
Colorless solid; 36% ee derived from 20b; mp: 93-94 °C; [a]*°p = +38.0 (¢ 1.00, CHCl3); '"H NMR
(400 MHz, CDCl3): 6 0.94 (s, 9H, (CH3)3C), 1,32-1.36 (m, 1H, CHa of cyclopropane), 1.52 (dd, J =
4.9, 5.6 Hz, 1H, CHg of cyclopropane), 2.11-2.16 (m, 1H, CHCO,H), 3.84 (s, 3H, CH30), 3.95 (s, 2H,
CH,0Si), 6.86, 7.17-7.39, 7.50-7.52 (d, m, m, J = 8.7 Hz, 2H, 10H, 2H, CsH4, C¢Hs x2), 9.55 (br, 1H,
CO:H); 3C NMR (100 MHz, CDCl3): 6 19.2, 19.4, 24.6, 26.6, 38.8, 55.4, 66.5, 113.5, 127.4, 127.5,
129.3, 129.5, 131.1, 133.2, 133.4, 134.9, 135.5, 135.5, 158.8, 177.1; HRMS (ESI-TOF): Calcd for
C2sH3204SiNa (M+Na)™: 483.1962, found: 483.1978.

19.3. (28,3R)-4-(tert-Butyldiphenylsiloxy)-2,3-methano-3-(4-methylphenyl)butanoic acid 22¢
Colorless solid; 65% ee derived from 20¢; mp: 124-127 °C; [a]*’p = +69.3 (¢ 0.96, CHCl3); '"H NMR
(400 MHz, CDCls): ¢ 0.92 (s, 9H, (CH3)3C), 1,32-1.37 (m, 1H, CHa of cyclopropane), 1.53 (dd, J =
4.8, 5.7, 1H, CHg of cyclopropane), 2.12-2.18 (m, 1H, CHCO,H), 2.39 (s, 3H, CH3), 3.97 (s, 2H,
CH,0S1), 7.13-7.38, 7.49-7.53 (m, m, 12H, 2H, C¢Ha, CsHs x2), 11.80 (br, 1H, CO,H); *C NMR (100
MHz, CDCls): 6 19.2,19.4,21.1,24.7,26.5,39.2,66.5,127.4,127.5, 128.8, 129.2,129.4, 129.9, 133.2,
133.4, 135.5, 135.5, 136.8, 139.7, 178.3; HRMS (ESI-TOF): Calcd for C3H3,03SiNa (M+Na)*:
467.2013, found: 467.2036.

19.4. (28,3 R)-4-(tert-Butyldiphenylsiloxy)-3-(4-chlorophenyl)-2,3-methanobutanoic acid 22d
Colorless solid; 66% ee derived from 20d; mp: 42-44 °C; [a]'®p = +87.8 (¢ 1.00, CHCl3); '"H NMR
(400 MHz, CDCl3): 6 0.92 (s, 9H, (CH3);C), 1,35 (dd, J = 4.8, 8.0 Hz, 1H, CHa of cyclopropane),
1.54 (dd, J=4.8, 5.9 Hz, 1H, CHp of cyclpropane), 2.11 (dd, J = 5.9, 8.0 Hz, 1H, CHCO,H), 3.93 (d,
J=10.7 Hz, 1H, CHAOSi), 3.97 (d, J = 10.7 Hz, 1H, CHgOSIi), 7.18-7.39, 7.47-7.49 (m, m, 12H, 2H,
CHa, C6Hs x2), 11.06 (br, 1H, CO,H); 3C NMR (100 MHz, CDCls): § 19.2, 24.5, 26.6, 38.7, 66.2,
127.5,127.6,128.3,129.4,129.6, 131.3, 133.0, 133.1, 133.2, 135.4, 135.5, 141.1, 177.0; HRMS (ESI-
TOF): Calcd for C27H29C103SiNa (M+Na)*: 487.1467, found: 487.1465.

19.5. (28,3R)-3-(4-Bromophenyl)-4-(zert-butyldiphenylsiloxy)-2,3-methanobutanoic acid 22e
Colorless sticky oil; 73% ee derived from 20e; [a]**p = +77.9 (¢ 1.05, CHCl3); 'H NMR (400 MHz,
CDCl3): 6 0.92 (s, 9H, (CH3)3C), 1,34 (dd, J = 4.9, 8.0 Hz, 1H, CH4 of cyclopropane), 1.55 (dd, J =
4.9, 5.9 Hz, 1H, CHg of cyclpropane), 2.11 (dd, J = 5.9, 8.0 Hz, 1H, CHCO,H), 3.94 (d, J = 10.7 Hz,
1H, CHAOSI), 3.98 (d, J = 10.7 Hz, 1H, CHgOSi), 7.19-7.50 (m, 14H, C¢Ha, Cs¢Hs x2), 11.71 (br, 1H,
CO,H); 3C NMR (100 MHz, CDCl3): 6 19.2, 24.5, 26.6, 38.9, 66.2, 121.2, 127.5, 127.6, 129.4, 129.6,
131.3, 131.7, 133.0, 133.2, 135.4, 135.5, 141.6, 177.8; HRMS (ESI-TOF): Calcd for C7H30BrOsSi
(M+H)™: 509.1142, found: 509.1157.
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20. Typical procedure of amidation of 22b with 1-adamantanamine sulfate.’

To a solution of 143 mg (0.31 mmol) of (2S,3R)-4-(fert-butyldiphenylsiloxy)-2,3-methano-3-(4-
methoxyphenyl)butanoic acid 22b in 6 mL of acetone were added dropwise at 0 °C 32 uL (0.34 mmol,
1.1 equiv) of ethyl chloroformate and 47 pL (0.34 mmol, 1.1 equiv) of triethylamine. After stirring at
0 °C for 30 min, 68 mg (0.34 mmol, 1.1 equiv) of 1-adamantanamine sulfate and 0.68 mL (0.58 mmol,
2.0 equiv) of 1.0M aq. NaOH solution were added at 0 °C to the colorless suspension. The mixture
was stirred at 0 °C for 24 h, diluted with 30 mL of EtOAc, washed with 5 mL of brine, and dried over
anhydrous MgSOj4. The residue was chromatographed on silica gel with a 6:1 mixture of hexane and
EtOAc to afford 150 mg (84% yield) of (2S,3R)-N-adamant-1-yl-4-(fert-butyldiphenylsiloxy)-2,3-
methano-3-(4-methoxyphenyl)butanamide 23b.

20.1. (2S,3R)-N-Adamant-1-yl-4-(fer-butyldiphenylsiloxy)-2,3-methano-3-(4-methoxyphenyl)
butanamide 23b

Colorless solid; 36% ee derived from 20b; mp: 147-149 °C; [a]'"p = +24.2 (¢ 1.01, CHCl3); 'H NMR
(400 MHz, CDCls): 6 0.93 (s, 9H, (CH3);C), 1.09 (dd, J = 4.6, 8.1 Hz, 1H, CHa of cyclopropane),
1.39 (dd, /=4.6, 5.7 Hz, 1H, CHs of cyclopropane), 1.64-1.68 (m, 6H, CH» %3 of adamantane), 1.77
(dd, J =5.7, 8.1 Hz, IH, CHCO), 2.01-2.07 (m, 9H, CH; x3 of adamantane, CH %3 of adamantane),
3.83 (s, 3H, CH30), 3.85 (d, J = 10.5 Hz, 1H, CHAOSi), 4.02 (d, J = 10.5 Hz, 1H, CHgOSi), 5.49 (br,
1H, NH), 6.83, 7.18-7.21, 7.25-7.38, 7.48-7.50 (d, m, m, m, J = 8.7 Hz, 2H, 2H, 8H, 2H, C¢H4, C¢H5
x2); 3C NMR (100 MHz, CDCl3): 6 16.2, 19.2, 26.9, 28.6, 29.5, 36.1, 36.4, 41.8, 52.1, 55.4, 66.1,
113.4,127.3,127.4,129.2,129.3,131.1, 133.5, 133.8, 135.6, 135.6, 135.9, 158.5, 169.2; HRMS (ESI-
TOF): Calcd for C33H47NO3SiNa (M+Na)*: 616.3217, found: 616.3202.

20.2. (25,3R)-N-Adamant-1-yl-4-(tert-butyldiphenylsiloxy)-2,3-methano-3-(4-methylphenyl)
butanamide 23¢

Colorless sticky oil; 65% ee derived from 20¢; [a]**p = +37.9 (¢ 1.00, CHCl3); 'H NMR (400 MHz,
CDCl3): 6 0.93 (s, 9H, (CH3);C), 1.10 (dd, J = 4.7, 8.1 Hz, 1H, CHa of cyclopropane), 1.41 (dd, J =
4.7, 5.7 Hz, 1H, CHg of cyclopropane), 1.64-1.68 (m, 6H, CH; %3 of adamantane), 1.79 (dd, J = 5.7,
8.1 Hz, 1H, CHCO), 2.01-2.08 (m, 9H, CH; x3 of adamantane, CH %3 of adamantane), 2.38 (s, 3H,
CH3), 3.87 (d, J = 10.5 Hz, 1H, CHAOSi), 4.04 (d, J = 10.5 Hz, 1H, CHgOSi), 5.50 (br, 1H, NH),
7.10-7.12, 7.16-7.20, 7.23-7.38, 7.46-7.49 (m, m, m, m, 2H, 2H, 8H, 2H, C¢Ha4, Cs¢Hs x2); *C NMR
(100 MHz, CDCl3): 6 16.2, 19.2, 21.1, 26.9, 28.4, 29.5, 36.3, 36.4, 41.8, 52.1, 66.1, 127.3, 127.4,
128.7,129.2,129.3, 130.0, 133.5, 133.8, 135.6, 135.6, 136.3, 140.6, 169.2; HRMS (ESI-TOF): Calcd
for C3sHasNO,Si (M+H)*: 578.3449, found: 578.3462.

20.3. (25,3R)-N-Adamant-1-yl-4-(tert-butyldiphenylsiloxy)-3-(4-chlorophenyl)-2,3-methano
butanamide 23d
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Colorless solid; 66% ee from 20d; mp: 88-89 °C; [a]'"p = +57.6 (¢ 1.00, CHCl3); "H NMR (400 MHz,
CDCl): 0 0.94 (s, 9H, (CH3):C), 1.09 (dd, J = 4.7, 8.1 Hz, 1H, CHAx of cyclopropane), 1.43 (dd, J
=4.7,5.7 Hz, 1H, CHs of cyclopropane), 1.64-1.68 (m, 6H, CH, x3 of adamantane), 1.76 (dd, J = 5.7,
8.1 Hz, 1H, CHCO), 2.01-2.08 (m, 9H, CH; %3 of adamantane, CH x3 of adamantane), 3.86 (d, J =
10.6 Hz, 1H, CHAOSi), 4.05 (d, J = 10.6 Hz, 1H, CHgOSi), 5.49 (br, 1H, NH), 7.19-7.39, 7.45-7.48
(m, m, 12H, 2H, C¢Ha, CsHs x2); 3C NMR (100 MHz, CDCls): 6 16.2, 19.2, 26.9, 28.3, 29.5, 36.2,
364, 41.8, 52.2, 65.7, 127.4, 127.5, 128.1, 129.4, 129.4, 131.4, 132.5, 133.3, 133.5, 135.5, 135.5,
142.1, 168.8; HRMS (ESI-TOF): Calcd for C37H44CINO,SiNa (M+Na)*: 620.2722, found: 620.2724.

20.4. (25,3R)-N-Adamant-1-yl-3-(4-bromophenyl)-4-(fer-butyldiphenylsiloxy)-2,3-methano
butanamide 23e

Colorless solid; 73% ee derived from 20e; mp: 79-81 °C; [a]"’p = +66.7 (¢ 1.20, CHCl3); '"H NMR
(400 MHz, CDCl3): 6 0.94 (s, 9H, (CH3);C), 1.08 (dd, J = 4.7, 8.1 Hz, 1H, CHa of cyclopropane),
1.43 (dd, J=4.7, 5.7 Hz, 1H, CHs of cyclopropane), 1.64-1.70 (m, 6H, CH» %3 of adamantane), 1.75
(dd, J =5.7, 8.1 Hz, IH, CHCO), 2.02-2.08 (m, 9H, CH; x3 of adamantane, CH %3 of adamantane),
3.85(d,J=10.6 Hz, 1H, CHAOSi), 4.06 (d, J = 10.6 Hz, 1H, CHgOSi), 5.49 (br, 1H, NH), 7.18-7.48
(m, 14H, CsHa, CeHs x2); *C NMR (100 MHz, CDCl3): 6 16.1, 19.2,26.9, 28.2,29.5,36.3,36.4,41.8,
52.2,65.7,120.6, 127.4, 127.5, 129.4, 129.4, 131.1, 131.8, 133.3, 133.5, 135.5, 135.5, 142.6, 168.8;
HRMS (ESI-TOF): Calcd for C37H4sBrNO2Si (M+H)": 642.2397, found: 642.2396.

20.5. (2S,3R)-4-(tert-Butyldiphenylsiloxy)-/V-(3,5-dimethyladamant-1-yl)-2,3-methano-3-phenyl
butanamide 27

Colorless solid; 72% ee from 20a; mp: 116-118 °C; [a]*'p = +39.5 (¢ 1.00, CHCl3); '"H NMR (400
MHz, CDCl3): 6 0.81 (s, 6H, CH3 x 2), 0.91 (s, 9H, (CH3)3C), 1.10-1.18 (m, 3H, CH; of adamantane,
CHa of cyclopropane), 1.26-1.38 (m, 4H, CH> X2 of adamantane), 1.41-1.43 (m, 1H, CHg of
cyclopropane), 1.63-1.76 (m, 4H, CH; x2 of adamantane), 1.80-1.91 (m, 3H, CH; of adamantane, CH
of adamantane), 2.11-2.14 (m, 1H, CHCO), 3.89 (d, J = 10.5 Hz, 1H, CH,OSi), 4.04 (d, J = 10.5 Hz,
1H, CHOSI), 5.56 (br, 1H, NH), 7.15-7.23, 7.27-7.38, 7.48-7.50 (m, m, m, 4H, 9H, 2H, C¢Hs x3);
13C NMR (100 MHz, CDCl3): d 16.0, 19.2, 26.9, 28.2, 30.1, 30.2, 32.4, 36.9, 40.4, 42.7, 42.7, 47.6,
47.8, 50.6, 53.7, 66.0, 126.8, 127.3, 127.5, 128.1, 129.2, 129.3, 130.2, 133.4, 133.7, 135.6, 143.6,
169.2; HRMS (ESI-TOF): Calcd for C39H49NO,SiNa (M+Na)*: 614.3425, found: 614.3445.

21. Typical procedure for desilylation of 23a with TBAF.

To a solution of 275 mg (0.49 mmol) of (2§, 3R)-N-adamant-1-yl-4-(fert-butyldiphenylsiloxy)-2,3-
methano-3-phenylbutanamide 23a in 5 mL of THF was added at rt 980 pL (0.98 mmol, 2.0 equiv) of
a 1.0M TBAF solution in THF. After stirring at rt for 3 h, the colorless solution was diluted with 30
mL of EtOAc, washed with 5 mL of half brine, 5 mL of brine, and dried over anhydrous MgSQO4. The
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residue was chromatographed on silica gel with a 2:1 mixture of hexane and EtOAc to afford 147 mg

(93% yield) of (25,3R)-N-adamant-1-yl-4-hydroxy-2,3-methano-3-phenylbutanamide 24a.

21.1. (25,3R)-N-Adamant-1-yl-4-hydroxy-2,3-methano-3-phenylbutanamide 24a

Colorless solid; 82% ee; mp 74-75 °C; [a]*p = +73.7 (¢ 1.00, CHCls); "H NMR (400 MHz, CDCls):
0 1.31-1.36 (m, 1H, CHa of cyclopropane), 1.67-1.72 (m, 8H, CHg of cyclopropane, CH» X3 of
adamantine, CHCO), 2.02-2.05 (m, 6H, CH, %3 of adamantane), 2.07-2.12 (m, 3H, CH %3 of
adamantane), 3.76-3.85 (m, 2H, CH4OH, OH), 4.16 (dd, J = 6.4, 11.5 Hz, 1H, CHsOH), 5.55 (br, 1H,
NH), 7.21-7.35 (m, 5H, CsHs); *C NMR (100 MHz, CDCl3): 6 16.7,29.4,29.5,36.3, 36.8, 41.6, 52.5,
65.5, 126.9, 128.3, 128.5, 143.3, 171.5; HRMS (ESI-TOF): Calcd for C»H27NO;Na (M+Na)*:
348.1934, found: 348.1950; The enantiomeric ratio was determined by HPLC (Chiralcel OD:
hexane/2-propanol = 95/5) Ti(major) 12.8 min, 7(minor) 21.2 min (er 91:9).

21.2. (25,3R)-N-Adamant-1-yl-4-hydroxy-2,3-methano-3-(4-methoxyphenyl)butanamide 24b
Colorless solid; 34% ee; mp: 150-152 °C; [a] b = +42.5 (¢ 1.00, CHCI3); "H NMR (400 MHz, CDCl5):
0 1.26-1.31 (m, 1H, CHa of cyclopropane), 1.63-1.66 (m, 2H, CHpg of cyclopropane, CHCO), 1.67-
1.72 (m, 6H, CH» %3 of adamantane), 2.02-2.06 (m, 6H, CH; %3 of adamantane), 2.06-2.13 (m, 3H,
CH %3 of adamantane), 3.74-3.81 (m, 2H, CH4,OH, OH), 3.79 (s, 3H, CH;0), 4.07-4.13 (m, 1H,
CHpOH), 5.55 (br, 1H, NH), 6.84, 7.26 (d, d, J = 8.8, 8.8 Hz, 2H, 2H, C¢Hs); 1*C NMR (100 MHz,
CDCl3): 6 16.7,29.4,29.5,36.2,36.3,41.6,52.5,55.3,65.7, 113.9, 129.5, 135.4, 158.5, 171.6; HRMS
(ESI-TOF): Caled for C2H29NOsNa (M+Na)*: 378.2040, found: 378.2039; The enantiomeric ratio
was determined by HPLC (Chiralcel OD: hexane/2-propanol = 95/5) Ti(major) 17.0 min, T(minor)
15.4 min (er 67:33).

21.3. (25,3R)-N-Adamant-1-yl-4-hydroxy-2,3-methano-3-(4-methylphenyl)butanamide 24¢
Colorless solid; 58% ee; mp: 161-163 °C; [a]*’p = +70.0 (¢ 1.00, CHCI3); "H NMR (400 MHz, CDCl5):
0 1.29-1.32 (m, 1H, CHa of cyclopropane), 1.67-1.72 (m, 8H, CHp of cyclopropane, CHCO, CH; X3
of adamantane), 2.02-2.06 (m, 6H, CH; x3 of adamantane), 2.06-2.12 (m, 3H, CH %3 of adamantane),
2.32 (s, 3H, CH3), 3.75-3.83 (m, 2H, CH,OH, OH), 4.13 (dd, J = 6.5, 10.7 Hz, 1H, CHzOH), 5.55 (br,
1H,NH), 7.12,7.22 (d, d, J = 7.8, 7.8 Hz, 2H, 2H, C¢Ha); *C NMR (100 MHz, CDCl5): § 16.7, 21.0,
29.4,29.5, 36.3, 36.5, 41.6, 52.5, 65.5, 128.2, 129.2, 136.6, 140.3, 171.5; HRMS (ESI-TOF): Calcd
for C2,H20NO>Na (M+Na)*: 362.2091, found: 362.2091; The enantiomeric ratio was determined by
HPLC (Chiralcel OD: hexane/2-propanol = 95/5) T(major) 10.7 min, 7:(minor) 9.3 min (er 79:21).

21.4. (285,3R)-N-Adamant-1-yl-3-(4-chlorophenyl)-4-hydroxy-2,3-methanobutanamide 24d
Colorless solid; 73% ee; mp: 132-134 °C; [a]'"p = +92.9 (¢ 1.00, CHCI3); "H NMR (400 MHz, CDCl5):
0 1.28-1.32 (m, 1H, CHa of cyclopropane), 1.67-1.72 (m, 8H, CHa of cyclopropane, CHCO, CH; %3
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of adamantane), 2.01-2.05 (m, 6H, CH; %3 of adamantane), 2.07-2.13 (m, 3H, CH %3 of adamantane),
3.72-3.82 (m, 2H, CH,OH, OH), 4.11 (dd, J = 6.0, 11.7 Hz, 1H, CHsOH), 5.55 (br, 1H, NH), 7.28 (s,
4H, CsHs); *C NMR (100 MHz, CDCl3): 6 16.9, 29.4,29.5, 36.1,36.3, 41.6, 52.6, 65.5, 128.6, 129.8,
132.7, 141.8, 171.1; HRMS (ESI-TOF): Calcd for C,H2CINO;Na (M+Na)™: 382.1544, found:
382.1533; The enantiomeric ratio was determined by HPLC (Chiralcel OD: hexane/2-propanol = 95/5)
T{(major) 11.5 min, T(minor) 9.2 min (er 86.6:13.4).

21.5. (25,3R)-N-Adamant-1-yl-3-(4-bromophenyl)-4-hydroxy-2,3-methanobutanamide 24e
Colorless solid; 73% ee; mp: 159-161 °C; [a]**p = +98.5 (¢ 1.00, CHCI3); "H NMR (400 MHz, CDCl5):
0 1.27-1.32 (m, 1H, CHa of cyclopropane), 1.64-1.69 (m, 2H, CHx of cyclopropane, CHCO), 1.67-
1.72 (m, 6H, CH» x3 of adamantane), 2.01-2.07 (m, 6H, CH; X3 of adamantane), 2.05-2.13 (m, 3H,
CH %3 of adamantane), 3.71-3.82 (m, 2H, CH,OH, OH), 4.11 (dd, J = 5.9, 11.7 Hz, 1H, CHzOH),
5.55 (br, 1H, NH), 7.22, 7.43 (d, d, J = 8.5, 8.5 Hz, 2H, 2H, C¢H4); *C NMR (100 MHz, CDCls): 6
16.9, 29.4, 36.1, 36.3, 41.6, 52.6, 65.5, 120.8, 130.1, 131.6, 142.3, 171.1; HRMS (ESI-TOF): Calcd
for C21H26BrNOsNa (M+Na)*: 426.1039, found: 426.1034; The enantiomeric ratio was determined by
HPLC (Chiralcel OD: hexane/2-propanol = 95/5) Ty(major) 13.7 min, 7{(minor) 10.2 min (er
86.6:13.4).

21.6. (25,3R)-N-(3,5-Dimethyladamant-1-yl)-4-hydroxy-2,3-methano-3-phenylbutanamide 28
Colorless oil; 72% ee; [a]*p = +85.3 (¢ 1.00, CHCI3); '"H NMR (400 MHz, CDCI3): 6 0.87 (s, 6H,
CH;3 x2), 1.13-1.22 (m, 2H, CH of adamantane, CHa of cyclopropane), 1.29-1.41 (m, 5SH, CH; X2 of
adamantane, CHg of cyclopropane), 1,66-1.71 (m, 6H, CH> x3 of adamantane), 1.83-1.90 (m, 2H,
CH; of adamantane), 2.15-2.18 (m, 1H, CHCO), 3.76-3.85 (m, 2H, CH,OH, OH), 4.15 (dd, J = 6.4,
11.1 Hz, 1H, CH3OH), 5.60 (br, 1H, NH), 7.21-7.26, 7.29-7.35 (m, m, 1H, 4H, C¢Hs); '3C NMR (100
MHz, CDCls): 6 16.7,29.4,30.1, 30.1, 32.4,36.9,40.2, 42.6, 47.5, 47.6, 50.5, 54.2, 65.5, 126.9, 128 4,
128.5, 143.2, 171.6; HRMS (ESI-TOF): C»3H31NO;Na (M+Na)*: 376.2247, found: 376.2247; The
enantiomeric ratio was determined by HPLC (Chiralcel OD: hexane/2-propanol = 95/5) T(major) 10.1
min, 7(minor) 12.7 min (er 86:14).

22. Typical procedure of reduction of 24a.

A solution of 128 mg (0.39 mmol, 1.0 equiv) of (2S,3R)-N-adamant-1-yl-4-hydroxy-2,3-methano-
3-phenylbutanamide 24a in 2 mL of anhydrous CH»Cl, was added at 0 °C under an argon atmosphere
to a suspension of 74 mg (1.95 mmol, 5.0 equiv) of LiAlH4 in 5 mL of anhydrous toluene. After stirring
at 70 °C for 24 h and at 100 °C for 3 h, the colorless suspension was treated with 246 mg (5.85 mmol,
15 equiv) of NaF, diluted at 0 °C with 15 mL of EtOAc, quenched at 0 °C with 140 pL (7.80 mmol, 20
equiv) of water, and filtered through Celite. The filtrate was evaporated and the residue was

chromatographed on silica gel with a 9:1:0.2 mixture of hexane, EtOAc, and triethylamine to afford
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105 mg (87% yield) of (2R,3S5)-4-(adamant-1-ylamino)-2,3-methano-2-phenylbutan-1-ol 25a.

22.1. (2R,3S)-4-(Adamant-1-ylamino)-2,3-methano-2-phenylbutan-1-ol 25a38

Colorless solid; 86% ee; mp: 89-90 °C; [a]*’p = +16.6 (¢ 1.00, CHCI3); '"H NMR (400 MHz, CDCl5):
0 0.77 (dd, J = 5.1, 5.1 Hz, 1H, CHa of cyclopropane), 1.14 (dd, J = 5.1, 8.5 Hz, 1H, CHg of
cyclopropane), 1.27-1.34 (m, 2H, CHCH.NH), 1.60-1.74 (m, 13H, CH> %6 of adamantane, OH), 2.05-
2.10 (m, 3H, CH %3 of adamantane), 2.28 (dd, J = 11.7, 11.7 Hz, 1H, CHaN), 3.39 (dd, J = 5.0, 11.7
Hz, 1H, CHgN), 3.51 (d, J = 12.2 Hz, 1H, CHAO), 4.15 (d, J = 12.2 Hz, 1H, CHgO), 7.17-7.21, 7.27-
7.33,7.37-7.39 (m, m, m, 1H, 2H, 2H, C¢Hs); *C NMR (100 MHz, CDCls): 6 19.5, 25.3, 29.5, 31.9,
36.6, 40.8, 42.4, 50.7, 67.6, 126.0, 128.1, 128.2, 145.2; HRMS (ESI-TOF): Calcd for CH3NO
(M+H)*: 312.2327, found: 312.2304; IR (NaCl, vmax/cm): 3269, 2906, 2846; The enantiomeric ratio
was determined by HPLC (Chiralcel OD: hexane/2-propanol/Et,NH = 95/5/0.05) T:(major) 12.0 min,
T(minor) 7.5 min (er 93:7).

22.2. (2R,35)-4-(Adamant-1-ylamino)-2,3-methano-2-(4-methoxyphenyl)butan-1-o0l 25b
Reaction conditions: at 70 °C for 19h; Colorless solid; 34% ee; mp: 88-91 °C; [a]'"p = +5.78 (¢ 0.99,
CHCl3); '"H NMR (400 MHz, CDCls): 6 0.72 (dd, J = 5.0, 5.0 Hz, 1H, CHax of cyclopropane), 1.08
(dd, J = 5.0, 8.5 Hz, 1H, CHg of cyclopropane), 1.22-1.28 (m, 1H, CHCH>N), 1.60-1.74 (m, 14H,
CH; %6 of adamantane, OH, NH), 2.03-2.06 (m, 3H, CH X3 of adamantane), 2.25 (dd, /= 11.8, 11.8
Hz, 1H, CHaN), 3.37 (dd, J = 6.8, 11.8 Hz, 1H, CHgN), 3.48 (d, J = 11.9, 1H, CHAO), 3.79 (s, 3H,
CH;0), 4.06 (d, J = 11.9 Hz, 1H, CHgO), 6.84, 7.31 (d, d, J = 8.8, 8.8 Hz, 2H, 2H, CsH,); 1*C NMR
(100 MHz, CDCl3): 6 19.1, 25.0, 29.5, 31.4, 36.6, 40.8, 42.5, 50.7, 55.3, 67.9, 113.6, 129.4, 137.5,
157.9; HRMS (ESI-TOF): Caled for C»H3NO, (M+H)™: 342.2428, found: 342.2437; IR (KBr,
Vmax/em™): 3266, 2904, 2846; The enantiomeric ratio was determined by HPLC (Chiralcel OD:
hexane/2-propanol/Et;NH = 95/5/0.1) Tr(major) 14.8 min, 7(minor) 11.0 min (er 67:33).

22.3. (2R,35)-4-(Adamant-1-ylamino)-2,3-methano-2-(4-methylphenyl)butan-1-ol 25¢

Reaction conditions: at 70 °C for 14h and 100 °C for 3h; Colorless solid; 60% ee; mp 128-130 °C;
[a]*'p = +13.2 (c 1.00, CHCI3); '"H NMR (400 MHz, CDCl5): 6 0.74 (dd, J = 4.4, 4.4 Hz, 1H, CHa of
cyclopropane), 1.11 (dd, J = 4.4, 8.5 Hz, 1H, CHg of cyclopropane), 1.24-1.31 (m, 1H, CHCH:N),
1.59-1.73 (m, 14H, CH; %6 of adamantane, OH, NH), 2.04-2.10 (m, 3H, CH %3 of adamantane), 2.26
(dd,J=11.7,11.7 Hz, 1H, CHaN), 2.31 (s, 1H, CH3), 3.38 (dd, J = 5.0, 11.7 Hz, 1H, CHgN), 3.49 (d,
J =122, 1H, CHAO), 4.11 (d, J = 12.2 Hz, 1H, CHgO), 7.11, 7.28 (d, d, J = 7.8, 7.8 Hz, 2H, 2H,
CeHs); *C NMR (100 MHz, CDCls): 6 19.3, 21.0, 25.3, 29.5, 31.5, 36.6, 40.8, 42.5, 50.6, 67.7, 128.0,
128.9, 135.5, 142.3; HRMS (ESI-TOF): Caled for C22H32NO (M+H)*: 326.2478, found: 326.2460; IR
(KBr, vimax/cm): 3267, 2902, 2846, 2360; The enantiomeric ratio was determined by HPLC (Chiralcel
OD: hexane/2-propanol/EtotNH = 95/5/0.1) T(major) 11.5 min, 7:(minor) 6.8 min (er 80:20).
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22.4. (2R,35)-4-(Adamant-1-ylamino)-2-(4-chlorophenyl)-2,3-methanobutan-1-ol 25d

Reaction conditions: at 70 °C for 12h and 100 °C for 3h; Colorless solid; 75% ee; mp: 98-101 °C;
[a]'7p = +18.4 (¢ 1.00, CHCI;); 'H NMR (400 MHz, CDCl3): 6 0.78 (dd, J = 4.4, 4.4 Hz, 1H, CHa of
cyclopropane), 1.12 (dd, J = 4.4, 8.5 Hz, 1H, CHp of cyclopropane), 1.23-1.29 (m, 1H, CHCH2N),
1.56-1.73 (m, 14H, CH; x6 of adamantane, OH, NH), 2.04-2.10 (m, 3H, CH %3 of adamantane), 2.26
(dd, J = 11.8, 11.8 Hz, 1H, CH4N), 3.39 (dd, J = 7.0, 11.8 Hz, 1H, CHgN), 3.49 (d, J = 12.5, 1H,
CHAO), 4.08 (d, J = 12.5 Hz, 1H, CHgO), 7.25, 7.31 (d, d, J = 8.7, 8.7 Hz, 2H, 2H, CsHa); '*C NMR
(100 MHz, CDCl3): 6 19.4, 25.5, 29.5, 31.4, 36.6, 40.7, 42.4, 50.7, 67.4, 128.2, 129.5, 131.7, 143.8;
HRMS (ESI-TOF): Calcd for C21H29CINO (M+H)": 346.1932, found: 346.1926; IR (KBr, vimax/cm™):
3267, 2906, 2848, 2360; The enantiomeric ratio was determined by HPLC (Chiralcel OD: hexane/2-
propanol/Et,NH = 95/5/0.1) Tr(major) 7.9 min, Tx(minor) 6.3 min (er 87.6:12.4).

22.5. (2R,3S)-4-(Adamant-1-ylamino)-2-(4-bromophenyl)-2,3-methanobutan-1-ol 25e

Reaction conditions: at 70 °C for 12h and 100 °C for 3h; Colorless solid; 76% ee; mp: 114-117 °C;
[a]*’p = +19.4 (¢ 1.00, CHCI3); '"H NMR (400 MHz, CDCls): 6 0.78 (dd, J = 4.4, 4.4 Hz, 1H, CHa of
cyclopropane), 1.12 (dd, J = 4.4, 8.5 Hz, 1H, CHsz of cyclopropane), 1.22-1.29 (m, 1H, CHCH:2N),
1.59-1.73 (m, 14H, CH; %6 of adamantane, OH, NH), 2.05-2.11 (m, 3H, CH %3 of adamantane), 2.26
(dd, J = 11.7, 11.7 Hz, 1H, CH4N), 3.38 (dd, J = 6.9, 11.7 Hz, 1H, CHgN), 3.48 (d, J = 12.4, 1H,
CHAO), 4.08 (d,J = 12.4 Hz, 1H, CHgO), 7.26, 7.41 (d, d, J = 8.6, 8.6 Hz, 2H, 2H, C¢Ha); 3*C NMR
(100 MHz, CDCls): 6 19.4, 25.6, 29.5, 31.4, 36.6, 40.7, 42.4, 50.7, 67.3, 119.8, 129.9, 131.2, 144.3;
HRMS (ESI-TOF): Calcd for C21H2oBrNO (M+H)*: 390.1427, found: 390.1417; IR (KBr, Vmax/cm™):
3269, 2902, 2846; The enantiomeric ratio was determined by HPLC (Chiralcel OD: hexane/2-
propanol/Et;NH = 95/5/0.1) Ti(major) 8.0 min, 7(minor) 6.8 min (er 88:12).

22.6. (2R,35)-4-[(3,5-Dimethyladamant-1-yl)amino]-2,3-methano-2-phenylbutan-1-ol 29
Colorless oil; 74% ee; [a]'p = +13.8 (¢ 1.00, CHCl3); '"H NMR (400 MHz, CDCl3): 6 0.77 (dd, J =
5.2, 5.2 Hz, 1H, CHa of cyclopropane), 0.85 (s, 6H, CH3 x2 of adamantane), 1.12-1.16 (m, 3H, CH»
of adamantane, CHp of cyclopropane), 1.23-1.38 (m, 10H, CH» x5 of adamantane), 1.45-1.48 (m, 1H,
CH of adamantane), 1.56-1.59 (m, 2H, OH, NH), 2.13-2.16 (m, 1H, CHCH2N), 2.27 (t,J = 11.6, 11.6
Hz, 1H, CHaN), 3.39 (dd, J = 6.8, 11.6 Hz, 1H, CHgN), 3.50 (d, J = 12.3 Hz, 1H, CHAO), 4.14 (d, J
= 12.3 Hz, 1H, CHgO), 7.17-7.21, 7.27-7.32, 7.36-7.39 (m, m, m, 1H, 2H, 2H, C¢Hs); '*C NMR (100
MHz, CDCls): 6 19.4,25.4,30.2,31.8,32.4,41.0,41.1,42.9, 48.5, 48.7,50.9, 52.5, 67.6, 125.9, 128.1,
128.2, 145.2; HRMS (ESI-TOF): Calcd for C23H3aNO (M+H)*: 340.2635, found: 340.2650; IR (NaCl,
vmax/cm™): 3263, 2900, 2843, 1600; The enantiomeric ratio was determined by HPLC (Chiralcel OD:
hexane/2-propanol/Et;NH = 95/5/0.1) Tr(major) 10.0 min, 7¢{(minor) 7.7 min (er 87:13).

23. Typical procedure for methylation of 25b.>®
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To a colorless solution of 25 mg (0.073 mmol) of (2R,3S)-4-(adamant-1-ylamino)-2,3-methano-2-
(4-methoxyphenyl)butan-1-ol 25b and 9 mg (0.11 mmol, 1.5 equiv) of NaHCO3 in 2 mL of anhydrous
DMF was added at rt 9 uL (0.14 mmol, 2.0 equiv) of Mel. After stirring at 80 °C for 2 h, the reaction
mixture was diluted with 20 mL of a 3:1 mixture of EtOAc and hexane, washed with 10 mL of water
and 5 mL of half brine, and dried over anhydrous MgSOs. The crude product was chromatographed
on silica gel with a 9:1:0.1 mixture of hexane, EtOAc, and triethylamine to afford 15 mg (58% yield)
of (H)-(2R,35)-4-(N-adamant-1-yl-N-methylamino)-2,3-methano-2-(4-methoxyphenyl)butan-1-ol
26b.

23.1. (H)-(2R,35)-4-(/N-Adamant-1-yl-N-methylamino)-2,3-methano-2-(4-methoxyphenyl)butan-
1-0l 26b

Colorless oil; 34% ee derived from 25b; [a]**p = +13.3 (¢ 1.00, CHCl3); "H NMR (400 MHz, CDCls):
0 0.72 (dd, J = 4.9, 4.9 Hz, 1H, CHa of cyclopropane), 1.17 (dd, J = 3.8, 4.9 Hz, 1H, CHg of
cyclopropane), 1.35-1.41 (m, 1H, CHCH2N), 1.60-1.68 (m, 6H, CH» %3 of adamantane), 1.72-1.75 (m,
J=2.8Hz, 6H, CH; %3 of adamantane), 2.07-2.13 (m, 3H, CH %3 of adamantane), 2.37 (s, 3H, CH3N),
2.63 (dd,J=10.5, 12.6 Hz, 1H, CHaN), 2.79 (dd, J = 7.1, 12.6 Hz, 1H, CHgN), 3.39 (d, J/ = 12.2 Hz,
1H, CHAO), 3.79 (s, 3H, CH30), 4.04 (d, J = 12.2 Hz, 1H, CHgO), 6.65 (br, 1H, OH), 6.84, 7.35 (d,
d,J = 8.8, 8.8 Hz, 2H, 2H, C¢Ha); 3C NMR (100 MHz, CDCls): 6 20.4, 23.7, 29.6, 31.8, 32.2, 36.7,
37.9, 48.8, 54.8, 55.3, 67.7, 113.6, 129.1, 137.7, 157.9; HRMS (ESI-TOF): Calcd for C23H34NO>
(M+H)": 356.2584, found: 356.2571; IR (NaCl, vmax/cm™): 2906, 2848, 2360, 2332.

23.2. (H)-(2R,35)-4-(N-Adamant-1-yl-V-methylamino)-2,3-methano-2-(4-methylphenyl)butan-
1-0l 26¢

Colorless solid; 60% ee derived from 25¢; mp: 81-83 °C; [a]**p = +30.7 (¢ 1.00, CHCl3); '"H NMR
(400 MHz, CDCl3): 6 0.73 (dd, J = 4.4, 4.4 Hz, 1H, CHA of cyclopropane), 1.20 (dd, J = 4.4, 8.4 Hz,
1H, CHs of cyclopropane), 1.37-1.42 (m, 1H, CHCH>N), 1.59-1.68 (m, 6H, CH; X3 of adamantane),
1.73-1.77 (m, 6H, CH, x3 of adamantane), 2.07-2.12 (m, 3H, CH x3 of adamantane), 2.31 (s, 3H,
CHsN), 2.36 (s, 3H, CH3Ce¢Ha), 2.65 (dd, J = 12.7, 12.7 Hz, 1H, CHaN), 2.80 (dd, J = 7.1, 12.7 Hz,
1H, CHgN), 3.40 (d, J = 12.1 Hz, 1H, CHAO), 4.08 (d, J = 12.1 Hz, 1H, CHgO), 6.68 (br, 1H, OH),
7.11,7.32(d,d,J = 8.0, 8.0 Hz, 2H, 2H, CsHs); *C NMR (100 MHz, CDCl3): § 20.6, 21.0, 23.9, 29.6,
32.0, 32.2, 36.7, 37.9, 48.8, 54.7, 67.5, 127.8, 128.9, 135.4, 142.4; HRMS (ESI-TOF): Calcd for
C23H3uNO (M+H)': 340.2635, found: 340.2614; IR (KBr, Via/cm™): 2902, 2846.

23.3. (+)-(2R,35)-4-(N-Adamant-1-yl-N-methylamino)-2-(4-chlorophenyl)-2,3-methanobutan-1-
ol 26d

Colorless solid; 75% ee derived from 25d; mp: 100-102 °C; [a]'7p = +30.9 (c 1.00, CHCl3); '"H NMR
(400 MHz, CDCl3): 6 0.78 (dd, J = 5.0, 5.0 Hz, 1H, CHAx of cyclopropane), 1.21 (dd, J = 5.0, 8.5 Hz,
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1H, CHg of cyclopropane), 1.35-1.41 (m, 1H, CHCH,N), 1.59-1.65 (m, 6H, CH» X3 of adamantane),
1.70-1.78 (m, 6H, CH; %3 of adamantane), 2.07-2.12 (m, 3H, CH %3 of adamantane), 2.34 (s, 3H,
CHsN), 2.65 (dd, J = 12.6, 12.6 Hz, 1H, CHaN), 2.80 (dd, J = 6.4, 12.6 Hz, 1H, CHgN), 3.40 (d, J =
12.2, 1H, CHAO), 4.07 (d, J = 12.2 Hz, 1H, CHgO), 6.75 (br, 1H, OH), 7.25,7.35(d, d, J = 8.7, 8.7
Hz, 2H, 2H, CsHa); *C NMR (100 MHz, CDCl3): 6 20.8, 24.4,29.5, 31.8,32.2,36.7,37.9, 48.7, 54.8,
67.1,128.2,129.2,131.6, 143.9; HRMS (ESI-TOF): Calcd for C»2H3;CINO (M+H)": 360.2089, found:
360.2099; IR (KB, Vmax/cm™): 2910, 2848.

23.4. (+)-(2R,35)-4-(N-Adamant-1-yl-N-methylamino)-2-(4-bromophenyl)-2,3-methanobutan-1-
ol 26e

Colorless solid; 76% ee derived from 25e; mp: 108-111 °C; [a]*’p = +34.4 (¢ 1.00, CHCl3); '"H NMR
(400 MHz, CDCl3): 6 0.78 (dd, J = 4.4, 4.4 Hz, 1H, CHA of cyclopropane), 1.21 (dd, J = 4.4, 8.5 Hz,
1H, CHg of cyclopropane), 1.33-1.41 (m, 1H, CHCH>N), 1.59-1.68 (m, 6H, CH» %3 of adamantane),
1.70-1.77 (m, J = 2.7 Hz, 6H, CH; X3 of adamantane), 2.07-2.13 (m, 3H, CH %3 of adamantane), 2.33
(s, 3H, CH3N), 2.65 (dd, J=10.4, 12.7 Hz, 1H, CHaN), 2.80 (dd, J = 7.1, 12.7 Hz, 1H, CHgN), 3.39
(d,J =124, 1H, CHAO), 4.07 (d, J = 12.4 Hz, 1H, CHgO), 6.76 (br, 1H, OH), 7.29, 7.40 (d, d, J =
8.6, 8.6 Hz, 2H, 2H, C¢Ha); 3C NMR (100 MHz, CDCls): 6 20.8, 24.4, 29.5, 31.8, 32.2, 36.7, 37.9,
48.7, 54.8, 67.1, 119.7, 129.5, 131.2, 144.4; HRMS (ESI-TOF): Calcd for Co,H3;BrNO (M+H)*:
404.1584, found: 404.1582; IR (KBr, vmax/cm™): 2904, 2846.

23.5. (H)-(2R,385)-4-[ V-(3,5-Dimethyladamant-1-yl)-NV-methylamino]-2,3-methano-2-phenyl
butan-1-o0l 30

Colorless oil; 74% ee derived from 29; [a]'"p = +25.7 (¢ 0.90, CHCI;3); 'H NMR (400 MHz, CDCI5):
00.77 (dd, J = 5.1, 5.1 Hz, 1H, CHa of cyclopropane), 0.83-0.87 (m, 6H, CH3 x2-adamantane), 1.08-
1.16 (m, 2H, CH; of adamantane), 1.22-1.45 (m, 11H, CH» x5 of adamantane, CHpg of cyclopropane),
1.57-1.62 (m, 1H, CH of adamantane), 2.15-2.19 (m, 1H, CHCH,N), 2.36 (s, 3H, CH3N), 2.66 (dd, J
=10.6, 12.5 Hz, 1H, CHaN), 2.81 (dd,J = 7.0, 12.5 Hz, 1H, CHgN), 3.41 (d,J = 12.2 Hz, 1H, CHAO),
4.13 (d, J = 12.2 Hz, 1H, CHgO), 6.80 (br, 1H, OH), 7.17-7.21, 7.27-7.31, 7.40-7.43 (m, m, m, 1H,
2H, 2H, C¢Hs); 3C NMR (100 MHz, CDCls): 6 20.8, 24.2, 30.2, 30.5, 32.2, 32.4, 32.4, 32.5, 36.3,
43.0, 44.1, 44.2, 49.1, 50.8, 56.7, 67.4, 125.9, 127.7, 128.2, 145.3; HRMS (ESI-TOF): Calcd for
Co4H3sNO (M+H)": 354.2791, found: 354.2786; IR (NaCl, vimax/cm™): 3201, 2950, 2360, 2341, 1604.
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