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We developed a facile and practical synthesisNeBoc-aminals, which can be used as
precursors for less accessibleBoc-imines. Aminals were obtained v&ample dehydratic
condensation reactions dfbutyl carbamate (BocNH and various aldehydes acetic
anhydride, followed by filtration and washing witexane. The obtainéd-Boc-alkynylaminad
could be successfully applied in enantioselectivenMch-type reactions, catalyzed by chiral
phosphoric acids, to afford optically active prapdamine derivatives.
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1. Introduction

As optically active propargylamines are attractivailding
blocks for the construction of highly functionalizemines;
efficient synthetic pathways to such propargylamihage been
pursued for several decades. So far, the most lprevsynthetic
route is the enantioselective addition of nuclebphierminal
alkynes to imines oin situ-generated iminium intermediates
(Scheme 1A). In this context, chiral transition atetatalysts,
based on Cu(l), Ag(l), and Zn(ll), which can formeth
corresponding metal acetylides, have also beennsively

/
/
investigated ® Enantioselective propargylic aminations represent R’

a powerful alternative approach, since stable asilyegttainable
racemic propargyl esters can be used as subs{Bthsme 1B}.

In these methods, asymmetry is introduced only @ t
propargylic position. In contrast, the enantiosilec
nucleophilic addition to alkynylimines allows themsiltaneous
generation of two adjacent stereocenters with seyehiral
nucleophiles (Scheme 1&J.These imines contain both amino
and alkynyl groups, and structurally diverse prggkmines can
be easily prepared by using various nucleophiles.fetv
examples have been reported to use isol&bkryl-protected
alkynylimines in such reactiofi$. These imines are especially
appealing substrates due to their high reactivitg @ase of
deprotection. However, despite their synthetic wtilisimple
routes taN-Boc-alkynylimines still remain unprecedentéd.
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Scheme 1. Retrosynthetic approach to optically active
propargylamines: (A) enantioselective addition efminal
alkynes to imines, (B) propargylic amination of eatc
propargyl esters, and (C) enantioselective additaina
nucleophile to alkynylimines.

N-Boc-alkynylimines are most effective when they are
generatedin situ and consumed rapidly. Efficient and easily
accessible precursors for such imines are accdyditgractive
research targets. Unfortunately, amidosulfofesyhich are
widely used imine precursors, are not suitablelg purpose, as
those containing alkynyl groups are nontrivial tynthesize.
Hence, we focused oiN-Boc-protected aminals as potential
precursors for such iminé&:N-Boc-aminals exhibit an N-C-N
substructure, which can be converted into highlyctiea
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iminium cations under acidic conditions by relegsime of the
two carbamoyl groups on the central carbon atomeRég we
successfully demonstrated tiNeBoc-imines can be generated

situ from N-Boc-aminals, and that a subsequent acid-catalyzeg

Mannich-type reaction generatBsBoc-amines (Scheme %1°
Herein, we summarize the chemical properties of tihe8®oc-

aminals and describe their synthetic utility, espgc with

respect to the enantioselective synthesis ®fBoc-

propargylamines. For the reactions involved, wep gisopose
reaction mechanisms.

HN,Boc Hﬁ),Boc /M\\
NP g U B
oc
R H M (cat.) R RN R NH O
—_— > —
+ — BocNH, or R! R3

o o M =H or Cu(ll) M_® Boc /H\\ "
J, e e o R
R? R R RZJ\/LR3

Scheme 2. Acid-catalyzed Mannich-type reaction NfBoc-
iminium intermediates, generatadsitu from N-Boc-aminals.

2. Results and discussion
2.1. Preparation of N-Boc-aminals as imine precursors

Initially, we investigated a general and highly eetive
synthetic protocol for the preparation BfBoc-aminals from
readily available aldehydes. We expected to oliterdesiredN-
Boc-aminals from a simple dehydration condensatising t-

butyl carbamate (BocNfjiand aldehydes, and we speculated that
acetic anhydride (A©) should be an effective solvent for this

reaction. When phenylpropargyl aldehyde was stirmeith
BocNH, (1.67 equiv) in the presence of a catalytic amanint
trifluoroacetic acid (TFA) in Ag for 30 minutes at room
temperature, the desired dehydration proceeded thiyoo
Fortunately, the resulting aminal precipitated freime reaction
mixture, and filtration, followed by washing with hewa
afforded the pure aminal as an air-, moisture- Bgldt-stable
white powder. A wide variety of aldehydes containingyayl,
alkenyl, alkyl, and aryl groups were also applicabde this
synthetic method, furnishing the corresponding atsinn high
yield (Table 1). In contrast, ketones such as beneonone were
inert under otherwise identical conditions (Scheme Al N-
Boc-aminals were isolated as white powders, which welgles
under ambient conditions, while the correspondirBoc-imines
are sensitive towards atmospheric moisture.

Table 1. Preparation oN-Boc-aminals from a dehydration
condensation of BocNfand aldehydey.

.Boc
o] TFA (5 mol%) filtration HN
BocNH,  + )k Boc
R”H Ac,0 N’
(0.6 equiv.) H
Entry R Yield (%Y Entry R Yield (%Y
1 2 92 12 % 90
Z z
©/ Measi/
2 80 13 Ph/\}{ 54

3 /3; 89 14 Ph/\}‘i 71
7
MeO
/@/‘l{ 81 15 Me % 91
Br
5 - 69 16 ; 85
6 /\/‘f{ 42 17 is 77
Ph™ X
7 A/‘%{ 50 18 /@}{ 64
Ph
MeO
8 ; 84 19 %y 66
< 9
Br
- 70 20 - 62
= Cr
t-Bu
Me
10 ' 61 21 % 81
< C
11 kg 73 22 0% 57
Pz
Pent/ @

# Reaction conditions: aldehyde (3.3 mmol), BogN&5 mmol), AgO (750
pL), and TFA (0.028 mmol, 5 mol% with respect tocBél,). The
precipitated aminal was isolated by filtration amwdshed with hexané,
Isolated yield.

o HN Boc
0,
T Sl Boc
Ph” “Ph Ac0 P N
' H
(0.6 equiv.) No Reaction

Scheme 3. Attempted formation of the correspondiNgBoc-
aminal from benzophenone.

2.2. Reactivity of N-Boc-aminals under acidic conditions

With a wide variety of théN-Boc-aminals in hand, we then
evaluated their potential as the corresponding énprecursors
under acidic conditions. For the Lewis acid-catatiyhdannich-
type reaction of these aminals, diethyl malonate wsed as
nucleophile of choice. In the presence of 10 moldCf),, the
desired nucleophilic addition to thien situ-generatedN-Boc-
imines from the corresponding aminals proceededosimpo to
afford theB-amino acid derivatives (Table 2). Most notabhjst
is the first practical example for the synthesis MfBoc-
propargylamines via a Mannich-type reactionroditu-generated
N-Boc-alkynylimines. Conversely, Brgnsted acid cattsysuch
as e.g. TFA, were found to be inefficient for theegant
transformation (Scheme 4).



Table 2. Lewis acid-catalyzed Mannich-type reactions of
variousN-Boc-aminals with diethyl malonaf®.

Hn-Boe 0 o Cu(OThH, (10 mol%) B “NH
+ - =
R)\N’B°C EtO OEt  CHaCl, 1t 24h R COEt
H COLEt
Boc\NH Boc:\NH Boc\NH
CO,Et CO,Et CO,Et
= Z =
CO,Et Pent CO,Et CO,Et
R R=H  67% 57% 55%
MeO: 74%
Br: 60%
Boc..
Boc\NH Boc\NH Boc\NH oc NH
NN COEt COLE ﬁ\rcoza COLE
CO,Et CO,Et COLEt COLEt
84% 72% 76% 89%
. . Boc.
Boc NH Boc NH oC NH
PN CO,Et CO,Et <oj)\(COZEt
RT_J  comt O COLEt L Coe
R=H: 93% 95% 88%
4-MeO: 82%
4Br 97%
2-Me:  84%

2 Detailed reaction conditions are described in tkpegmental section®
isolated yield.

Hn-BOC o o

)\ _Boc ¥
Ph N EtOMOEt CH,Cly, 1t, 24 h Ph

H CO,Et
no reaction

Scheme 4. Attempted TFA-catalyzed Mannich-type reaction
of theN-Boc-aminal with diethyl malonate.

TFA (10 mol%) Ot
2

Other C-nucleophiles than malonate, e.gp-&etoester and a
silyl enol ether, also afforded the target addudsing theseC-
nucleophiles, we investigated Lewis acid-catalyzedctiens
with  N-Boc-aminals, bearing phenyl, phenylethynylE)-(
phenylethenyl, and phenylethyl groups (Table 3 4ndt should
be noted that, depending on their substituents, ahenals
exhibited different reactivity. While Mannich-typeactions with

PhC=C- 11 97 1.3/1
(E)-PhCH=CH- 3.3 82 1.511
PhCHCH- 3.3 75 1.4/1

2 Detailed reaction conditions are described in élperimental sectior?’
isolated yield? determined byH-NMR spectroscopy.

Table 4. Lewis acid-catalyzed Mannich-type reaction$\ef
Boc-aminals with a silyl enol ethér.

.Boc SiMe. Boc.
HN o SMes . NH O
)\ Boc * Cu(OTf)2 (10 mol%)
RN %ph CHaClo, 1t, time RMF’h
(X equiv)

R X equiv. Time (h) Yield (98)
Ph— 1.1 24 77
PhC=C-¢ 3.3 48 73
(E)-PhCH=CH- 1.1 3 90
PhCHCH-—~ 3.3 120 30

3 Detailed reaction conditions are described in tkpesmental section®
isolated yield; [Cu(OTf)]x(tol) (tol = toluene) was used instead of Cu(QTf)

The benzyloxycarbonyl (Cbz) group could also lseduas a
protecting group for the present method. The cpoeding
aminal was isolated in high yield using the samethstic
procedure as for thi-Boc-aminals, and it could also be applied
to the Mannich-type reaction. In contrast, aminadaring acyl
groups, such as benzoyl and propionyl substitueme inert
under acidic conditions (Scheme 5).

PhCHO (0.6 equiv.) PG CHx(CO.Et), PG

HN” NH
TFA (5 mol%) Cu(OTf), (10 mol%
PGNH, b P Cu(OTh2 (10 mol%) on COLE
Ac,0 N CHCly, 1, 24 h
CO,Et
PG = Chz: 74% PG = Cbz: 83%
Bz: 22% Bz: No reaction

EtC(0O): 54% EtC(0): No reaction
Scheme 5. Preparation of aminals with variodprotecting
groups and their application in Mannich-type reacsi

Finally, we examined reactions between
nucleophiles and\-Boc-aminals in the presence of an acid
catalyst (Scheme 6). WheN-Boc-phenylethynylaminal was
treated with ethanol, diphenyl phosphate provededhe most
effective Brgnsted acid catalyst to forthe corresponding

the B-ketoester convertetN-Boc-aminals carrying phenyl and pemiaminal ether. Most notably, a recent report3hao and

phenylethynyl groups effectively into the corresgioig adducts,

coworkers described that this hemiaminal ether cbeldised as

those carrying K)-phenylethenyl and phenylethyl substituentsy precursor for the formation of the correspondiNgBoc-

required an excess of nucleophile (Table 3). In Mykma-

alkynylimine under basic conditiod$. Moreover the report

Mannich-type reactions\-Boc-(E)-phenylethenylaminal proved gisseminated that this synthetic method requiredh 36 prepare

to be exceptionally reactive: this reaction reactwplete

conversion within 3 h, while other aminals requirédeast 24 h
for completion under otherwise identical reactiomditions

(Table 4). For both reactiondl-Boc-phenylethylaminal proved
to be a relatively inactive reagent, probably ococant of its

intrinsic stability.

Table 3. Lewis acid-catalyzed Mannich-type reactions\Nef
Boc-aminals with ethyl-2-oxocyclopentanecarboxyfate

Boc.

.Boc
Fﬁ*\ . 9 Cu(OTf), (10 mol%) NH Q
P EQC\@ CH,Cly, 0°C, 24 h R%
H EtO,C
(X equiv)
R X equiv. Yield (%) dr
Ph- 1.1 99 6.0/1

the hemiaminal ether from the substrate aldehydenEhough
our method requires two steps from the correspondidghyde,
the same precursor could be prepared significdasiter via the
alcoholysis of the aminal.

.Boc Boc.

HN (PhO),PO,H (10 mol%) NH
n-Boe o OEt
=z N EtOH, 60 °C, 4 h .
Ph Ph
90% yield

Scheme 6. Preparation of a hemiaminal ether fromNuBoc-
aminal.

2.3. Enantiosel ective synthesis of propargylamine derivatives by
Manni ch-type reactions of N-Boc-alkynylaminals

heteroatom
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Subsequently, we evaluated the utility of a Brgnsiedl = temperatures, 2-oxocycloheptanecarboxylate was .in€he
catalyst for the addition dE-nucleophiles to then situ-generated  Mannich-type reactions ofN-Boc-phenylalkynylaminal witho-
N-Boc-imines from N-Boc-aminals. For the Mannich-type substituted acyclig-ketoesters were also carried out at 40 °C,
reaction betweerN-Boc-phenylaminal and acetylacetone, we which afforded the corresponding optically activedarcts with

found that TFA is a highly effective Brgnsted acidatyst, while
diethyl malonate was inert under identical reactammditions
(Scheme 7 vs. Scheme 4). This result prompted usvéstigate
enantioselective Mannich-type reactions using thBesnsted

acid catalysts such &-symmetric chiral phosphoric acids (Fig.

15
1).
.Boc Boc<
H)N\ . 0o 0 TFA (10 mol%) NH A
_Boc )Y c
Ph ” M CHyClp, 1t, 12h Ph e
65% yield

Scheme 7. TFA-catalyzed Mannich-type reaction bfBoc-

phenylaminal with acetylacetone.
Ar
\// \P//0
o OH o OH
"Ar

(S)1: Ar = 3,5—(3,5-Me206H3)ZCGH3 (8)-3: Ar = 3,5-(4-F-CgH4),CoHs
(S)-2: Ar = 3,5-Ph,CgHj (S)-4: Ar = Ph

Fig. 1. C,-symmetric chiral phosphoric acid catalysts for

enantioselective Mannich-type reactiong\eBoc-aminals.

To our delight, the chiral phosphoric acid§-{ and §)-2
(Figure 1), which are based on
octahydrobinaphthyl scaffold, turned out to becéfnt catalysts
for the enantioselective addition of acetylacettméhe N-Boc-

alkynylimines generateth situ from the corresponding aminals.

In competition to the formation of the desired progl an acid-
catalyzed hydrolysis of the imines occurred. Upaldigon of
molecular sieves, this decomposition pathway could
suppressed effectively and the Mannich adducts olet@ned in
good yield (Table 5).

Table 5. Enantioselective Mannich-type reactiond\sBoc-
aIkynyIaminaIs with acetylacetofig.

Boc.

NH
cat. (10 mol%) Ac
M A
CH,Cly, 5A MS, rt Ac
Boc\ Boc\ Boc\
Pent Ac Me,Si
80%, 88%ee 80%, 92%ee 73%, 90%ee
((S)-1,48 h) ((S)-2, 48 h) (S)-1,72h)

2 |solated yield® ee determined by chiral HPLC analysis.

We then investigated the enantioselective additif o-

a 3,3-disubstituted

moderate diastereoselectivity.

Table 6. Enantioselective Mannich-type reaction betwaen
Boc-aminals and ethyl-2-oxocyclopentanecarboxytife.

Boc Boc. 0

HN” o (S)-3 (10 mol%) NH
. Boc + S E—— ~
/\ N E‘OZC\é CH,Cl,, 5A MS M
R 1, 36 h R”EtO,C
Boc\NH o Boc:\’;“_I o
Pent EtO,C~ Ph EtO,C™

98% (dr = 6.7/1)
92% ee

R=H: 97% (dr=9.5/1), 94% ee
Br: 92% (dr = 5.0/1), 94% ee
Me: 93% (dr = 8.7/1), 93% ee

95% (dr = 7.4/1)
91% ee

Boc
OCNHO

e
tBu” EtO,C*

92% (dr = 10/1)
95% ee

Boc.
OCNHO

= k
EtO,C~

97% (dr = 6.7/1)
93% ee

/ -
EtO,C*

89% (dr =6.3/1)
96% ee

NH O

/\/ﬁ
Ph™ X EtO,C -

93% (dr = 10/1)
90% ee

/ -
EtO,C*

95% (dr = 5.9/1)
96% ee

2 |solated yield? ee determined by chiral HPLC analySistr determined by

b1y NnmRr spectroscopy.

Table 7. Enantioselective Mannich-type reactiond\sBoc-
phenylalkynylaminal with other cyclic ersubstituted acyclic
B-ketoesteré"®

Boc Boc.

HN”™ (¢] NH O
B (S)-4 (10 mol%) .
/\H oc EtOzC%Rz LA S = R2
1 2Cl, EtO,C R’
Ph R 40°C, 60 h R 2
Boc\ Boc\ Boc\ Boc\
Ph EtOZC EtOZC EtOZC Bn EtOZC CeHia

70% (dr = 7.1/1) <5%

95% ee

99% (dr = 1.9/1)
89% ee

53% (dr = 2.4/1)
91% ee

2 |solated yield? ee determined by chiral HPLC analySistr determined by

1
substitutedp-ketoesters to generate adjacent quaternary-tertiar H-NMR spectroscopy

stereocenters (Table 6). In the case of the ersaléctive
addition of ethyl 2-oxocyclopentanecarboxylat§)-3 exhibited
the best catalytic performance towards the desicglas in
high diastereo- and enantioselectivity. Applyingimgat reaction
conditions smoothly converted a wide variety bFBoc-
alkynylaminals into the correspondiigrBoc-propargylamines.
Subsequently, we also examined reactions with @tketoesters
(Table 7), and observed that cycfieketoesters, bearing larger
cycloalkanone moieties than cyclopentanone, exddbitower
reactivity. As the Mannich-type reaction with ethyl-
oxocyclohexanecarboxylate did not proceed at rcemperature,
we conducted the reaction at 40 °C. However, everneaated

These Brgnsted acid-catalyzed Mannich-type reasti
proceeded effectively, when the enol concentratidn the
carbonyl compound was sufficiently high. Using opfimeaction
conditions, acetylacetone and-ketoesters afforded the
corresponding products, while diethylmalonate wastie’ To
our surprise, we found that aldehydes could alsaoges for this
Mannich-type reaction, even though their enol fasnfar less
favorable than that ofp-ketoesters? The reactions were
promoted by catalyst §-4, and the optically active
aminoalcohols were obtained via a Mannich-type react
followed by a reduction (Table 8). In this reacti@¥-dihydro-



2H-pyran (DHP) acted as an efficient BocNétavenger, and the

yield slightly decreased in the absence of DHP.

Table 8. Enantioselective Mannich-type reactiond\sBoc-
alkynylaminals with aldehydé$:°

.Boc

HN . Q' (S)-4 (10 mol%), DHP NH OH @ :
_Boc + _— : .
/\ N HLH solvent, rt, 96 h ﬂ P o7
1 H 2 1 2
R R then, NaBH,/MeOH R R ' DHP

Boc

Boc NH OH

NH OH

Z Z
Bn Bn

MeO MeO
in PhCF3/AcOEt (1/1)
54% (dr = 3.1/1)
80% ee

in DCE/AcOEt (1/1)
55% (dr = 3.3/1)
85% ee

in DCE/AcOE (1/1)
43% (dr = 8.1/1)
88% ee

2 |solated yield? ee determined by chiral HPLC analySistr determined by
"H-NMR spectroscopy.

2.4. Mechanistic aspects of the Mannich-type reactions of
aminals

We speculated that the present Mannich-type reatbould
proceed via a two—step mechanism. InitiaM/Boc-imines (or
N-Boc-iminium cations) should be generated from
corresponding aminals by acid-mediated catalysefprle the
C—C bond would be formed by nucleophilic additian the
imines. To obtain evidence for the generation ofirame, we

attempted to detect this intermediate 'ByNMR spectroscopy.

Unfortunately, we were unable to directly observe emipe or
corresponding iminium species under the conditiapplied.
However, when a mixture of exclusivel-Boc- or N-Cbz-
substituted aminals was stirred in the presenceugOTf),, the
corresponding aminal containing both WrBoc and anN-Cbz
substituent was obtained in 21% vyield (Scheme 8)relieer,
under acidic conditions, an aza-Diels-Alder reactainthe in
situ-generated iminium
proceeded to afford the expected product in modesaeld
(Scheme 9). These results suggested the followiragtion
mechanism (Scheme 10): under acidic conditions,irfirium
intermediate should be generated reversibly
corresponding aminal under simultaneous release thef

carbamoyl group. As the concentration of the iminiumScheme 11 (A)

intermediate should be very low in this equilibriuih,seems
plausible that it could not be observed directlytlie *H-NMR
spectrum. However, in the presence of the nuclegpailemall

intermediate with cyclopentadiene

frome th

H.©_Boc

~Boc
j + BocNH, HN

-

H-Nu R)\Nu
_H®

Scheme 10. A plausible reaction mechanism for the acid-
catalyzed Mannich-type reactionshBoc-aminals.

N
H R

When a Brgnsted acid was used as a catalyst fovidmaich-
type reactions, the concentration of the enol taetoof the
nucleophile in the equilibrium played a crucialecaHowever, the
corresponding Mannich adducts were also obtained MeBoc-
aminals and aldehydes, even though the equilibrienol
concentration for aldehydes is lower than tha-&ktoesters. To
gain further insight into this phenomenon, we cdrrisut a
Brgnsted acid-catalyzed Mannich reaction betweenigblable
N-Boc-phenylimine and 3-phenylpropanal (Scheme 11#hen
an achiral phosphoric acid catalyst was used, gaetamounts
of the product were formed, suggesting
concentration was insufficient under acidic condisio
Conversely, when the correspondifhgBoc-enecarbamate was
used, the desired adduct was obtained in high yi8ktheme
11B). In the presence of water, this enecarbamaidugt was
smoothly hydrolyzed to furnish the correspondinglealyde
(Scheme 11C). These results prompted us to considerthe

theenecarbamate generatedsitu from aldehyde and BocNhvas

the actual nucleophile in this Brgnsted acid-caedyMannich-
type reaction.

-Boc (PhO),PO,H (10 mol%) ~ Boc~

N NH
J H\O CH.Clp, 1t,5h oH
+ R E—— (A)
Ph then NaBH,, MeOH Ph
Bn Bn
<5%
N,BOC HN’BOC (Ph0)2P02H (10 mol%) BOC\NH HN’BOC
J /ﬁ CHxClp, 1t,5h )\%
+ _— B
Ph then NaBH,4, MeOH Ph ®
Bn Bn
90%
BoC~ i HN-BOC  (PhO)POLH (10mol%)  BOC~\ o
)\/ H,0 (1 equiv.) )\)
_— C
Ph CH,Chy, 1t, 48 h Ph ©
Bn Bn

78%
Mannich reaction betweenN-Boc-
phenylimine and 3-phenylpropanal, (B) Mannich riact
with the corresponding enecarbamate, and (C) hysislof
the resulting adduct obtained through the reaa&scribed in

amount of then situ-generated iminium intermediate should be Scheme 11B.

smoothly consumed to afford the desired product.

HN/Boc
.Boc
PN
H CuOTh, (10mol%)  HN-5%°  pn-BoC pnCP2
N
_Cbz CH,Clp, 1, 24 h Ph)\N/BOC Ph)\N,CbZ Ph)\N,CbZ
HN H H H
Ph)\H/Cbz 25% 21% 34%

Scheme 8. Carbamoyl group scrambling betwelrBoc- andN-
Cbz-aminals under acidic conditions.

Boc

HN”™
oo+ () CuOTRCOmon P e
H N

CH,Cl,,0°C, 96 h
Boc

57% yield
Scheme 9. Aza-Diels-Alder reaction betweerN-Boc-
phenylaminal and cyclopentadiene.

Considering all these results in their entirety,waild like to
propose the following plausible mechanism (Fig..2)der acidic
conditions, only a very small amount of iminiumioat should
be gradually generated from the corresponding dntimaugh
the aminal/iminium equilibrium. In the presence séveral
nucleophiles, this cationic intermediate may thesn rapidly
consumed to form the corresponding adducts. Edpedaiathe
case of Brgnsted acid-catalyzed Mannich-type reastiwith
carbonyl compounds (except aldehydes), it is thewarhof enol
present at the equilibrium that promotes the tidaction. In
contrast, the reaction did not proceed when the emration of
the carbonyl-derived enol was too low. When aldebydere
employed, the desired Mannich-type reaction proeded
effectively. In these cases and under acidic camdit the
corresponding enecarbamates were generatedsitu from
BocNH,, which had been released from tReBoc-aminal, and
these species acted as potent nucleophiles insteddehydes.

that the enol
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e study for thin layer chromatography (TLC). Produstere
_Boc purified by flash column chromatography on neustita gel
o RN 0 60N (Kanto Chemical Co. Inc., 406®). Acetic anhydride,
EtOzc\é 11 Hr ‘ dichloromethane, chloroform, 1,2-dichloroethane (pCé&thyl
H_®_Boc Bn acetate (AcOEt), methanol, and toluene were purché&sed
u JN + BocNH, _Boc Wako Pure Chemical Industries Co. Inc. Moleculaves (4A
OH R H and 5A) and,a,a-trifluorotoluene (PhCjj were purchased from
E'Ozc\é Z Sigma-Aldrich Co. LLC.
Boc Bn
NH QO / k Boc.
R% H,0 J:j 4.2. General procedure for preparation of N-Boc-aminals
Et0,C R
’ Bn A substrate aldehyde (3.3 mmol) ateft-butyl carbamate
Fig. 2. Plausible reaction mechanisms for acid-catalyzeq640 mg, 5.5 mmol) were added into acetic anhydffd® pL).
Mannich-type reactions &-Boc-aminals. To this suspension was added trifluoroacetic acid |2 0.28

mmol), and the mixture was stirred for 15 min. Theduct was
solidified in acetic anhydride solvent as white dolihe solid
was filtered in vacuum, and obtained powder was added
imines from readily accessible and stabNBoc-aminals, hexane (10 mL) and stirred for 1 h. TReBoc-protected aminal

followed by nucleophilic addition, afforded the @spondingy- ~ Was obtained as a white powder by filtration.

Boc-amines. Most interestingly, these aminals dse available  4.2.1. Di-tert-butyl (3-phenylprop-2-yne-1,1-

as efficient precursors for unprecedentédoc-alkynylimines;  diyl)dicarbamate.

from these aminals, we successfully obtained a watéety of 'H-NMR (400 MHz, CDC)): & 7.44-7.41 (m, 2H, Ph), 7.31-
the corresponding optically activeN-Boc-propargylamines, 7 og (m, 3H, Ph), 5.97 (§,= 8.0 Hz, 1H, CH(NHBog), 5.57 (br
including examples with two adjacent stereocenteraddition, s, 2H, NHBoc), 1.47 (s, 18H, C(GH); “C-NMR (100 MHz,
we pl’OpOSGd a pIausibIe reaction mechanism for tressgtions. CDC|3)Z § 154.1, 131.8, 128.7, 128.3, 122.0, 85.3, 82.86,80.
Under acidic conditions, only a small amount of tleactive 51.4, 28.3;: HRMS (ESI): calcd. for&hN,NaO," (M+Na)':

iminium intermediate was generatiedsitu from the aminals, and 39 1785 found: 369.1777: IR (neat): 3310, 298871 1539
subsequently consumed by several nucleophiles.eTNeBoc- 1501 1250 1171. 1013 &m

aminals should represent new efficient precursors tfee _
synthesis of highly functionalized amines, and nthys be 4.2.2. Di-tert-butyl (3-(4-methoxyphenyl)prop-2-

3. Conclusion

In conclusion, we demonstrated that thesitu generation of

important for natural product synthesis and/or disgovery. yne-1,1-diyl)dicarbamate
_ _ H-NMR (400 MHz, CDCJ): 8 7.36 (d,J = 8.8 Hz, 2H, Ar-
4. Experimental Section H), 6.83 (d,J = 8.8 Hz, 2H, Ar-H), 5.96 (tJ = 8.0 Hz, 1H,

A1 General CH(NHBoc)), 5.50 (br s, 2H, NHBoC), 3.80 (s, 3H, MeO), 1.47
o (s, 18H, C(CH)3); "C-NMR (100 MHz, CDCJ): & 159.9, 154.1,
Infrared (IR) spectra were recorded on a Shimadzd33.3, 114.1, 113.9, 83.9, 82.9, 80.5, 55.3, 52&3; HRMS
IRPrestige-21 spectrometer or on a Thermo SCIENTIFI (ESI): caled. for GoHeN,NaGQy™ (M+Na)": 399.1890, found:
NICOLET iS5. '"H NMR spectra were measured on a JEOL399.1896; IR (neat): 3314, 2978, 1697, 1539, 13@89, 1278,
INM-FX400 (400 MHz) spectrometer or on a JEOL JNM-1169, 1032, 1013 cin
ECA5_OO (SOQ MHZ) spectrometer. Data are reportc_ed e 4.2.3. Di-tert-butyl (3-(4-bromophenyl)prop-2-yne-
chemical shifts in ppm relative to tetramethylsdawor the 1,1-diyl)dicarbamate

residual solvent as an internal standard, intemmatmultiplicity IH-NMR (400 MHz, CDCJ): 5 7.47 (d,J = 8.8 Hz, 2H, Ar-
(s = singlet, d = doublet, t = triplet, g = quartgtin. = quintet, H), 7.28 (d,J = 8.8 I-'Iz >H .Ar-H.) 6 0’1 (t _ 7 6, Hz ’1H
dd = double-doublet, td = triple-doublet, qd = qugude-doublet, N ’ . ’ ' " ) y ’
ddd = double-double-doublet, m = multiplet, br &, and app %H(NHBOC»), 5.56 (br s, 2H, NHBoc), 1.44 (s, 18H, C(g4i

. ) - s ' ’ C-NMR (100 MHz, CDCJ): & 154.1, 133.2, 131.6, 123.0,

= apparent), coupling constants (Hz), and assignni&®f'H} 21.0. 86.5, 817, 80.7, 514, 28.3. HRMS (ESI):
.0, .5, .7, 80.7, 51.4, 28.3; :cdalfor
NMR spectra were measured on a JEOL JNM-FX400 (100 MHz oHaBN,NaO,” (M+Na): 447.0890, found: 447.0903; IR

spectrometer or on a JEOL JNM-ECA500 (125 MHz) .

spectrometer with complete proton decoupling. Chahsbifts (1%61?,:[)'0”311318’ 2978, 1701, 1537, 1493, 1368, 1230111138,
are reported in ppm relative to the residual sdlvgnternal '

standard).”F{'H} NMR spectra were measured on a JEOL4.2.4. Di-tert-butyl (2-octyne-1,1-diyl)dicarbamate
JNM-ECA500 (500 MHz) spectrometer with complete proton H-NMR (400 MHz, CDC)): & 5.72 (t,J = 7.6 Hz, 1H,
decoupling. Chemical shifts are reported in ppratiet to CFCJ CH(NHBoc),), 5.41 (br s, 2H, NHBoc), 2.17 (td,= 7.2 Hz, 1.6
(0 ppm; external standard}P{*H} NMR spectra were measured Hz, 2H, CHC=C), 1.51-1.43 (m, 2H, C}y 1.45 (s, 18H,
on JEOL JNM-ECA500 (200 MHz) spectrometer with completeC(CH;,),), 1.36-1.30 (m, 4H, C}), 0.89 (t,J = 6.8 Hz, 3H,
proton decoupling. Chemical shifts are reportegpm relative CH,CH,); B NMR (100 MHz, CDCJ): & 154.1, 83.8, 80.2,
to H;PO, (0 ppm; external standard). High performance #qui 77.3, 51.1, 30.9, 28.3, 28.0, 22.1, 18.5, 13.9; HRHESI): calcd.
chromatography (HPLC) was performed on a Shimadzu 10Aor C,Hi,N,NaO," (M+Na): 363.2254, found: 363.2252; IR
instrument using a Daicel CHIRALPAK AD-H, AD-3, AS-H, IB, (neat): 3319, 2980, 1697, 1501, 1263, 1161, 1013 cm

IC, IE, IF, 4.6 mm x 25 cm column and Daicel CHIRALCEL )

OZ-H, 4.6 mm x 25 cm column. High-resolution mass spec 4:2.5: Di-tert-butyl (3-cyclohexylprop-2-yne-1,1-
(HRMS) were performed on a Brucker microTOF or Thermodnil)d'C"j"rb"j"rm"‘te

SCIENTIFIC Exactive Plus. Optical rotations were mead on H-NMR (400 MHz, CDC{): & 5.73 (t,J = 7.6 Hz, 1H,
a JASCO DIP-1000 digital polarimeter. Precoated TLatgd CH(NHBoc)), 5.30 (br s, 2H, NHBoc), 2.37 (appdt= 9.2 Hz,
(silica gel 60 GF254, 0.25 mm; Merck) were usedughmut this ~ 1H, Cy), 1.76-1.61 (m, 5H, Cy), 1.45 (s, 18H, C(aj 1.45-



1.40 (m, 2H, Cy), 1.31-1.26 (m, 3H, CYJC-NMR (100 MHz,
CDCL): § 154.0, 87.6, 80.2, 76.6, 51.1, 32.2, 28.7, 28582
24.6; HRMS (ESI): calcd. for @HzN,NaQ,” (M+Na)":

375.2254, found: 375.2255; IR (neat): 3321, 293®1] 1537,
1499, 1337, 11246, 1163, 1130, 1009'cm

4.2.6. Di-tert-butyl ((E)-3-phenylprop-2-ene-1,1-
diyl)dicarbamate

To a suspension dért-butyl carbamate (320 mg, 2.8 mmol)
in (E)-3-phenylpropenal (350L) was added trifluoroacetic acid
(11 L, 0.14 mmol) at room temperature. The mixture wasesl
for 6 h, and the product was solidified in the sotvaldehyde.
The solid was filtered in vacuo, and obtained powdas added
into hexane (10 mL) and stirred for 6 h. TNeBoc-protected
aminal was obtained as a white powder by filtrat{@60 mg,
0.76 mmol, 54%)*H-NMR (400 MHz, CDC)): & 7.37-7.22 (m,
5H, Ph), 6.60 (dJ = 16.0 Hz, 1H, PhB=CH), 6.32 (br dJ =
16.0 Hz, 1H, PhCH=B), 5.60 (br s, 1H, CH=CH&), 5.51 (br s,
2H, NHBoc), 1.46 (s, 18H, C(GH); *C-NMR (100 MHz,
CDCly): 6 154.7, 136.1, 131.3, 128.5, 127.9, 127.0, 126071,8
60.4, 28.3; HRMS (ESI): calcd. for,§,gN,NaQ,” (M+Na)':
371.1941, found: 371.1952; IR (neat): 3319, 298&R84] 1541,
1495, 1246, 1165, 1009 &m

4.2.7. Di-tert-butyl (3-phenylpropane-1,1-
diyl)dicarbamate

'"H-NMR (400 MHz, CDCJ): § 7.29-7.25 (m, 2H, Ph), 7.19-
7.16 (m, 3H, Ph), 5.42 (br s, 2H, NHBoc), 4.81 (br B, 1
CH(NHBoc),), 2.66 (t,J = 8.0 Hz, 2H, Ph8,CH,), 2.13 (br s,
2H, PhCHCH,), 1.44 (s, 18H, C(CHs); “*C-NMR (100 MHz,
CDCly) : 6 155.0, 141.0, 128.4, 128.3, 126.0, 79.7, 59.78,35.
32.1, 28.3; HRMS (ESI): calcd. for @&3N,NaQ," (M+Na)'
373.2098, found: 373.2084; IR (neat): 3352, 297@H2] 1535,
1493, 1366, 1242, 1169, 1049 tm

4.2.8. Di-tert-butyl propane-1,1-diyldicarbamate

'H-NMR (400 MHz, CDC)): 6 5.25 (br s, 2H, NHBoc), 4.75
(br s, 1H, GK{(NHBoc),), 1.79 (br s, 2H, 8,CH,), 1.44 (s, 18H,
C(CHy)s), 0.93 (t,J = 7.4 Hz, 3H, CHCH,); *C-NMR (100
MHz, CDCL): 6 155.0, 79.7, 61.4, 28.3, 27.6, 10.1; HRMS (ESI):
calcd. for GgHpeN,NaQ,” (M+Na)": 297.1785, found: 297.1784;
IR (1neat): 3327, 2972, 1695, 1547, 1512, 1364, 12307, 1148
cm™.

4.2.9. Di-tert-butyl
(cyclohexylmethylene)dicarbamate

'H-NMR (400 MHz, CDC}): 8 5.18 (br s, 2H, NHBoc), 4.58
(br s, 1H, G{(NHBoc),), 1.80-1.57 (m, 6H, Cy), 1.44 (s, 18H,
C(CHgy)3), 1.27-1.08 (m, 3H, Cy), 1.00-0.94 (m, 2H, C%C-
NMR (100 MHz, CDC)): 6 155.1, 79.5, 64.3, 40.8, 29.2, 28.3,
26.2, 25.7; HRMS (ESI): calcd. for {;,N,NaQ,” (M+Na)":
351.2254, found: 351.2249; IR (neat): 3316, 29728 1694,
1504, 1364, 1246, 1173, 1007 tm

4.2.10. Di-tert-butyl (phenylmethylene)dicarbamate
'H-NMR (400 MHz, CDCJ): § 7.41-7.28 (m, 5H, Ph), 6.11 (t,
J = 8.0 Hz, 1H, EI(NHBoc),), 5.58 (br s, 2H, NHBoc), 1.44 (s,
18H, C(CH),); “*C-NMR (100 MHz, CDCJ): § 154.7, 139.7,
128.6, 128.0, 125.8, 80.2, 61.7, 28.3; HRMS (ESdica. for
Ci7H,eNoNaQ,” (M+Na)™: 345.1785, found: 345.1786; IR (neat):
?333, 2978, 2932, 1701, 1539, 1497, 1366, 12443 11011 cm

4.2.11. Di-tert-butyl (4-
methoxyphenylmethylene)dicarbamate

'H-NMR (400 MHz, CDC}): 6 7.30 (d,J = 8.4 Hz, 2H, Ar-
H), 6.87 (d,J = 8.4 Hz, 2H, Ar-H), 6.05 (tJ = 8.0 Hz, 1H,
CH(NHBoc),), 5.44 (br s, 2H, NHBoc), 3.79 (s, 3H, ¢B), 1.44

7
(s, 18H, C(CH)3); *C-NMR (100 MHz, CDCJ)): & 159.3,
154.7, 132.0, 127.0, 113.9, 80.1, 61.4, 55.3, 28RMS (ESI):
calcd. for GgHpgNo.NaG;" (M+Na)": 375.1890, found: 375.1886;
IR (neat): 3339, 2978, 2932, 1694, 1510, 1366, 124¥63,
1042, 1009 cm.

4.2.12. Di-tert-butyl (4-
bromophenylmethylene)dicarbamate

'"H-NMR (400 MHz, CDCJ): & 7.47 (d,J = 8.4 Hz, 2H, Ar-
H), 7.28 (d,J = 8.4 Hz, 2H, Ar-H), 6.01 (tJ = 7.6 Hz, 1H,
CH(NHBoc),), 5.56 (br s, NHBoc), 1.44 (s, 18H, C(Qy); °C-
NMR (100 MHz, CDC})): & 154.8, 138.8, 131.6, 127.6, 121.9,
80.4, 61.3, 28.3; HRMS (ESI): calcd. for,;/8,sBrN,NaQ,"
(M+Na)": 423.0890, found: 423.0884; IR (neat): 3319, 2978,
1694, 1537, 1497, 1248, 1173, 1142, 101T-cm

4.2.13. Di-tert-butyl (2-tolylmethylene)dicarbamate

'"H-NMR (400 MHz, CDCJ): & 7.40-7.37 (m, 1H, Ar-H),
7.21-7.15 (m, 3H, Ar-H), 6.33 (§, = 7.6 Hz, 1H, EGI(NHBoC),),
5.16 (br s, 2H, NHBoc), 2.37 (s, 3H, Me), 1.43 (s, 18H,
C(CHy)3); BC-NMR (100 MHz, CDCJ): 6 154.3, 138.0, 135.6,
130.8, 128.1, 126.1, 124.6, 80.1, 59.4, 28.3, 18RMS (ESI):
caled. for GgH,eN,NaQ," (M+Na)": 359.1941, found: 359.1929;
IR (neat): 3329, 2970, 1692, 1503, 1368, 1250, 11669 cr.

4.2.14. Di-tert-butyl (1-
naphthylmethylene)dicarbamate

'H-NMR (400 MHz, CDC}): 6 8.04 (d,J = 8.4 Hz, 1H, Ar-
H), 7.87 (d,J = 7.6 Hz, 1H, Ar-H), 7.82 (d] = 8.4 Hz, 1H, Ar-
H), 7.61 (dJ = 6.8 Hz, 1H, Ar-H), 7.57-7.49 (m, 2H, Ar-H), 7.45
(app. t,J = 7.6 Hz, 1H), 6.92 (1) = 7.6 Hz, Gi(NHBoc),), 5.26
(br s, 2H, NHBoc), 1.45 (s, 18H, C(GH); *C-NMR (100 MHz,
CDCly): 4 154.4, 135.2, 134.0, 130.2, 129.1, 128.7, 12&6,9,
125.0, 123.1, 122.9, 80.2, 59.5, 28.3; HRMS (ES&jcd. for
CxH.gN,NaO,” (M+Na)': 395.1941, found: 395.1938; IR (neat):
3310, 2978, 1690, 1541, 1504, 1366, 1246, 11639 ta#.

4.2.15. Di-tert-butyl (2-furylmethylene)dicarbamate

'"H-NMR (400 MHz, CDCY): & 7.36 (br s, 1H, furyl-H), 6.34
(dd, J = 3.2 Hz, 1.6 H, 1H, furyl-H), 6.30 (d, = 3.2 Hz, 1H,
furyl-H), 6.13 (t,J = 8.0 Hz, Gi(NHBoc),), 5.50 (br s, 2H,
NHBoc), 1.45 (s, 18H, C(CHt); **C-NMR (100 MHz, CDCJ): 5
154.4, 151.7, 142.2, 110.5, 106.6, 80.4, 56.7,;28R8MS (ESI):
calcd. for GsH..N,NaQ" (M+Na)™: 335.1577, found: 335.1572;
IR (neat): 3321, 2978, 1701, 1551, 1514, 1250, 11602 cn.

4.2.16. Di-tert-butyl (4,4-dimethylpent-2-yne-1,1-
diyl)dicarbamate

'H-NMR (400 MHz, CDCJ): & 5.76 (t,J = 8.0 Hz, 1H,
CH(NHBoc),), 5.55 (br s, 2H, NHBoc), 1.46 (s, 18H, OC({H
1.20 (s, 9H, CC(CH5); **C-NMR (100 MHz, CDCJ): & 154.0,
91.4, 80.0, 75.2, 51.0, 30.6, 28.2, 27.1; HRMS (E&)cd for
CiHsNoNaQ,” (M+Na)" 349.2098 found 349.2098; IR (neat):
3312, 2974, 1695, 1535, 1499, 1246, 1171, 10145 cm

4.2.17. Dibenzyl (phenylmethylene)dicarbamate

'"H-NMR (400 MHz, CDC)): § 7.35-7.24 (m, 15H, Ar-H),
6.28 (t,J = 8.0 Hz, 1H, €I(NHCbz),), 5.91 (br s, 2H, NHCbz),
5.11 (d,J = 12.4 Hz, 2H, OEGHPh), 5.07 (dJ = 12.4 Hz, 2H,
OCHHPh); *C-NMR (100 MHz, CDG)): 5 155.4, 138.7, 136.0,
128.7, 128.5, 128.3, 128.2, 128.2, 125.8, 67.10;6AHRMS
(ESI): caled. for GH,,N,NaQ,” (M+Na): 413.1472, found:
413.1489; IR (neat): 3292, 1701, 1553, 1514, 138342, 1236,
1067, 1022 cm.

4.3. Procedures for Mannich reaction of N-Boc-aminals with
diethyl malonate
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To a solution of aN-Boc-aminal (0.10 mmol) and diethyl
malonate (24 mg, 0.15 mmol) in dichloromethaneqGri.) was

added Cu(OTH (3.6 mg, 0.010 mmol) at room temperature.

After stirring for 24 h, the mixture was directly ffied by silica
gel chromatography and the target material was obdtiaas a
white solid.

4.3.1. Diethyl 2-(1-(N-tert-butoxycarbonylamino)-
3-phenylprop-2-yne-1-yl)malonate

To a solution of dtert-butyl (3-phenylprop-2-yne-1,1-
diyl)dicarbamate (35 mg, 0.10 mmol) and diethyl omate (80
mg, 0.50 mmol) in DCE (1.0 mL) was added {Cu(OT#}$I! (5.2
mg, 0.010 mmol) at room temperature. After stirfiag12 h, the
mixture was directly purified by silica gel chromgtaphy
(AcOEt/hexane = 1/30 to 1/9) to afford the productaaghite
solid (26 mg, 0.067 mmol, 67%}4-NMR (400 MHz, CDCJ): &
7.39-7.37 (m, 2H, Ph), 7.33-7.25 (m, 3H, Ph), 5. 74 gb1H,
NHBoc), 5.35 (br s, 1H, BNHBoc), 4.32-4.17 (m, 4H,
OCH,CH,), 3.85 (d,J = 4.8 Hz, 1H, EI(CO,EL),), 1.45 (s, 9H,
C(CHg)3), 1.30 (t,J = 6.8 Hz, 3H, OCKCH,), 1.29 (t,J = 6.8 Hz,
3H, OCHCHj); *C-NMR (100 MHz, CDCJ): § 167.3, 166.3,
154.6, 131.7, 128.5, 128.2, 122.2, 85.7, 83.7,,86119, 61.7,
56.2, 425, 28.2, 14.0, 13.9; HRMS (ESI): calcd.
CxH, NNaQ;" (M+Na)': 412.1731, found: 412.1729; IR (neat):
3374, 2980, 1722, 1489, 1369, 1248, 1159, 102& cm

4.3.2. Diethyl 2-(1-(N-tert-butoxycarbonylamino)-
3-(4-methoxyphenyl)prop-2-yne-1-yl) malonate

To a solution of diert-butyl (3-(4-methoxyphenyl)prop-2-
yne-1,1-diyl)dicarbamate (38 mg, 0.10 mmol) and tidie
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solid (19 mg, 0.057 mmol, 57%}4-NMR (400 MHz, CDCJ): §
5.61 (br s, 1H, NHBoc), 5.08 (br s, IHHNHBOoC), 4.29-4.14
(m, 4H, OGH,CH,), 3.72 (d,J = 4.8 Hz, 1H, GI(CO,EL),), 2.13
(td J = 7.2 Hz, 2.0 Hz, 2H, C}€=C), 1.60 (br s, 2H, C}), 1.43
(s, 9H, C(CH),), 1.30 (t,J = 7.2 Hz, 3H, OCKCH,), 1.27 (t,J =
7.2 Hz, 3H, OCHCH,), 1.35-1.25 (m, 4H, C}), 0.88 (t,J = 7.2
Hz, 3H, CHCH,CH,); *C-NMR (100 MHz, CDC)): § 167.5,
166.5, 154.6, 84.5, 79.9, 61.8, 61.6, 56.4, 42029,329.7, 28.3,
28.1, 22.1, 18.5, 14.05, 13.97, 13.9; HRMS (ESl)caafor
CooH3sNNaQ;™ (M+Na)™: 406.2200, found: 406.2184; IR (neat):
3437, 2961, 2932, 1734, 1722, 1491, 1369, 1248111642 cm

4.3.5. Diethyl 2-(1-(N-tert-butoxycarbonylamino)-
3-cyclohexylprop-2-yne-1-yl)malonate

To a solution of dtert-butyl (3-cyclohexylprop-2-yne-1,1-
diyl)dicarbamate (35 mg, 0.10 mmol) and diethyl omaite (120
mg, 0.75 mmol) in DCE (1.0 mL) was added {Cu(OT#}®! (2.6
mg, 0.0050 mmol) at room temperature. After stirrfog 12 h,
the mixture was directly purified by silica gel chratography
(AcOEt/hexane = 1/50 to 1/9) to afford the productarless
oil (22 mg, 0.055 mmol, 55%JH-NMR (400 MHz, CDC})): &

for5.59 (br s, 1H, NHBoc), 5.09 (br s, 1HH8HBoC), 4.27-4.16

(m, 4H, OGH,CH,), 3.73 (d,J = 4.8 Hz, 1H, GI(CO.Et),), 2.35
(br s, 1H, Cy), 1.72-1.62 (m, 5H, Cy), 1.45 (s, 9HCEY)s),
1.45-1.25 (m, 4H, Cy), 1.32 @,= 7.2 Hz, 3H, OCKCH,), 1.27
(t, J = 7.2 Hz, 3H, OCKLCH,); *C-NMR (100 MHz, CDC)): &
167.5, 166.5, 154.6, 88.5, 79.8, 76.8, 61.8, 68665, 42.2, 32.3,
28.7, 28.3, 25.8, 245, 14.1, 14.0; HRMS (ESI): daléor
C,iHsNNaQ;" (M+Na)": 418.2200, found: 418.2203; IR (neat):

malonate (80 mg, 0.50 mmol) in DCE (1.0 mL) was added,q3;1 1732 1719, 1489, 1368, 1248, 1233, 11593,10824 crh
{Cu(OTf)} » tol (5.2 mg, 0.010 mmol) at room temperature. Aftert

stirring for 12 h, the mixture was directly purifidy silica gel
chromatography (AcOEt/hexane = 1/30 to 1/9) to dffthe
product as colorless oil (31 mg, 0.074 mmol, 74%):NMR
(400 MHz, CDC)): 6 7.42 (d,J = 8.4 Hz, 2H, Ar-H), 7.24 (d] =

8.4 Hz, 2H, Ar-H), 5.72 (br s, 1H, NHBoc), 5.33 (br s, 1H,

CHNHBoc), 4.30-4.20 (m, 4H, Od,CH,), 3.83 (d,J = 4.8 Hz,
1H, CH(CO,E),), 1.45 (s, 9H, C(CHs), 1.30 (t,J = 7.2 Hz, 3H,
OCH,CHS,), 1.29 (t,J = 7.2 Hz, 3H, OCKCH,); **C-NMR (100

4.3.6. Diethyl 2-((E)-1-(N-tert-
butoxycarbonylamino)-3-phenylprop-2-ene-1-
yl)malonate

The titled product was obtained as a white solidr(83 0.084
mmol, 84%), following the general procedure withtei-butyl
((E)-3-phenylprop-2-ene-1,1-diyl)dicarbamate (35 mg,100
mmol) at —20 °C for 72 h. Spectra data are in ataore with the

MHz, CDCL): & 167.3, 166.3, 154.6, 133.2, 131.5, 122.8, 121.2|iterature’®

86.9, 82.7, 80.3, 62.0, 61.8, 56.1, 42.5, 28.31,144.0; HRMS
(ESI): calcd. for GH,gBrNNaQ;" (M+Na)": 490.0836, found:
490.0851; IR (neat): 2980, 1730, 1487, 1393, 13842, 1248,
1161, 1013 cm.

4.3.3. Diethyl 2-(1-(N-tert-butoxycarbonylamino)-
3-(4-bromophenyl)prop-2-yne-1-yl) malonate

'H-NMR (400 MHz, CDCJ): § 7.42 (d,J = 8.4 Hz, 2H, Ar-
H), 7.24 (d,J = 8.4 Hz, 2H, Ar-H), 5.72 (br s , 1H, NHBoc), 5.33
(br s, 1H, GINHBoC), 4.30-4.20 (m, 4H, O,CHs), 3.83 (d,J =
4.8 Hz, 1H, GI(COEL),), 1.45 (s, 9H, C(CH), 1.30 (t,J = 7.2
Hz, 3H, OCHCHj), 1.29 (t,J = 7.2 Hz, 3H, OChKCH,); “*C-
NMR (100 MHz, CDC}): 6 167.3, 166.3, 154.6, 133.2, 131.5,
122.8, 121.2, 86.9, 82.7, 80.3, 62.0, 61.8, 56215,428.3, 14.1,
14.0; HRMS (ESI): calcd. for GH,BrNNaQ," (M+Na)"
490.0836, found: 490.0851; IR (neat): 2980, 1731871 1393,
1369, 1342, 1248, 1161, 1013.

4.3.4. Diethyl 2-(1-(N-tert-butoxycarbonylamino)-
2-octyne-1-yl)malonate
To a solution of dtert-butyl (2-octyne-1,1-diyl)dicarbamate

(34 mg, 0.10 mmol) and diethyl malonate (120 m@50mmol)
in dichloromethane (1.0 mL) was added {Cu(OFf$l (5.2 mg,
0.010 mmol) at room temperature. After stirring i h, the
mixture was directly purified by silica gel chromgtaphy
(AcOEt/hexane = 1/30 to 1/9) to afford the productaawhite

4.3.7. Diethyl 2-(1-(N-tert-butoxycarbonylamino)-
3-phenylpropyl)malonate

'H-NMR (400 MHz, CDC)): § 7.29-7.23 (m, 2H, Ph), 7.19-
7.13 (m, 3H, Ph), 5.45 (d, = 10.0 Hz, 1H, NHBoc), 4.34-4.29
(m, 1H, GHNHBoc), 4.25-4.13 (m, 4H, OE,CHy), 3.60 (d,J =
4.4 Hz, 1H, G(CO,EL),), 2.78-2.60 (m, 2H, PHE,CH,), 1.97-
1.76 (m, 2H, PhCHCH,), 1.44 (s, 9H, C(CH),), 1.264 (tJ = 7.2
Hz, 3H, OCHCH), 1.262 (t,J = 7.2 Hz, 3H, OCKCH,); **C-
NMR (100 MHz, CDC}):  168.3, 167.8, 155.4, 141.4, 128.41,
128.36, 126.0, 79.3, 61.7, 61.5, 55.3, 50.1, 3837y, 28.3,
14.00, 13.97; HRMS (ESI): calcd. for,,NOg (M+H)™:
394.2224, found: 394.2218; IR (neat): 3433, 2978, 7] 1497,
1368, 1240, 1159, 1024 ¢m

4.3.8. Diethyl 2-(1-(N-tert-butoxycarbonylamino)-
1-(2-tolyl)-methyl)malonate

'H-NMR (400 MHz, CDCJ): & 7.26-7.25 (m, 1H, Ar-H),
7.17-7.14 (m, 3H, Ar-H), 6.25 (br s, 1H, NHBoc), 5.66 $bdH,
CHNHBoc), 4.27-4.04 (m, 4H, O&€,CH,), 3.73 (d,J = 4.4 Hz,
1H, CH(CO,EY),), 2.46 (s, 3H, Ar-Ch), 1.39 (s, 9H, C(Ch}a),
1.24 (t,J = 7.2 Hz, 3H, OCHCH,), 1.15 (t,J = 7.2 Hz, 3H,
OCH,CH); “*C-NMR (100 MHz, CDCJ)): & 168.3, 167.4, 155.2,
138.2, 135.3, 131.0, 127.9, 126.4, 126.0, 79.92,621.9, 55.8,

50.7, 28.6, 19.4, 14.3, 14.2; HRMS (ESI): calcd. for
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CooH2NNaOs™ (M+Na)': 402.1887, found: 402.1878: IR (neat): mmol) at 0 °C; 'H-NMR (400 MHz, CDC)): both

3395, 2978, 1719, 1497, 1368, 1288, 1256, 1163 £08.

4.3.9. Diethyl 2-(1-(N-tert-butoxycarbonylamino)-
1-(1-naphthyl)-methyl)malonate

'H-NMR (400 MHz, CDC},): & 8.15 (d,J = 8.4 Hz, 1H, Ar-
H), 7.85 (d,J = 8.0 Hz, 1H, Ar-H), 7.75 (d] = 8.4 Hz, 1H, Ar-

diastereomers 7.39-7.36 (m, 2H, Ph), 7.33-7.26 (m, 3H, Ph),
6.07 (br s, 0.44H, NHBoc), 5.43 (br s, 0.56H, NHBoc)15/2r
d, J = 10.0 Hz, 1H, EINHBoC), 4.29-4.14 (m, 2H, O&,CH,),
2.69-1.90 (m, 6H, Ch), 1.45 (s, 9H, C(CH3), 1.28 (t,J= 7.2
Hz, 3H, OCHCH,), 1.27 (t,J = 7.2 Hz, 3H, OCKCHj); °C-
NMR (100 MHz, CDCJ): both diastereomers; 210.3, 170.0,

H), 7.57 (dddJ = 8.8 Ha, 7.2 Ha, 1.6 Hz, 1H, Ar-H), 7.50-7.46 165 9 "154 9, 154.7, 131.8, 131.7, 128.55, 128188,2, 122.3,

(m, 2H, Ar-H), 7.42 (app 1] = 8.0 Hz, 1H, Ar-H), 6.45 (br s, 1H,

NHBoc), 6.30 (br ddJ = 8.8 Hz, 4.0 Hz, 1H, BNHBoc), 4.31-
420 (m, 2H, O®,CHs), 4.13-3.98 (m, 3H, OB,CH; and
CH(COsEt),), 1.39 (s, 9H, C(CH,), 1.28 (t,J = 7.2 Hz, 3H,
OCH,CHj), 1.07 (t,J = 7.2 Hz, 3H, OCKLCH,); **C-NMR (100

122.2, 85.7, 85.4, 84.5, 84.0, 80.3, 80.0, 64.99,646.0, 45.6,
39.0, 37.7, 32.9, 31.6, 31.2, 28.3, 28.2, 19.71,194.1, 14.0;
HRMS (ESI): calcd. for gH,,NNaQ" (M+Na)": 408.1781,
found: 408.1797; IR (neat): 3429, 2978, 1751, 122B9, 1231,
1161, 1024 cm.

MHz, CDCk): 6 168.3, 167.3, 155.0, 135.1, 133.8, 130.1, 129.1,

128.4, 126.8, 125.7, 125.1, 123.7, 122.2, 79.71,621.5, 55.6,
50.1, 28.3, 14.0, 13.8; HRMS (ESI): calcd. fogH NNaO;"

4.4.3. Ethyl 1-((E)-1-((tert-butoxycarbonyl)amino)-
3-phenylallyl)-2-oxocyclopentanecarboxylate

(M+Na)": 438.1887, found: 438.1875; IR (neat): 3428, 2978, The titled compound was obtained as an oil (32 082

2935, 1717, 1495, 1368, 1244, 1159, 1032, 1016 cm

4.3.10. Diethyl 2-(1-(N-tert-butoxycarbonylamino)-
1-(2-furyl)-methyl)malonate

'H-NMR (400 MHz, CDCJ): 6 7.31 (dd,J = 1.6 Hz, 0.8 Hz
1H, Ar-H), 6.29 (dd, = 3.2 Hz, 1.6 Hz, 1H, Ar-H), 6.21 (ddd,
=3.2,1.2,0.8 Hz, 1H, Ar-H), 5.93 (br s, 1H, NHBoc),56(br s,
1H, CHNHBoC), 4.28-4.12 (m, 4H, O,CH,), 4.00 (d,J = 4.8
Hz, 1H, GH(CO,Et),), 1.43 (s, 9H, C(CH,), 1.27 (t,J = 7.2 Hz,
3H, OCHCHS,), 1.23 (t,J = 7.2 Hz, 3H, OCKCH,); “*C-NMR

mmol, 82%, dr = 1.5/1), following the general prdaee with di-
tert-butyl ((E)-3-phenylprop-2-ene-1,1-diyl)dicarbamate (35 mg,
0.10 mmol) and ethyl 2-oxocylopentanecarboxylat r(fy, 0.33
mmol); ‘H-NMR (400 MHz, CDC)): both diastereome 7.36-
7.22 (m, 5H, Ph), 6.58 (d,= 16.0 Hz, 0.4H, PhB=CH), 6.21
(dd,J = 16.0 Hz, 8.0 Hz, 0.6H, PhCH#{}, 6.04 (dd,J = 16.0
Hz, 8.0 Hz, 0.6H, PhCH4d), 5.94 (br d,J = 5.6 Hz, 0.4H,
NHBoc), 5.38 (br s, 1H, NHBoc), 4.77-4.69 (m, 1H{HBOoC),
4.27-4.09 (m, 2H, OB,CH,), 2.56-2.34 (m, 2H, C}), 2.25-1.86
(m, 4H, CH), 1.43 (s, 3.6H, C(Ck)), 1.42 (s, 5.4H, C(Chk),

106.6, 79.9, 61.9, 61.6, 54.4, 48.3, 28.3, 13.9%9@, HRMS
(ESI): calcd. for GH,NNaO," (M+Na): 379.1556, found:
379.1558; IR (neat): 3431, 2980, 2932, 1721, 14269, 1238,
1161, 1011 cm.

4.4, General procedures of Mannich-type reaction of N-Boc-
aminals with ethyl 2-oxocyclopentanecar boxylate

To a solution of théN-Boc-aminal (0.10 mmol) and ethyl 2- )
in4.4.4. Ethyl 1-(1-((tert-butoxycarbonyl)amino)-3-

oxocylopentanecarboxylate (17mg, 0.11 mmol)
dichloromethane (1.0 mL) was added Cu(@TB.6 mg, 0.010
mmol) at 0 °C. After stirring for 24 h, the mixtuveas directly
purified by silica gel chromatography (AcOEt/hexand/30 to
1/9) to afford the product as an oil.

4.4.1. Ethyl 1-(((tert-
butoxycarbonyl)amino)(phenyl)methyl)-2-
oxocyclopentanecarboxylate

The titled compound was obtained as white solid (36
0.099 mmol, 99%, dranti/syn = 6.0/1), following the general

procedure with dtert-butyl (phenylmethylene)dicarbamate (32

mg, 0.10 mmol) and molecular sieve 4A (50 mg); seedata of
syn isomer are in accordance with the literatlmati isomer'H-
NMR (400 MHz, CDC)): § 7.31-7.22 (m, 5H, Ph), 6.73 (br &,
= 8.8 Hz, 1H, NHBoc), 5.08 (br s, 1HHBIHBoC), 4.31-4.18 (m,
2H, OCH,CH), 2.42-2.28 (m, 2H, C}), 2.04-1.65 (m, 4H, C}),
1.37 (s, 9H, C(CH)s), 1.29 (t,J = 7.2 Hz, 3H, OCKCH,); °C-

OCH,CHj); *C-NMR (100 MHz, CDG)): both diastereomers,
211.8, 171.6, 171.0, 155.0, 136.3, 133.8, 133.8,512 128.50,
127.9, 126.6, 126.5, 125.3, 125.2, 79.7, 79.4,,683%3, 61.7,
61.6, 55.2, 54.6, 38.9, 37.5, 32.7, 28.32, 28.285,118.9, 14.0;
HRMS (ESI): calcd. for gH,,NNaQ;" (M+Na): 410.1938,
found: 410.1931; IR (neat): 3429, 2976, 1748, 12¥4B1, 1368,
1229, 1161, 1026 ch

phenylpropyl)-2-oxocyclopentanecarboxylate

Titled compound was obtained as an oil (29 mg, ®.®mol,
75%, dr = 1.4 /1), following the general procedur¢hvdi-tert-
butyl (3-phenylpropane-1,1-diyl)dicarbamate (35 mg,10
mmol) and ethyl 2-oxocylopentanecarboxylate (52n0g33
mmol). Spectra data are in accordance with the literature.

4.5, General procedures of Mannich-type reaction of N-Boc-
aminals with trimethyl ((1-phenylvinyl)oxy)silane

To a solution of theN-Boc-aminal (0.10 mmol) and
trimethyl((1-phenylvinyl)oxy)silane (21 mg, 0.11 roih in
dichloromethane (1.0 mL) was added Cu(@TB.6 mg, 0.010
mmol) at room temperature. After stirring for 3-120 the
mixture was directly purified by silica gel chromgtaphy
(AcOEt/hexane = 1/30 to 1/9) to afford the productaawhite
solid.

NMR (100 MHz, CDC})): § 216.8, 171.2, 154.8, 138.5, 128.4 4.5.1. tert-Butyl (3-oxo0-1,3-

(two peaks overlap), 127.8, 79.4, 63.0, 61.9, 5396, 32.9,
28.3, 19.4, 14.1; HRMS (ESI): calcd. for,8,;NNaQ;"
(M+Na)"384.1781, found 384.1774; IR (neat): 3424, 297@317
1715, 1493, 1366, 1229, 1161, 1020°cm

4.4.2. Ethyl 1-(1-((tert-butoxycarbonyl)amino)-3-
phenylprop-2-yn-1-yl)-2-oxocyclopen-
tanecarboxylate

The titled compound was obtained as an oil (37 97
mmol, 97%, dr = 1.3/1), following the general prdaoee with di-
tert-butyl (3-phenylprop-2-yne-1,1-diyl)dicarbamate (3%,
0.10 mmol) and ethyl 2-oxocylopentanecarboxylatér(ig, 0.11

diphenylpropyl)carbamate

The titled compound was obtained as a white sdBl roag,
0.077 mmol, 77%), following the general procedurehvditert-
butyl (phenylmethylene)dicarbamate (32 mg, 0.10 fhnamd
molecular sieve 4A (50 mg) for 24 h. Spectra data ir
accordance with the literature.

4.5.2. tert-Butyl (5-oxo-1,5-diphenylpent-1-yn-3-
yl)carbamate

To a solution of dtert-butyl (3-phenylprop-2-yne-1,1-
diyl)dicarbamate (35 mg, 0.10 mmol) and trimethid((
phenylvinyl)oxy)silane (21 mg, 0.11 mmol) in chléoon (1.0
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mL) was added {Cu(OTfptol (2.6 mg, 0.010 mmol) at room
temperature. To this mixture was added
phenyl)oxy)silane (21x2 mg, 0.11x2 mmol) after 4rd 24 h.
After stirring for 48 h, the mixture was directly ffied by silica
gel chromatography (AcOEt/hexane = 1/30 to 1/9)fford the
product as a white solid (26 mg, 0.073 mmol, 73%:NMR
(400 MHz, CDC)): & 7.98-7.97 (m, 2H, Ar-H), 7.60-7.55 (m,
1H, Ar-H), 7.49-7.45 (m, 2H, Ar-H), 7.34-7.32 (m, 2H, Ar;H)
7.25-7.23 (m, 3H, Ar-H), 5.56 (br s, 1H, NHBoc), 5.18 ¢bdH,
CHNHBoc), 3.61 (br dJ=16.8 Hz, 1H, BIHCOPh), 3.36 (ddJ
= 16.8 Hz, 5.6 Hz, 1H, CHCOPh), 1.46 (s, 9H, C(Gj4); °C-
NMR (100 MHz, CDC}): 6 196.9, 154.7, 136.7, 133.4, 131.7,
128.6, 128.2, 128.12, 128.08, 122.5, 87.8, 83.(,818.8, 40.0,
28.3; HRMS (ESI): calcd. for GH,;NNaO;" (M+Na)": 372.
1570, found: 372.1569; IR (neat): 3350, 2976, 29388, 1489,
1366, 1246, 1163, 1022 &m

4.5.3. tert-Butyl (E)-(5-0x0-1,5-diphenylpent-1-en-
3-yl)carbamate

The titled compound was obtained as a white sd#l rog,
0.090 mmol, 90%), following the general procedurehvditert-
butyl ((E)-3-phenylprop-2-ene-1,1-diyl)dicarbamate (70 mg.00
mmol) under stirring for 3 HH-NMR (400 MHz, CDCJ): & 7.95
(app d, J =7.6 Hz, 2H, Ar-H), 7.57 (apd t 7.6 Hz, 1H, Ar-H),
7.47 (app tJ = 7.6 Hz, 2H, Ar-H), 7.33 (app d,= 7.2 Hz, 2H,
Ar-H), 7.27 (app tJ = 7.2 Hz, 2H, Ar-H), 7.22-7.19 (m, 1H, Ar-
H), 6.56 (d,J = 16.0 Hz, 1H, PhB=CH), 6.32 (dd,J = 16.0 Hz,
6.4 Hz, 1H, PhCH=8), 5.43 (br s, 1H, NHBoc), 4.85-4.78 (m,
1H, CHNHBoc), 3.49 (br dJ = 15.6 Hz, 1H, EIHCOPh), 3.33
(dd,J=15.6 Hz, 5.6 Hz, 1H, CHCOPh), 1.44 (s, 9H, C(G}3);
®C-NMR (100 MHz, CDCJ): & 198.3, 155.2, 136.8, 136.5,
133.3, 130.7, 129.1, 128.6, 128.4, 128.1, 127.6,41279.5, 49.5,
43.3, 28.3; HRMS (ESI): calcd. for,&E,sNNaO," (M+Na)":
374.1727, found: 374.1727; IR (neat): 3362, 29728 1688,
1493, 1366, 1246, 1165, 1045, 1022'cm

4.5.4. tert-Butyl (5-ox0-1,5-diphenylpentan-3-
yl)carbamate

To a solution of diert-butyl (3-phenylpropane-1,1-
diyl)dicarbamate (35 mg, 0.10 mmol) and trimethid((
phenylvinyl)oxy)silane (21 mg, 0.11 mmol) in dichdonethane
(0.50 mL) was added Cu(O7%f[7.2 mg, 0.020 mmol) at room
temperature. To this mixture was added
phenylvinyl)oxy)silane (21x2 mg, 0.11x2 mmol) afte2 h and
24 h. After stirring for 120 h, the mixture was ditggurified by
silica gel chromatography (AcOEt/hexane = 1/30 8) 1d afford
the product as a white solid (11 mg, 0.030 mmol, BBpectra
data are in accordance with the literatfire.

4.6. The Procedure for preparation of the hemiaminal ether from
the N-Boc-phenylalkynylaminal and ethanol

To a mixture of diert-butyl (3-phenylprop-2-yne-1,1-
diyl)dicarbamate (35 mg, 0.10 mmol) and diphenybgphate

(2.5 mg, 0.010 mmol) was added EtOH (2.0 mL) at room

temperature. After stirring for 4 h at 60 °C, thaaton mixture
was quenched with ag. NaHgGnd evaporated to remove
EtOH. The residue was diluted with ACOEt and extracteith wi
the same solvent. The combined organic layers weeel dver
N&aSQ, and then concentrated. The residue was purifiefiisi
column chromatography on silica gel
hexane/AcOEt = 9/1) to afford the corresponding herimal (25
mg, 0.090 mmol, 90 % yield). Spectra data of thmiaeninal
ether is in accordance with the literafiire

4.7. Preparation of chiral phosphoric acid catalysts

Tetrahedron

The procedure for the synthesis of chiral phosphacids®**

trimethyl((1-was modified. To a solution of BINOL derivative (@.Bamol) in

pyridine (8.0 mL) was added phosphoryl chloride((1&, 1.5
mmol) at room temperature. Followed by stirring foh at 95
°C, the mixture was added water (1.7 mL) at 0 °CeAftirring
for 5 h at 95 °C, the mixture was allowed to coolrtmm
temperature and diluted with dichloromethane. Théves
pyridine was removed by washing with 1N HCI (50 ml >&)d
the aqueous layer was extracted with dichlorometh{@&0deml
x3). The combined organic layer was dried over sodéwlfate
anhydrate. Filtered solution was evaporated in vaclie
obtained material was purified by silica gel column
chromatography (dichloromethane/methanol 80/1he T
purified compound was dissolved in chloroform (50) rahd
washed with 6N HCI. The organic layer was directly evatezal,
and a little amount of water included in the mixtwas removed
by azeotropic process with toluene at three times.

4.7.1. Catalyst (S)-1

'H-NMR (400 MHz, CDCY): § 7.52 (s, 4H, Ar-H), 7.47 (s,
2H, Ar-H), 7.11 (s, 8H, Ar-H), 7.03 (s, 2H, Ar-H), 6.79 {{,
Ar-H), 2.87-2.72 (m, 6H, CH), 2.44-2.37 (m, 2H, C}), 2.15 (s,
24H, CH), 1.88-1.81 (m, 6H, C}), 1.72-1.65 (m, 2H, Ch); °C-
NMR (100 MHz, CDC)): 5 143.1, 143.0, 141.7, 141.2, 138.0,
137.9, 137.1, 134.89, 134.87, 131.9, 131.80, 13118.7,
127.2, 126.92, 126.90, 125.4, 125.1, 29.1, 27.975222.71,
21.1;*'P-NMR (200 MHz, CDGJ): § 1.3 (s); HRMS (ESI): calcd
for CgHgoOsP (M—H)™ 923.4224 found 923.4216; IR (neat):
3628, 3362, 2924, 2855, 1589, 1447, 1246, 109§ aj’ 180.2
(c 1.0, CHC)).

4.7.2. Catalyst (S)-2

'H-NMR (400 MHz, CDCJ): & 7.59 (app dJ = 1.2 Hz, 4H,
Ar-H), 7.54 (app tJ = 1.2 Hz, 2H, Ar-H), 7.47-7.45 (m, 8H, Ar-
H), 7.18 (s, 2H, Ar-H), 7.17-7.09 (m, 12H, Ar-H), 2.96 2 (fn,
6H, CH), 2.47 (app dt) = 16.8 Hz, 4.8 Hz, 2H, C}| 1.92-1.84
(m, 6H, CH), 1.74-1.66 (m, 2H, C}; *C-NMR (100 MHz,
CDCly): & 141.6, 141.0, 138.0, 137.6, 135.1, 131.71, 131.67,
131.5, 128.5, 127.4, 127.08, 127.06, 127.0, 128912, 27.9,
22.7, 22.6#P-NMR (200 MHz, CDG): 5 0.4 (s); HRMS (ESI):
calcd for GgH..O,F (M—H)” 811.2972 found 811.2976; IR
(neat): 2924, 2853, 1593, 1449, 1435, 1404, 1283911190,

trimethyl((1-1018 cn; [o]% 193.4 € 1.0, CHC}).

4.7.3. Catalyst (S)-3

'H-NMR (400 MHz, CDCJ): 5 8.02 (s, 4H, Ar-H), 7.60 (1] =
7.6 Hz, 2H, Ar-H), 7.51-7.41 (m, 8H, Ar-H), 7.28-7.25 (h0H,
Ar-H), 6.79 (app tJ = 8.0 Hz, 8H, Ar-H), 5.52 (br s, 1H, OH);
¥C-NMR (100 MHz, CDCJ): 5 162.3 (d Jo.r = 247.7 Hz), 144.3
(d, Je.r = 9.1 Hz), 140.6, 137.6, 136.7, 133.7, 132.0, 1,3128.9,
128.8, 128.7, 127.2, 127.04, 126.97, 126.4, 12822,3, 115.3
(d, Jor = 21.4 Hz);"F-NMR (500 MHz, CDC)): § —115.3 (s);
¥P_NMR (200 MHz, CDGJ)): & 5.1 (s); HRMS (ESI): calcd for
CseH3F40,P (M—H)~875.1969 found 875.1976; IR (neat): 1604,
1510, 1230, 1159, 1016 &ima]% 202.4 € 1.0, CHCY).

4.7.4. Catalyst (S)-4
Spectra data are in accordance with the literature.

4.8. Enantiosel ective Mannich-type reaction of N-Boc-

(eluting  with alkynylaminal and acetylacetone

4.8.1. tert-Butyl (3-acetyl-2-oxoundec-5-yn-4-
yl)carbamate

To a suspension of molecular sieve 5A (50 mg)edibutyl
(2-octyne-1,1-diyl)dicarbamate (34 mg, 0.10 mmol) the
mixture of dichloromethane (0.33 mL) and AcOEt (0.8iL)
were added the chiral phosphoric acid catal@t1((9.3 mg,



0.010 mmol) and acetylacetone (50 mg, 0.50 mmoljoatn
temperature. After stirring for 48 h, the mixture waisectly
purified by silica gel chromatography (AcOEt/hexand/9) to
afford the product as white solid (26 mg, 0.080 mr806Pko, 88%
ee)."H-NMR (400 MHz, CDC}): § 5.27 (br s, 1H, NHBoc), 5.08
(app t,J = 8.0 Hz, 1H, EGINHBoc), 4.01 (d,J = 6.8 Hz, 1H,
CHAG,), 2.27 (s, 3H, Ac), 2.22 (s, 3H, Ac), 2.12 (i 7.2 Hz,
2.0 Hz, 2H, CHC=C), 1.47-1.43 (m, 2H, CH 1.43 (s, 9H,
C(CHg)s), 1.32-1.26 (m, 4H, CH), 0.89 (t,J = 6.8 Hz, 3H,
CH,CH3); *C-NMR (100 MHz, CDC)): § 202.9, 202.0, 154.8,
85.1, 80.3, 77.2, 70.8, 42.1, 30.9, 30.3, 30.12,288.1, 22.1,
18.5, 13.9; HRMS (ESI): calcd for ;§,,NNaQ,” (M+Na)"
346.1989 found 346.1994; IR (neat): 3350, 2932,11713189,
1366, 1250, 1161 cfip HPLC analysis: Daicel CHIRALPAK
AS-H, hexane/EtOH = 20/1, flow rate = 0.5 mL/niins 205 nm,
retention timefz= 11.3 min (major), 16.6 min (minor)]} 26.7
(c 1.0, CHC}, 88% ee).

4.8.2. tert-Butyl (3-acetyl-7,7-dimethyl-2-oxooct-5-
yn-4-yl)carbamate

To a suspension of molecular sieve 5Atalt-butyl (4,4-
dimethylpent-2-yne- 1,1-diyl)dicarbamate (33 md,@0mmol) in
the mixture of dichloromethane (0.33 mL) and AcCOE6{0mL)
were added the chiral phosphoric acid catal@2((8.1 mg,
0.010 mmol) and acetylacetone (30 mg, 0.30 mmoBGafC.
After stirring for 48 h, the mixture was directly ffied by silica
gel chromatography (AcOEt/hexane = 1/9) to afford gheduct
as white solid (25 mg, 0.080 mmol, 80%, 92% &¢)NMR (400
MHz, CDCL): 6 5.25 (br s, 1H, NHBoc), 5.07 (appJt= 8.4 Hz,
1H, CHNHBoc), 4.01 (dJ = 6.8 Hz, 1H, CHAg), 2.27 (s, 3H,
Ac), 2.23 (s, 3H, Ac), 1.43 (s, 9H, OC(QH), 1.16 (s, 9H,
CC(CH)3); ®*C-NMR (100 MHz, CDCJ): § 202.8, 201.9, 154.7,
93.2, 80.2, 75.2, 71.0, 42.0, 30.6, 30.3, 30.12,287.2; HRMS
(ESI): caled for GH,NNaQ,” (M+Na)* 332.1832 found
332.1834; IR (neat): 3352, 2970, 1726, 1692, 13264, 1265,
1252, 1167, 1057, 1018 ¢&m HPLC analysis: Daicel
CHIRALPAK AD-H, hexane/EtOH = 50/1, flow rate = 1.0
mL/min, A = 204 nm, retention timdiz = 8.2 min (minor), 11.6
min (major); )% 25.9 € 1.0, CHC}, 92% ee).

4.8.3. tert-Butyl (4-acetyl-5-o0x0-1-
(trimethylsilyl)hex-1-yn-3-yl)carbamate

To a suspension of molecular sieve 5A,talt-butyl (3-
(trimethylsilyl)prop-2-yne-1,1’-diyl)dicarbamate 43 mg, 0.10
mmol) in dichloromethane (1.0 mL) were added therathi
phosphoric acid catalystSf1 (8.0 mg, 0.010 mmol) and
acetylacetone (50 mg, 0.50 mmol) at room tempezatifter
stirring for 72 h, the mixture was directly purifidry silica gel
chromatography (AcOEt/hexane = 1/9) to afford thedpod as
white solid (24 mg, 0.073 mmol, 73%, 90% €&)-NMR (400
MHz, CDCL): 6 5.31 (br s, 1H, NHBoc), 5.11 (appJt= 8.0 Hz,
1H, CHNHBoc), 4.03 (dJ = 6.8 Hz, 1H, CHAg), 2.27 (s, 3H,
Ac), 2.23 (s, 3H, Ac), 1.43 (s, 9H, C(GQH), 0.13 (s, 9H,
Si(CHy)z); “®C-NMR (100 MHz, CDC)): & 202.6, 201.6, 154.7,
101.9, 89.3, 80.5, 70.2, 42.5, 30.4, 30.1, 28.3;H49RMS (ESI):
caled for GgH,,NNaQ,Si* (M+Na)" 348.1602 found 348.1606;
IR (neat): 3350, 2965, 2176, 1705, 1491, 1366, 12363, 1053
cm’; HPLC analysis: Daicel CHIRALPAK AS-H, hexane/EtOH
= 50/1, flow rate = 0.5 mL/miri, = 204 nm, retention timez =
11.5 min (major), 12.1 min (minor)u]> 31.8 € 1.0, CHC},
90% ee).

4.9. Enantiosel ective Manni ch-type reaction of N-Boc-
alkynylaminal and a-substituted S-ketoesters

To a mixture of anN-Boc-aminal (0.10 mmol), am-

substituted3-ketoester (0.30 mmol) and molecular sieve 5A (50
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mg) in dichloromethane (1.0 mL) was added catal§s3(
(8.8 mg, 0.010 mmol) at room temperature. Afterisiyy for 36
h, the mixture was directly purified by silica gélromatography
(AcOEt/hexane = 1/25 to 1/9) to afford the correspogpédduct.
The diastereo-mixture of the Mannich adduct cowddsbparated
by preparative HPLC on a silica gel column (Cosm8&SiL-II,
AcOEt/hexane = 1/30).

4.9.1. Ethyl (1S)-1-((S)-1-((tert-
butoxycarbonyl)amino)-3-phenylprop-2-yn-1-yl)-2-
oxocyclopentanecarboxylate

'H-NMR (400 MHz, CDC)): & 7.38-7.36 (m, 2H, Ph), 7.32-
7.26 (m, 3H, Ph), 6.08 (br d,= 9.6 Hz, 1H, NHBoc), 5.21 (br d,
J=9.6 Hz, 1H, GINHBoC), 4.27-4.14 (m, 2H, Od,CH,), 2.70-
2.52 (m, 1H, CH), 2.44-2.36 (m, 2H, C§), 2.32-2.22 (m, 1H,
CH,), 2.10-2.08 (m, 1H, C}), 1.96-1.92 (m, 1H, C}), 1.45 (s,
9H, C(CH)3), 1.27 (t,J = 7.2 Hz, 3H, OCKCH,); *C-NMR
(100 MHz, CDC}): 6 214.8, 170.0, 154.7, 131.8, 128.5, 128.2,
122.2, 85.7, 84.5, 79.9, 62.9, 61.8, 46.0, 39.09,328.3, 19.7,
14.0; HRMS (ESI): caled. for £GHNNaQ' (M+Na):
408.1781, found: 408.1788; IR (neat): 3426, 2978.,8] 1489,
1367, 1228, 1159, 1035 ¢&m HPLC analysis: Daicel
CHIRALPAK AD-H, hexanefPrOH = 20/1, flow rate = 0.5
mL/min, A = 254 nm, retention timez= 23.9 min (minor), 25.1
min (major); fi]% 79.7 €1.0, CHC}, 94% ee).

4.9.2. Ethyl (1S)-1-((S)-1-((tert-
butoxycarbonyl)amino)-3-(4-bromophenyl)prop-2-
yn-1-yl)-2-oxocyclopentanecarboxylate

'H-NMR (400 MHz, CDC)): & 7.42 (d,J = 8.0 Hz, 2H, Ar-
H), 7.23 (d,J = 8.0 Hz, 2H, Ar-H), 6.06 (br d] = 9.6 Hz, 1H,
NHBoc), 5.18 (br dJ = 9.6 Hz, 1H, GINHBoc), 4.27-4.14 (m,
2H, OCH,CHy), 2.68-2.51 (m, 1H, C}), 2.46-2.21 (m, 3H, C}),
2.13-2.04 (m, 1H, CH, 2.01-1.88 (m, 1H, C}), 1.44 (s, 9H,
C(CHy),), 1.26 (t,J = 7.2 Hz, 3H, OCKCHj); “*C-NMR (100

MHz, CDCk): 6 210.2, 169.9, 154.7, 133.2, 131.5, 122.8, 121.1,

86.9, 83.4, 80.0, 62.8, 61.9, 45.9, 38.9, 32.93,289.6, 14.0;
HRMS (ESI): calcd. for H,BrNNaQ,"™ (M+Na)": 486.0887,
found: 486.0893; IR (neat): 3426, 2978, 1748, 1711486, 1367,
1229, 1159, 1011 chm HPLC analysis: Daicel CHIRALCEL
0OZ-H, hexanePrOH = 20/1, flow rate = 0.5 mL/mini, = 254
nm, retention timetg= 14.0 min (minor), 18.7 min (major)t;
41.0 € 1.0, CHC}, 94% ee).

4.9.3. Ethyl (1S)-1-((S)-1-((tert-
butoxycarbonyl)amino)-3-(4-methylphenyl)prop-2-
yn-1-yl)-2-oxocyclopentanecarboxylate

'"H-NMR (400 MHz, CDCJ): & 7.26 (d,J = 8.0 Hz, 2H, Ar-
H), 7.09 (d,J = 8.0 Hz, 2H, Ar-H), 6.07 (br dl = 10.0 Hz, 1H,
NHBoc), 5.20 (br dJ = 10.0 Hz, 1H, EINHBoc), 4.27-4.13 (m,
2H, O,CHsy), 2.69-2.50 (m, 1H, C}), 2.43-2.39 (m, 2H, C}),
2.36-2.22 (m, 1H, C}), 2.33 (s, 3H, Me), 2.12-2.03 (m,
1H,CH,), 1.99-1.89 (m, 1H, CH), 1.44 (s, 9H, C(CH),), 1.26 (t,
J = 7.2 Hz, 3H, OCHKCH,); “C-NMR (100 MHz, CDC)): &
214.9, 170.0, 154.7, 138.7, 131.6, 128.9, 119.10,8%.6, 79.8,
62.8, 61.8, 46.1, 39.0, 32.9, 28.3, 21.4, 19.6);1ARMS (ESI):
calcd. for GgHxNNaQ;" (M+Na)': 422.1938, found: 422.1948;
IR (neat): 3428, 2978, 1749, 1719, 1510, 1487, 13628,
1159, 1037, 1021 cfp HPLC analysis: Daicel CHIRALPAK
AD-H, hexandfPrOH = 20/1, flow rate = 0.5 mL/min, = 254
nm, retention timetz= 23.6 min (major), 30.2 min (minor)]}"
69.2 € 1.0, CHC}, 93% ee).

4.9.4. Ethyl (1S)-1-((S)-1-((tert-
butoxycarbonyl)amino)-3-(1-cyclohexenyl)prop-2-
yn-1-yl)-2-oxocyclopentanecarboxylate

'"H-NMR (400 MHz, CDCJ): § 6.04 (app quin.J = 2.0 Hz,
1H, CH=C), 5.97 (d, 1H] = 9.2 Hz, GINHBoc), 5.07 (d,J = 8.0
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Hz, 1H, NHBoc), 4.25-4.11 (m, 2H, GGCHs), 2.62-2.48
(m, 1H, CH), 2.41-2.30 (m, 2H, C}), 2.29-2.18 (m, 1H, CH),
2.11-2.04 (m, 5H, CH), 1.97-1.84 (m, 1H, C§), 1.63-1.52 (m,
4H, CH), 1.43 (s, 9H, C(CHy), 1.25 (1, J = 7.2 Hz, 3H,
OCH,CH3); C-NMR (100 MHz, CDGJ): & 214.9, 170.0, 154.6,
135.6, 119.8, 86.3, 82.8, 79.7, 62.9, 61.7, 46901,332.9, 29.0,
28.3, 255, 22.1, 21.3, 19.6, 14.0; HRMS (ESI): daléor

C,,H;NNaGQ;" (M+Na)™: 412.2094, found: 412.2110; IR (neat):

3429, 2977, 2932, 1718, 1487, 1366, 1228, 11586 108"
HPLC analysis: Daicel CHIRALPAK AD-H, hexanBfOH =
20/1, flow rate = 0.5 mL/min). = 226 nm, retention timeg =
17.3 min (minor), 19.4 min (major)u]> 54.8 € 1.0, CHC},
94% ee).

4.9.5. Ethyl (1S)-1-((S,E)-1-((tert-
butoxycarbonyl)amino)-5-phenylpent-4-en-2-yn-1-
yl)- 2-oxocyclopentanecarboxylate

Tetrahedron

CHIRALPAK AD-H, hexanePrOH = 20/1, flow rate = 0.5
mL/min, A = 210 nm, retention timéz= 23.3 min (minor), 29.5
min (major); ] 43.7 € 1.0, CHC}, 91% ee).

4.9.8. Ethyl (1S)-1-((S)-1-((tert-
butoxycarbonyl)amino)-3-cyclohexylprop-2-yn-1-
yl)-2-oxocyclopentanecarboxylate

'"H-NMR (400 MHz, CDCJ): & 5.94 (br d,J = 10.0 Hz,
NHBoc), 4.95 (d,J = 10.0 Hz, 1H, GINHBoc), 4.24-4.10 (m,
2H, OH,CHy), 2.63-2.47 (m, 1H, C}), 2.40-2.28 (m, 3H, CK
CHCHy), 2.26-2.15 (m, 1H, C}), 2.11-1.99 (m, 1H, C}), 1.96-
1.83 (m, 1H, CH), 1.72-1.62 (m, 4H, Cy), 1.49-1.21 (m, 6H,
Cy), 1.43 (s, 9H, C(Ck)), 1.24 (t,J = 7.2 Hz, 3H, OCHCH,);
®C-NMR (100 MHz, CDC)): § 210.4, 170.1, 154.8, 89.2, 79.6,
77.2, 62.9, 61.7, 45.7, 39.1, 32.9, 32.5, 28.73,285.8, 24.6,
19.7, 14.0; HRMS (ESI): calcd. for,E;;NNaQ" (M+Na)™
414.2251, found: 414.2260; IR (neat): 3430, 297302 2854,

'H-NMR (400 MHz, CDC}): & 7.38-7.25 (m, 5H, Ph), 6.89 1750, 1720, 1489, 1366, 1228, 1159, 1036"cHPLC analysis:

(d, J = 16.4 Hz, 1H, PhB=CH), 6.09 (dd, = 16.4 Hz, 2.4 Hz,
1H, PhCH=G1), 6.04 (br dJ = 9.6 Hz, 1H, NHBoc), 5.15 (br d,
J=9.6 Hz, 1H, GINHBoC), 4.28-4.13 (m, 2H, OF,CHy), 2.67-
2.51 (m, 1H, CH), 2.45-2.23 (m, 3H, CH 2.14-2.04 (m, 1H,
CH,), 2.00-1.87 (m, 1H, Ch), 1.44 (s, 9H, C(CH),), 1.26 (tJ =
7.2 Hz, 3H, OCHCH,); *C-NMR (100 MHz, CDC)): § 214.9,
170.0, 154.7, 142.1, 135.9, 128.8, 128.7, 126.2,2187.7, 83.7,
79.9, 62.8, 61.8, 46.2, 38.9, 32.9, 28.3, 19.60;14RMS (ESI):

caled. for GH,oNNaGQ;" (M+Na)™: 434.1938, found: 434.1949;

IR (neat): 3426, 2978, 1717, 1489, 1367, 1319, 129®»9,
1158, 1036 ci; HPLC analysis: Daicel CHIRALPAK AD-3,
hexane/EtOH = 20/1, flow rate = 0.5 mL/mikh,= 254 nm,
retention timefz= 29.9 min (major), 40.2 min (minor)J; 79.1
(c 1.0, CHCL, 90% ee)

4.9.6. Ethyl (1S)-1-((S)-1-((tert-
butoxycarbonyl)amino)-oct-2-yn-1-yl)-2-
oxocyclopentanecarboxylate

'H-NMR (400 MHz, CDC)): 5.96 (br d,J = 8.8 Hz, 1H,

CHNHBoc), 4.94 (br dJ = 9.2 Hz, 1H, NHBoc), 4.24-4.10 (m,

2H, OCH,CHy), 2.63-2.48 (m, 1H, C}), 2.36-2.32 (m, 2H, C}),
2.29-2.01 (m, 2H, Ch), 2.12 (td,J = 7.2 Hz, 2.0 Hz, 2H, C}}|
1.96-1.86 (m, 1H, CH), 1.48-1.43 (m, 2H, CH), 1.43 (s, 9H,
C(CHy)s), 1.32-1.27 (m, 4H, CH, 1.24 (t,J = 7.2 Hz, 3H,
OCH,CHj3), 0.89 (t,J = 6.8 Hz, 3H, CHCH,CH,); *C-NMR

(100 MHz, CDC}): $ 215.0, 170.1, 154.8, 85.2, 79.6, 76.5, 62.8,

61.7, 45.7, 39.0, 32.9, 30.9, 28.3, 28.2, 22.16,198.5, 14.0,
13.9; HRMS (ESI): calcd. for £HiNNaQ'" (M+Na)':
402.2251, found: 402.2253; IR (neat): 3429, 29&1322 1750,
1720, 1489, 1228, 1159 ¢&m HPLC analysis: Daicel
CHIRALPAK IC, hexandgPrOH = 10/1, flow rate = 0.5 mL/min,
A = 210 nm, retention timer = 21.3 min (minor), 37.3 min
(major); [a]% 35.4 €1.0, CHC}, 92% ee).

4.9.7. Ethyl (1S)-1-((S)-1-((tert-
butoxycarbonyl)amino)-5-phenylpent-2-yn-1-yl)-2-
oxocyclopentanecarboxylate

'H-NMR (400 MHz, CDCJ): 5 7.30-7.26 (m, 2H, Ph), 7.22-

7.16 (m, 3H, Ph), 5.96 (br d,= 10.0 Hz, 1H, NHBoc), 4.90 (br
d, J = 10.0 Hz, 1H, GINHBoC), 4.22-4.07 (m, 2H, OE,CHy),
276 (t, J = 7.2 Hz, 2H, PhB,CH,), 2.49-2.44 (m, 2H,
PhCHCH,), 2.44-2.36 (m, 1H, C}), 2.28-2.22 (m, 1H, CH,
2.15-2.07 (m, 1H, Ch), 2.00-1.76 (m, 3H, C§, 1.42 (s, 9H,
C(CHy)s), 1.22 (t,J = 7.2 Hz, 3H, OCKCH;); “*C-NMR (100

MHz, CDCk): 6 215.1, 170.1, 154.7, 140.3, 128.4, 128.3, 126.2

84.2, 79.6, 77.3, 62.7, 61.7, 45.6, 38.8, 34.57,328.3, 20.4,
19.6, 13.9;HRMS (ESI): calcd. for gHz;NNaQ"™ (M+Na)':

436.2094, found: 436.2108; IR (neat): 3427, 2977,6] 1487,
1366, 1319, 1299, 1226, 1155, 1033'cHPLC analysis: Daicel

Daicel CHIRALPAK IC, hexan&PrOH = 20/1, flow rate = 0.5
mL/min, A = 210 nm, retention timéz= 30.8 min (minor), 58.8
min (major); 1] 44.0 € 1.0, CHC}, 95% ee).

4.9.9. Ethyl (1S)-1-((S)-1-((tert-
butoxycarbonyl)amino)-3-cyclopropylprop-2-yn-1-
yl)-2-oxocyclopentanecarboxylate

'H-NMR (400 MHz, CDC)): 6 5.92 (br d,J = 8.8 Hz, 1H,
NHBoc), 4.90 (br dJ = 8.8 Hz, 1H, EINHBoc), 4.23-4.10 (m,
2H, OH,CH,), 2.59-2.46 (m, 1H, C}), 2.35-2.16 (m, 3H,
CHjy), 2.09-2.02 (m, 1H, C}), 1.95-1.83 (m, 1H, C}), 1.42 (s,
9H, C(CH)3), 1.24 (t,J = 7.2 Hz, 3H, OCHCH3), 1.21-1.13 (m,
1H, CH), 0.75-0.70 (m, 2H, CH4H), 0.62-0.58 (m, 2H,
CHCHH); C-NMR (100 MHz, CDCJ):  214.9, 170.1, 154.7,
88.2, 79.6, 71.6, 62.9, 61.7, 45.6, 39.0, 32.83,289.6, 14.0,
8.22, 8.19, —0.7; HRMS (ESI): calcd. forg8,;-NNaQ;"
(M+Na)": 372.1781, found: 372.1789; IR (neat): 3429, 2978,
1717, 1488, 1367, 1229, 1158, 1030 'cHPLC analysis: Daicel
CHIRALCEL OZ-H, hexanéPrOH = 20/1, flow rate = 0.5
mL/min, A = 210 nm, retention timeéz= 18.4 min (minor), 20.8
min (major); 1] 39.4 € 1.0, CHC}, 93% ee).

4.9.10. Ethyl (1S)-1-((S)-1-((tert-
butoxycarbonyl)amino)-4,4-dimethylpent-2-yn-1-
yl)-2-oxocyclopentanecarboxylate

'H-NMR (400 MHz, CDCJ): & 5.90 (br d,J = 10.0 Hz, 1H,
NHBoc), 4.93 (br dJ = 10.0 Hz, 1H, €EINHBoc), 4.23-4.10 (m,
2H, OCH,CHy), 2.64-2.47 (m, 1H, C}), 2.40-2.27 (m, 2H, C}),
2.23-2.14 (m, 1H, C}), 2.11-2.02 (m, 1H, C}), 1.96-1.83 (m,
1H, CH,), 1.43 (s, 9H, OC(CH,), 1.25 (t,J = 7.2 Hz, 3H,
OCH,CHj), 1.16 (s, 9H, CC(Chk); “*C-NMR (100 MHz,
CDCly): 8 214.8, 170.1, 154.7, 93.3, 79.6, 75.2, 63.0, 6456,
39.2, 32.9, 30.8, 28.3, 27.2, 19.6, 14.0; HRMS (E&)cd. for
C,oH3:NNaGQ;" (M+Na)™: 388.2094, found: 388.2105; IR (neat):
3430, 2970, 1719, 1489, 1366, 1321, 1299, 12279 11336 cm
L HPLC analysis: Daicel CHIRALCEL OZ-H, hexaiffOH =
50/1, flow rate = 0.5 mL/min)}. = 209 nm, retention timeg =
12.1 min (minor), 16.6 min (major)u]s 42.2 € 1.0, CHCH,
95% ee).

4.9.11. Ethyl 1-(1-((tert-butoxycarbonyl)amino)-3-
phenylprop-2-yn-1-yl)-2-oxocyclohexanecarboxylate
'"H-NMR (400 MHz, CDC})): & 7.41-7.35 (m, 2H, Ph), 7.31-
7.25 (m, 3H, Ph), 5.89 (br d,= 10.4 Hz, 1H, NHBoc), 4.97 (br
d,J=10.4 Hz, 1H, EINHBoc), 4.22 (qdJ = 7.2 Hz, 1.2 Hz, 2H,
DCH,CH,), 2.69-2.56 (m, 1H, CH, 2.58-2.48 (m, 2H, C},
2.11 (td,J = 13.2 Hz, 3.2 Hz, 1H, CHi 2.06-2.00 (m, 1H, CH,
1.86 (app dJ = 13.2 Hz, 1H, Ch), 1.72-1.51 (m, 2H, C}), 1.42
(s, 9H, C(CH),), 1.29 (t,J = 7.2 Hz, 3H, OCKCH,); **C-NMR



(100 MHz, CDC}): 6 207.1, 170.4, 154.7, 131.8, 128.3, 128.1,
122.6, 86.2, 84.3, 79.7, 65.1, 62.0, 47.7, 41.27,328.3, 26.3,
22.2, 14.0; HRMS (ESI): calcd. for ,$,0NNaQ;" (M+Na)'
422.1938, found: 422.1952; IR (neat): 3449, 2978852 1715,
1484, 1226, 1168, 1022 &m HPLC analysis: Daicel
CHIRALPAK AD-H, hexanerOH 20/1, flow rate = 0.5
mL/min, A = 206 nm, retention timéz= 15.3 min (minor), 23.1
min (major); fi]% —2.3 € 1.0, CHC}, 95% ee).

4.9.12. Ethyl 2-acetyl-2-benzyl-3-((tert-
butoxycarbonyl)amino)-5-phenylpent-4-ynoate
'"H-NMR (400 MHz, CDCJ): both diastereomers 7.42-7.39
(m, 2H, Ph), 7.32-7.25 (m, 8H, Ph), 5.79 (brddz= 10.0 Hz,
0.66H, NHBoc), 5.54 (br s, 0.34H, NHBoc), 5.27 (bdd; 10.0
Hz, 0.66H, GINHBoc), 5.21 (br s, 0.69H,ldNHBoc), 4.31 (q,]
=7.2 Hz, 1.31H, O8,CH,), 4.14 (qd,J = 7.2 Hz, 2.8 Hz, 0.69H,
OCH,CHy), 3.45-3.39 (m, 2H, PhCH{ 2.29 (s, 1.0H, Ac), 1.99
(s, 2.0H, Ac), 1.44 (s, 5.9H, C(GR), 1.43 (s, 3.1H, C(Chk),
1.31 (t,J = 7.2 Hz, 2.0H, OCKCH,), 1.16 (t,J = 7.2 Hz, 1.0H,
OCH,CH,); “C-NMR (100 MHz, CDCJ)): both diastereomers,
205.4, 205.3, 170.5, 169.8, 154.9, 154.7, 135.5,.01,3131.75,
131.71, 130.3, 130.2, 128.61, 128.58, 128.5, 12828.30,
128.27, 127.4, 127.3, 122.4, 122.3, 86.3, 85.81,880.3, 68.8,
68.1, 62.0, 61.6, 46.2, 45.8, 39.2, 39.1, 30.14,298.3 (two
peaks overlap), 14.1, 13.8, 1.0, 0.0; HRMS (ESl)ca:afor
C,;H;:NNaGQ;" (M+Na)™: 472.2094, found: 472.2098; IR (neat):
3430, 2979, 1716, 1489, 1367, 1246, 1165, 10171; dAPLC
analysis: Daicel CHIRALPAK IF, hexantOH = 50/1, flow
rate = 0.5 mL/minA = 210 nm, retention timgg = 27.7 min
(minor), 31.8 min (major);d]% 27.2 € 1.0, CHC}, 89% ee).

4.9.13. Ethyl 2-acetyl-2-hexyl-3-((tert-
butoxycarbonyl)amino)-5-phenylpent-4-ynoate

'"H-NMR (500 MHz, CDCJ): both diastereomers 7.38-7.35
(m, 2H, Ph), 7.31-7.26 (m, 3H, Ph), 5.76 Jd; 10.0 Hz, 0.71H,
NHBoc), 5.57 (br s, 0.29H, NHBoc), 5.24-5.19 (m, 1H,
CHNHBoc), 4.34-4.28 (m, 1.42H, QGCH;), 4.27-4.18 (m,
0.58H, OQH,CHs), 2.32 (s, 0.87H, Ac), 2.25 (s, 2.13H, Ac),
2.11-2.05 (m, 1H, BHCC), 1.95 (dddJ = 14.0 Hz, 12.5 Hz, 4.5
Hz, 0.29H, CHHCC), 1.86 (ddd,) = 14.0 Hz, 12.5 Hz, 4.5 Hz,
0.71H, CHHCC), 1.55-1.41 (m, 2H, CH 1.46 (s, 9H,
OC(CHy)s), 1.41-1.18 (m, 6H, Cp), 1.33 (t,J = 7.5 Hz, 3H,
OCH,CH3), 0.87 (t,J = 6.5 Hz, 3H, CHCH,CH,); *C-NMR
(125 MHz, CDC)): both diastereomers, 204.8, 204.6, 170.9,
170.6, 154.9, 154.8, 131.70, 131.67, 128.5, 128238.24,
128.17, 122.6, 122.4, 86.4, 85.9, 84.2, 84.0, 88(0, 68.0,
66.8, 61.6, 46.7, 45.6, 33.8, 33.3, 31.4, 29.86,288.3, 27.7,
24.6, 24.2, 22.5, 14.14, 14.05, 14.0; HRMS (ESl)caafor
CaHaNNaGQ;" (M+Na): 466.2564 found: 466.2553; IR (neat):
2931, 1716, 1488, 1367, 1328, 1242, 1168, 1018; dHPLC
analysis: Daicel CHIRALPAK AD-H connected with Daicel
CHIRALPAK AD-3, hexandPrOH = 20/1, flow rate 0.5
mL/min, A = 210 nm, retention timéz= 24.6 min (minor), 25.5
min (major); fi]% 40.2 € 1.0, CHC}, 91% ee).

4.10. Enantiosel ective Mannich-type reaction of N-Boc-
alkynylaminal and aldehydes

To a solution oN-Boc-aminal (0.10 mmol) and)-4 (5.0 mg,
0.010 mmol) in the appropriate solvent (2.0 mL) wexded
aldehyde (0.30 mmol) and 3,4-dihydrbl-pyran (DHP) (18uL,
0.20 mmol) at room temperature. After stirring fd 8, the
reaction mixture was added MeOH (2.0 mL) and NaBH. mg,
0.30 mmol) at 0 °C. After stirring for 2 h at 0 °@e reaction
mixture was quenched with water and extracted with AcOEke
combined organic layers were washed with brine, ddedr
NaSQO, and concentrated. The residue was purified by colum
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chromatography on silica gel (eluting with hexane/AtGE
7/1, then toluene/AcOEt = 20/1) to afford the coroesfing
Mannich adduct.

4.10.1. tert-Butyl (3R,4S)-(4-benzyl-5-hydroxy-1-
phenylpent-1-yn-3-yl)carbamate

The reaction was carried out in the mixed solvent of
PhCR/ACOEt (1/1). '"H-NMR (400 MHz, CDCl): & 7.46-7.43
(m, 2H, Ar-H), 7.33-7.31 (m, 3H, Ar-H), 7.30-7.25 (m, 4Rt-
H), 7.22-7.19 (m, 1H, Ar-H), 5.10 (d, 1H,= 8.0 Hz, NH), 4.77
(t, 1H, appJ = 8.0 Hz, GINH), 3.73 (d, 1H,J = 11.6 Hz,
CHHOH), 3.51 (m, 1H, CHOH ), 3.03 (dd, 1HJ = 9.6, 4.4 Hz,
CHHPh), 2.81-2.87 (m, 1H, GHPh), 2.75 (br s, 1H, OH), 1.95
(m, 1H, CHCH,OH), 1.47 (s, 9H, C(Chk); “*C-NMR (125
MHz, CDCk): 4 156.1, 140.2, 131.7, 129.3, 128.5, 128.3, 126.1,
122.5, 87.6, 84.6, 80.5, 59.8, 49.1, 45.2, 33.9;28RMS (ESI):
calcd. for GgH,NNaQ;" (M+Na)": 388.1883, found: 388.1884;
IR (neat): 3392, 2927, 1690, 1491, 1367, 1248, 11646 cn;
HPLC analysis: Daicel CHIRALPAK IC, hexamefOH = 50/1,
flow rate = 1.0 mL/min) = 254 nm, retention timaz = 33.6
min (major), 55.7 min (minor).

4.10.2. tert-Butyl (3R,4S)-(4-benzyl-5-hydroxy-1-
(4-methoxyphenyl)pent-1-yn-3-yl)carbamate

The reaction was carried out in the mixed solvent of
DCE/AcOEt (1/1)."H-NMR (400 MHz, CDCJ): § 7.37 (d, 2H,J
= 8.8 Hz, Ar-H), 7.31-7.18 (m, 5H, Ar-H), 6.84 (d, 28i,=
9.2Hz, Ar-H), 5.08 (d, 1HJ = 8.4 Hz, NH), 4.74 (app t, 1H,=
8.4 Hz, GHNH), 3.81 (s, 3H, OCH), 3.71 (d, 1HJ = 11.2 Hz,
CHHOH), 3.49 (m, 1H, CHOH), 3.02 (dd, 1HJ = 13.2, 4.0 Hz,
CHHPh), 2.85-2.79 (m, 2H, GHPh, OH), 1.93 (m, 1H,
CHCH,OH), 1.46 (s, 9H, C(Chk); “C-NMR (100 MHz,
CDCly): 6 159.8, 156.0, 140.3, 133.2, 129.3, 128.4, 126.4,711
114.0, 86.2, 84.6, 80.4, 60.1, 55.3, 49.1, 45.40,328.3HRMS
(ESI): caled. for GH,NNaO,” (M+Na): 418.1989, found:
418.1987; IR (neat): 3399, 2931, 1689, 1606, 14387, 1247,
1170, 1032 cm HPLC analysis: Daicel CHIRALPAK IC,
hexane/EtOH = 40/1, flow rate = 1.0 mL/mikh,= 254 nm,
retention timefg = 25.3 min (major), 27.2 min (minor).

4.10.3. tert-Butyl (3R,4S)-(4-(hydroxymethyl)-1-(4-
methoxyphenyl)-5-methylhex-1-yn-3-yl) carbamate

The reaction was carried out in the mixed solvent
DCE/ACOEt (1/1)*H-NMR (400 MHz, CDC)): 6 7.35 (d, 2H,J
= 8.4 Hz, Ar-H), 6.82 (d, 2H] = 8.4 Hz, Ar-H), 5.43 (br d, 1H,
=8.4 Hz, NH), 4.91 (m, 1H,ANH), 4.07 (br d, 1HJ = 9.2 Hz,
CHHOH), 3.95-3.85 (m, 1H, CHOH), 3.80 (s, 3H, OC}}, 2.35
(br s, 1H, OH), 2.13-2.08 (m, 1H,HICHs),), 1.66 (m, 1H,
CHCH,OH), 1.47 (s, 9H, C(CHs), 1.06 (d, 3H,J = 6.4 Hz,
CH(CHy),), 1.05 (d, 3HJ = 6.4 Hz, CH(®,),); *C-NMR (125
MHz, CDCk): & 159.5, 155.8, 133.1, 115.0, 113.9, 87.3, 83.5,
80.0, 60.6, 55.3, 51.1, 44.3, 28.4, 26.5, 21.47;19RMS (ESI):
calcd. for GgHxNNaQ,” (M+Na)": 370.1989, found: 370.1982;
IR (neat): 3391, 2963, 1688, 1607, 1509, 1247, kil HPLC
analysis: Daicel CHIRALPAK AS-H, hexané?rOH = 20/1,
flow rate = 0.75 mL/minA = 254 nm, retention timez = 10.8
min (major), 16.5 min (minor).

of

4.11. Carbamoyl groups exchange reaction between N-Boc- and
N-Cbz-aminal

To a suspension of molecular sieve 4A (50 mg)edibutyl
(phenylmethylene)dicarbamate (16 mg, 0.050 mmol)d an
dibenzyl (phenylmethylene)dicarbamate (20 mg, 0.0800l) in
dichloromethane (1.0 mL) was added Cu(@TB.6 mg, 0.010
mmol) at room temperature. After stirring for 24the mixture
was directly purified by silica gel column chromataghy
(AcOEt/hexane 1/30 to 1/9) to afford t@-butyl
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(phenylmethylene) dicarbamate (8.0 mg, 0.25 mmbRoR
dibenzyl (phenylmethylene)dicarbamate (13 mg, Ordol,
34%) and benzytert-butyl (phenylmethylene)dicarbamate (7.4
mg, 0.021 mmol, 21%).

4.11.1. Benzyl tert-butyl
(Phenylmethylene)dicarbamate

'"H-NMR (400 MHz, CDC}): § 7.40-7.30 (m, 10H, Ar-H), 6.20
(t, J = 8.0 Hz, 1H, ©-Ph), 5.76 (br s, 1H, NHCbz), 5.53 (br s,
1H, NHBoc), 5.13 (s, 1H, OCiRh), 1.43 (s, 9H, C(CH); °C-
NMR (100 MHz, CDC)): § 155.3, 154.7, 139.2, 136.2, 128.7,
128.5, 128.24, 128.18, 128.1, 125.8, 80.4, 67.09,628.3;
HRMS (ESI): calcd. for gH..N,NaQ,” (M+Na): 379.1628,
found: 379.16278; IR (neat): 3310, 3032, 2978, 170845,
1506, 1240, 1171, 1016 &m

4.12. Hetero-Diels-Alder reaction of N-Boc-aminal with
cyclopentadiene

To a mixture of ditert-butyl (phenylmethylene)dicarbamate
(32 mg, 0.10 mmol), cyclopenta-1,3-diene (42 0.5 mmol) and
molecular sieves 5A (50 mg) in dichloromethane (hl) was
added a Cu(OT$)(3.6 mg, 0.010 mmol) at 0 °C. After stirring for
96 h at the same temperature, the reaction mixtasequenched
with ag. NaHCQ and extracted with dichloromethane. The
combined organic layers were dried over .8, and
concentrated. The residue was purified by
chromatography on silica gel (hexane/AcOEt = 20/1pafford
the correcponding hetero-Diels-Alder adduct (15.5 ©@§)57
mmol, 57% yield).

4.12.1. tert-Butyl 3-phenyl-2-
azabicyclo[2.2.1] hept-5-ene-2-carboxylate

The title compound was obtained as a single diasteze, and
exists as a mixture of rotamers in chlorofortH-NMR (400
MHz, CDCLk): 6 7.33-7.31 (m, 4H, Ph), 7.23-7.21 (m, 1H, Ph),
6.54 (s, 0.5H, HC=CH), 6.45 (s, 1H, PhCHOH)C6.43 (s, 0.5H,
HC=CH), 4.84 (s, 0.5H, HC=CH), 4.70 (s, 0.5H, HC=CH), 4.10
(s, 0.5H, Ph@&), 4.01 (s, 0.5H, Phd), 3.04 (s, 1H, PhCH@),
1.81 (d, 1HJ = 8.8 Hz, G1H), 1.46 (s, 4.5H, C(Chk), 1.38 (d,
1H, J = 8.0 Hz, CHH), 1.22 (s, 4.5H, C(Ch); “C-NMR (125
MHz, CDCL): & 156.7, 156.3, 142.2, 141.8, 137.9, 136.0, 135.4
128.3, 128.0, 126.6, 126.5, 126.3, 79.4, 62.2,,68142, 60.8,
52.1, 51.5, 43.9, 43.5, 28.4, 28.2; HRMS (ESI) caltaf
Ci7H,:NNaQ," (M+Na)™: 294.1465, found: 294.1469; IR (neat):
2975, 1695, 1364, 1162, 1122, 714tm

4.13. Comparison of reactivity of aldehyde and encarbamate

tert-Butyl benzylidenecarbamateas synthesized according to
the literature proceduf@.To a mixture of diphenyl phosphate
(2.5 mg, 0.010 mmol) and molecular sieve 5A (50 mgpCM
(2.0 mL) were added 3-phenylpropanal (49 0.30 mmol) and
tert-butyl benzylidenecarbamate (21 mg, 0.10 mmol) canr
temperature. After stirring for 5 h, the mixture veakled MeOH
(2.0 mL) and NaBH (11 mg, 0.30 mmol) at 0 °C. After stirring
for 2 h at 0 °C, the reaction mixture was quenchet water and
extracted with AcOEt. The combined organic layers weshed
with brine, dried over N&O, and concentrated. The residue was
purified by column chromatography on silica gelufelg with
hexane/AcOEt = 7/1) to afford the Mannich adduct witice
yield as shown in Scheme 11A.

tert-Butyl (3-phenylprop-1-en-1-yl)carbamat@s synthesized
according to the literature proceddfdo a mixture of diphenyl
phosphate (2.5 mg, 0.010 mma#xt-butyl (3-phenylprop-1-en-
1-yl)carbamate (70 mg, 0.30 mmol) and moleculavesigA (50
mg) in dichloromethane (2.0 mL) was added teat-butyl
benzylidenecarbamate (21 mg, 0.10 mmol) at roonpégatiure.

columnResearch
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After stirring for 5 h, the mixture was added MeOH (éhD) and
NaBH, (11 mg, 0.30 mmol) at 0 °C. After stirring for 2ah0 °C,
the reaction mixture was quenched with water and ebelawith
AcOEt. The combined organic layers were washed withebri
dried over NgSO, and concentrated. The residue was purified by
column chromatography on silica gel (eluting with
hexane/AcOEt = 10/1) to afford the adduct as show8dneme
11B (40 mg, 0.090 mmol, 90%/Z = 3.5/1).

To a solution of the adduct obtained from SchemB (ZB
mg, 0.050 mmol) and diphenyl phosphate (1.3 md@%0anmol)
in DCM (1.0 mL) was added water (0.050 mmol, (L9 at room
temperature. After stirring for 48 h, the reactioixtore was
added MeOH (1.0 mL) and NaBK1.9 mg, 0.050 mmol) at 0 °C.
After stirring for 2 h at 0 °C, the reaction mixturas quenched
with water and extracted with AcOEt. The combined organi
layers were washed with brine, dried over ,8&, and
concentrated. The residue was purified by column
chromatography on silica gel (eluting with hexane/At®K/1)
to afford the corresponding aminoalcohol as showiséheme
11C (14 mg, 0.039 mmol, 78%).
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