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Abstract

Owing to their challenging structural features and significant biomedical
properties, salinosporamides have attracted great interest from scientists within the
chemical and medicinal research communities. This article reports the evolution of
a synthetic strategy aimed at rapidly accessing highly functionalized pyrrolidinone
cores with correct stereochemistries. Our first strategy involved combined use of
memory of chirality and dynamic kinetic resolution principles in intramolecular
aldol reactions of a 5-oxazolidinone aldol substrate, which was successful in terms
of diastereoselectivity but ultimately unsuccessful with respect to enantioselectivity.
This failure led us to the revised strategy, with which we installed the C-2
stereocenter prior to use of the intramolecular aldol reaction. The influence of the
stereocenter in the 5-oxazolidinone enabled selective installation of the C-2
stereocenter. The intramolecular aldol reaction of the C-2 stereodefined 5-
oxazolidinone aldol substrate was successful. An interesting and unexpected
hydrolytic dynamic kinetic resolution was observed in hydrolyses of the 5-
oxazolidinone/pyrrolidinone bicyclic aldol products. This unprecedented substrate-
driven hydrolytic dynamic Kkinetic resolution was utilized in preparing the
pyrrolidinone core with excellent efficiency. Through this strategy, a 9-step total
synthesis of salinosporamide B and a 12-step synthesis of salinosporamide A were
achieved with conciseness and high selectivity from silyl-protected serine as the
only chiral source. In addition, the total syntheses of cinnabaramides A, E, and F
were achieved by using the same chemistry.

Key word: Aldol cyclization, Salinosporamide, Hydrolytic dynamic Kinetic
resolution, 5-oxazolidinone, Total synthesis
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l. Introduction

Salinosporamides constitute a family of natural products produced by marine
bacteria of the genus Salinispora (Figure 1). The characteristic structural feature of
these compounds is a densely functionalized y-lactam-$-lactone bicyclic core. The
first and representative member of the salinosporamide family is salinosporamide
A (1), which was isolated from Salinispora tropica by Fenical and coworkers in
2003.* Compound 1 is a highly potent irreversible inhibitor of the 20S proteasome
and exhibits potent in vitro cytotoxicity. Due to its significant biomedical
properties,? this compound was entered into human clinical trials under the name
marizomib.® After the identification of 1, several other salinosporamides were
identified from S. tropica, including its deschloro analog salinosporamide B (2)
and methyl congener salinosporamide D (3). C-2 epimers of 1 and 3
(salinosporamides F (4) and G (5), respectively) as well as the C-3 ethyl analog
salinosporamide 1 (6) were also identified.* The salinosporamide family also
encompasses chemically related terrestrial metabolites, cinnabaramides, isolated
from a terrestrial strain of Streptomyces.® The structures of cinnabaramides
basically differ from those of salinosporamides in possessing a hexyl substituent at
C-2. Cinnabaramides A (7) and B (8) have bicyclic y-lactam-f-lactone ring systems

similar to those of salinosporamides, while cinnabaramides D (9) and E (10) are



seco-forms of the corresponding S-lactone moieties. Cinnabaramides F (11) and G
(12) are thioester derivatives and are considered analogs of the natural product
lactacystin. Interestingly, cinnabaramide A (7) strongly inhibited the 20S
proteasome with a potency similar to that of 1,° even though the former lacked the

chlorine substituent essential for the strong activity of the latter.

(a) salinosporamides

salinosporamide A (1): R' = Me, R% = -+1CH,CH,ClI
salinosporamide B (2): R' = Me, R? = 11Et
salinosporamide D (3): R' = Me, R? = -"Me
salinosporamide F (4): R' = Me, R?> = =«CH,CH,CI
salinosporamide G (5): R' = Me, R? = =Me
salinosporamide | (6): R" = Et, RZ= "11CH,CH,CI

HO HO.
3
HO,C' RO,C "
2 o e o
HO'- S oo
i NHAc - 1
R/\C5H11 ~CsH1y

cinnabaramide A (7): R =H cinnabaramide D (9): R = OH cinnabaramide F (11): R=H
cinnabaramide B (8): R = OH cinnabaramide E (10): R = H cinnabaramide G (12): R = Me

Figure 1. Structures of the salinosporamide family.

The challenging structural features of salinosporamides, which have a highly
functionalized skeleton and five contiguous stereogenic centers, including adjacent
quaternary centers, have attracted tremendous interest from the synthesis
community. The first total synthesis of salinosporamide was achieved by Corey.®
To date, fifteen successful total syntheses of salinosporamide A (1) and seven

formal syntheses have been reported.5’ Total syntheses of other salinosporamides



have not been reported. The synthesis of cinnabaramide A (7) has been reported
once, by Romo.®" Most synthetic strategies differ in how they access the highly
decorated pyrrolidinone core, as depicted in Figure 2. While Corey® and Omura®
constructed the pyrrolidinone ring through a ring closure involving formation of a
bond between C-2 and C-3, Borhan® and Chida® constructed the ring by joining
the nitrogen function to C-1. An important approach to the pyrrolidinone ring
involved bond formation between C-3 and C-4. In this regard, Burton® and
Hatakeyama® employed oxidative cyclization and the Conia-Ene reaction of
amidomalonate substrates, respectively. Moreover, several groups, including the
Potts and Romo groups, used an intramolecular aldol reaction to connect C-3 and

C-4 6c,f,h,j,m

It is surprising, considering the considerable recent advances in synthetic
strategies and methods, that most syntheses of these comparably small but complex
natural products have required more than 15 steps.%¢9'k! Given our interest in
asymmetric and concise total synthesis using a minimum number of chiral
sources,®® we sought a retrosynthetic scheme that would lead to the amino acid as
the only chiral source in the synthesis of salinosporamides. Herein, we report
concise total syntheses of salinosporamides A (1) and B (2) as well as
cinnabaramides A (7), E (10), and F (11) from serine through a strategy that

features a number of chirality induction processes.



Baylis-Hillman
<Corey>

MeO,C

MeOZC?—N;:O

RO,C
oxidative
radical cyclization
<Burton>

R

MeOzC
O

MeO,C )

R

Conia-Ene
<Hatakeyama>

R _o.__OMe
HN
\ ‘7
|
HO R
aldol hydroamination  skeletal rearrangement
<Omura> <Borhan> <Chida>
Burton OR MeO,C
Hatakeyama O:/ R Borhan 2 )&NH
Potts Chid.
Fomo o o | MeoL”) =0
Fukuyama HO'J2/2 Me
Walter Me /\ 0" o R
Corey
**Danishefsky / u
(facial selective addition) Omura
aldol
Pyrrolidinone Core <Walter>
0 O, -OH CO,Me
MeO_ : »—Bu BnO (L R HN—&
YG\N N N o ( CO,Me
O) O) Me
oY J=o W =o
Me Me = R O\//O
R R
aldol aldol-lactonization aldol
<Potts> <Romo> <Fukuyama>

Figure 2. Previous strategies for preparing pyrrolidinone cores of salinosporamides.

1. Results and Discussion

We previously reported an application of the principles of “memory of chirality”

(MOC)¥ and “dynamic kinetic resolution”

(DKR)!! to intramolecular aldol

reactions for asymmetric construction of the pyrrolidinone cores of some natural

products by using simple amino acids as the only chiral source (Scheme 1a).2 The

excellent MOC and DKR outcomes were attained with the relatively weak base

NaOEt in a protic solvent. Building on our previous work, we designed an

approach that would implement the combined use of MOC and DKR for concise



synthesis of the salinosporamide family. As shown in Scheme 1b, we expected that
the aldol reaction of d-serine derivative 13 would yield pyrrolidinone 14. The
predicted product 14 might have the C-2 and C-3 stereochemistries (natural
product numbering) required for syntheses of the target salinosporamides. On the
other hand, the configuration of the C-4 quaternary center was not suitable for
concise synthesis. The oxidation levels of two substituents on the C-4 carbon
should be reciprocally changed, which would make any given synthetic route
longer. In fact, many previous syntheses of salinosporamides required several extra
steps to adjust the oxidation levels of C-4 substituents or to differentiate two
identical C-4 ester groups.t>-dihmo

To shorten the synthesis by avoiding redox adjustment steps, we devised an
alternate route involving I-serine-derived 5-oxazolidinone 15 (Scheme 1b). We
envisioned that the intramolecular aldol reaction of 15 via enolate 16 might afford
aldol product 17 with the proper configuration required to proceed swiftly to the
salinosporamides. Although this stereochemical outcome was postulated on the
basis of our previous MOC-DKR aldol reactions (Scheme 1a), there were several
stereochemical concerns to be addressed. Two of the major questions were whether
the axially chiral endocyclic enolate 16 was obtainable with appropriate selectivity
and whether the resulting chiral enolate would have a sufficiently sizeable energy

barrier for racemization to allow the MOC aldol reaction. Successful MOC



reactions via endocyclic enolates were reported by the Alezra group, who
employed amino acid-derived 5-oxazolidinone with a bulky naphthyl amide
moiety.'? This bulky moiety was used to enhance the stability of the dynamic axial
chirality in the endocyclic enolate. However, our designed aldol substrate 15
possesses a sterically less demanding alkyl amide group. Another major
stereochemical concern was whether the DKR process would occur at the C-2
position of 15 during the aldol reaction. While a stereocenter adjacent to two
carbonyl groups is generally readily epimerizable, the epimerization would not
easily occur in some special systems, such as with Evans’ 2-oxazolidinone-
substituted p-ketoimides.®® To the best of our knowledge, no study has reported

epimerization of a 5-oxazolidinone-substituted f-ketoamide system.



(a) Our previous MOC and DKR assisted aldol-type cyclization
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Scheme 1. Implementation of the MOC and DKR strategy toward salinosporamides

Despite these uncertainties, we decided to pursue the synthesis using 5-
oxazolidinone 18 as a model study and a possible intermediate to salinosporamide
B (2), as shown in retrosynthetic Scheme 2. If successful, this approach would
enable total synthesis of the salinosporamide family with a minimum number of
chiral sources and chemical steps. Specifically, aldol substrate 18 would be
available by condensation of serine-derived oxazolidinone 19 with S-ketoacid 20.
We assumed that the C-2 stereocenter would not require installation because the
DKR process might occur during the basic aldol reaction. The aforementioned

MOC- and DKR-involved aldol reaction of 18 was envisioned to afford bicyclic



pyrrolidinone-oxazolidinone 21. The resulting aldol product 21 might serve as an
advanced intermediate en route to 2. Attachment of the 2-cyclohexenyl group at the
C-4 hydroxy methylene group in 22 was expected to proceed via Corey’s

protocol.%® Subsequent p-lactone ring formation with the two functional groups

HO.
lactonization

appropriately positioned in 23 would complete the total synthesis.
RO,C'

HO
oxidation H
& allylation RO,C'- o
o —— HO'"
HO! Me =

A e =
Me '-_\ 22 Me
23 Me

hydrolysisﬂ
o

PO 0 o)
O o \__X MOC &DKR \y/\
Po\i >< O N aldol
)%/g F,OHO“‘I:; ©
Me =
P = TBDPS %OH M

20 “Me

L =z

Scheme 2. Retrosynthetic analysis of salinosporamide B.

Our initial study began with the preparation of aldol substrate 18 (Scheme 3).
First, oxazolidinone 19 was prepared from the sodium salt of silyl-protected serine
24'* by applying the procedure described by Alezra.'> As this compound was
unstable, it was coupled in situ with the known p-ketoacid 20 to afford 18 as a
1:1.3 mixture of C-2 diastereomers. During this operation, no epimerization

occurred at the C-4 position.



0+_0O Na*

o
B
o X
NH, N o ¢l O 4N
2 19 Me%o Me)%z/&o
R = TBDPS O OH

Me “Me
Me)%o 4T 18

20 Me

Scheme 3. Synthesis of aldol substrate 18. Reagents and conditions: (a) AlMe; (1.0
equiv), 4 A molecular sieves (excess), acetone, rt, 16 h, then the acid chloride of 20 (1.5
equiv), rt, 2 h, 68%; (b) (COCI); (1.2 equiv), cat. DMF, CHxCl;, 0 °C to rt, 2 h. DMF =
dimethylformamide.

With a diastereomeric mixture of 18 in hand, we investigated the intramolecular
aldol reaction. Initially, 18 was subjected to the previously established reaction
conditions® (NaOEt in EtOH at 0 °C) for the MOC- and DKR-involved aldol
reaction (Scheme 4). Unlike in our previous work,® the reaction of 18 was not
selective and afforded three different products. The major product (47%) was
bicyclic aldol product 25, for which the enantiopurity was 91% ee. A structural
determination by NMR showed that the C-3 stereocenter was epimeric to those of
the target natural products, while two stereocenters at C-2 and C-4 had the desired
configurations. Another product (29%) was acyclic compound 26, which arose
from the oxazolidinone ring-opening reaction of the starting substrate 18 with
ethoxide. The other minor product was pyrrolidinone 27, which was formed with a
yield of 18% and enantiopurity of 90% ee. The relative stereochemistry of 27, as

determined by 2D NMR analysis, suggested first that 27 was derived from the



oxazolidinone ring-opening reaction of our initially envisioned bicyclic aldol
product 21. Later, it was found that 27 was derived from the ring-opening reaction
of ent-21, not from the reaction of 21 (vide infra).%®

Other sodium alkoxides with bulky organic substituents were employed to
suppress ring-opening of the oxazolidinone moiety. NaOiPr and NaOtBu also
afforded bicyclic 25 at low temperatures (Scheme 4a, table, entries 1-2). Instead of
the oxazolidinone ring cleavage products 26 and 27, these bases afforded another
bicyclic aldol product. The obtained bicyclic species was not our initially
envisioned aldol product 21, but was, to our surprise, the enantiomer of 21 (ent-
21).%% The combined yield of the two aldol products 25 and ent-21 was very high
(ca. 90%), and the product ratio was 1:1.2. The enantiopurities of 25 and ent-21
obtained from the reaction with NaOtBu in THF/DMF/tBuOH were 90% and 91%
ee, respectively. A sterically hindered strong organic base, KHMDS, also afforded
the same two products with 90% ee and a yield and ratio similar to those of

NaOtBu (entry 3).

These results, including the similar diastereomeric ratios of the substrate and
product, led us to suspect that the C-2 stereochemistry might be an important factor
in determining the stereochemical outcome of the process. To comprehend the
reaction, we performed additional experiments. When the two separated C-2

diastereomers of 18 were independently subjected to the aldol reaction conditions

10



with NaOtBu in THF/DMF, each diastereomer produced a 9:1 mixture of
diastereomeric aldol products (Scheme 4b). The (2R)-18 isomer?’ rapidly produced
(2R,3R,4R)-25 as the major diastereomer along with its C-3 epimer 21, while the
reaction of the (2S)-18 isomer less rapidly afforded ent-21 with the (2S,3R,4S)
configuration as the major isomer and its C-3 epimer ent-25 as the minor isomer.
The enantiopurities of the obtained isomers were excellent to very high.
Conducting the reaction in the presence of a protic solvent resulted in a very
similar outcome (see experimental section for details). These results explained the
stereoselectivities obtained for the reaction with the C-2 diastereomeric mixture 18.
In addition, these results led us to conclude that the stereochemical outcome was
controlled by the C-2 stereocenter rather than the envisioned MOC and DKR

principles.
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(a) aldol cyclization of 18

o
RO\_—%O o
5 N)< NaOEt (3 eq) %}:
EtOH (0.05 M)
Me)J}%/\\\O 0°C, 30 min 3
\Me
18 25 (47%) 26 (29%) 27 (18%)
(1:1.3d.r,, 98% ee) 91% ee 1:1dr. 90% ee
R = TBDPS
o
o}
conditions N
(see tables) HO™ =~
Me =10
25 ent-21
entry conditions yield of 257 (ee%)? yield of ent-212 (ee%)?
1 NaOiPr, iPrOH, -30 °C 41% (77) 50% (77)
2 NaOtBu, THF/DMF/tBUOH®, -78 °C  40% (90) 48% (91)
3 KHMDS, THF/DMF¢, 78 °C 39% (90) 47% (91)

gisolation yield. ®ee value was determined by chiral HPLC
Cratio of THF/DMF/tBuOH = 1:1:0.1, ratio of THF/DMF = 1:1

(b) aldol cyclization of (2R)-18 and (2S)-18

= Y N S

NaOtBu RN (RIN

(0] N —»_ . RO ) o + RO s) 0
)J\(% THF/DMF = 1:1 HO= 9y Ho" 124k,
Me™ 29" "0 —78°C,5 min Me = Me =
N —~Me —~Me
Me 25 (78%) 21 (8%)
(2R)-18 96% ee >99% ee
o)
RO&O \’/\
)< NaOtBu
o N _— o
© THF/DMF = 1:1
Me” 3 o —78°C, 30 min
Me
Me ent-21 (77%) ent-25 (8%)
(25)-18

96% ee 93% ee

Scheme 4. Aldol cyclization of 18.

At the outset of this study, we assumed that the configuration at the C-2
stereocenter would not be important because the DKR might occur at the
epimerizable C-2 position. However, unlike our previous studies with oxazolidine-

4-carboxylate,®>¢ DKR was not operating with the 5-oxazolidinone substrate 18. A

12



deuteration study of (2S)-18 with NaOEt/EtOD at —40 °C showed a negligible level
of deuterium incorporation at C-2 (Figure 3a). On the other hand, appreciable
deuterium exchange was observed at C-4. Interestingly, the stereocenters of
recovered (2S)-18 were not racemized.®# The obtained aldol product showed no
detectable deuterium incorporation at C-2 (see Sl). The deuteration study of (2R)-
18 was aborted because of its very fast aldol reaction rate. However, it provided
information indicating that the aldol product also did not contain deuterium at the
C-2 position (see SlI). These results implied a low kinetic acidity for the C-2
hydrogen atom of substrate 18 under the reaction conditions. One reasonable
explanation for the low kinetic acidity exhibited by the hydrogen atom on C-2
adjacent to two carbonyl groups could be 1,3-allylic strain in the deprotonation
transition state, which could arise from the presence of the 5-oxazolidinone amide
group, as shown in the brackets.’® This explanation was supported by the
observation that oxazolidinone ring seco substrate 26 showed facile basic

deuteration at C-2 (Figure 3b).
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(a) H/D exchange of (25)-18

RO RO recovered C-2 C-4
)< NaOEt time (25)18 DM DM
EtOD, -40 °C Omin  100% 0/100 0/100
Me)kz(g time Me)%(go 5 min 50% 1/99 34/66
Vo o o  10min  14%  2/98 45/55
) o )
(25)-18 d-25)-18  20min 0%
R =TBDPS
@N n/ -—0 @“N u/ e @,,{T\u/
favored less favored less favored
deprotonation unlikely
(b) H/D exchange of 26
) (e}
RO OEt RO OEt ) recovered C-2 C-4
NaOEt 4 time 26 D/H D/H

O*NH == O:NH

EtOD, —40 °C 0 min
Me™ 2 6} time Me)%/go 5 min
~ D ~ 10 min
Me Me
26 d-26 20 min
R = TBDPS

100%
100%
100%
100%

0/100 0/100
54/46 0/100
62/48 1/99
68/32 1/99

Figure 3. H/D exchange of 18 and 26 in EtOD.

Based on these results and our earlier reports, an aldol reaction mechanism of 18

was proposed, as shown in Scheme 5. An axially chiral enolate A, generated from

the favored conformer (2R)-18, undergoes a rapid aldol reaction via conformer A-

I1to yield aldol product 25. The reaction via conformer A-1 would be less

preferred because of the unfavorable dipole interaction between two carbon-

oxygen bonds in a synclinal disposition. In the aldol reaction of (2S)-18, axial

chiral enolate A-111 was generated, similar to the reaction of (2R)-18. However, the

C-2 alkyl group in A-l11 hinders enolate addition to the carbonyl group and

prevents formation of the corresponding aldol product.

Because the C-2

stereocenter of 18 is not readily epimerizable, (2S)-18 takes an alternative reaction

14



pathway that involves epimerization of the chiral enolate. In this event, the C-2
alkyl group no longer blocks the enolate addition to the carbonyl group as shown in
conformer B. The conformer B-1 would suffer from a severe steric interaction
between the methyl group and the gem-dimethyl moiety of the oxazolidinone ring.
Thus, the aldol reaction of (2S)-18 would proceed via conformer B-11 to give ent-

21 despite the dipole interaction.

o oR R
3 3 o}
o v \LO
OH’L{L,Oba_SS OH } -0 MeH X420 RO N o)
Megﬁ(&(N_{ ‘HI M64<L_/< S /_’;OMN ! o
: L o/ 2 o fe =
E&t O £ i ] Me Et
(2R)-18 Al Al 25
— . OR O\I/\
o} o}
\ e N
N o =RO—] =0
Et SIS0 R
OR OR N HO'
o . gf Me 1
H base Me . B-l ent-25
MeE&@(N—éOF oﬁz\ °F 4
= % : ve. OR o O\I/\
H 25118 H o A °Lo o co N
Et WZ/0f>RO— 0
N HO
Me
Et
o} -
— Bl ent-21

Scheme 5. Plausible aldol reaction mechanism of 18

We observed an interesting phenomenon in attempted basic hydrolyses of bicyclic
aldol products. While hydrolysis of the oxazolidinone ring of ent-21 with KOH in
THF/water was very fast and gave the corresponding hydrolysis product ent-28, the

hydrolysis of 25 was sluggish and produced the C-3 epimerized hydrolysis product

15



28 without loss of enantiopurity (Figure 4a). To understand this unexpected C-3
epimerization, we performed the basic hydrolysis of 25 in deuterated THF with
D,O (Figure 4b). Monitoring of the reaction by NMR indicated the presence of
peaks for 21 or ent-21. Hydrolysis product 28 was progressively formed without
detectable deuterium incorporation at C-2 as the reaction progressed. The ratio of
25 to 21 was unchanged (15:1) throughout the experimental period. These
observations suggested that 21 was an intermediate for formation of 28 and was in
equilibrium with 25 under basic conditions. To further understand this interesting
phenomenon, the reaction of (2R)-18 was monitored over time. As mentioned
above, formation of the two bicyclic aldol products 25 and its C-3 epimer 21 was
very fast. The product ratio was constant over time and favored 25 (Figure 4c).!8
This result suggested that 25 might be the thermodynamic and kinetic product of
the reaction of (2R)-18. Our density functional theory (DFT) calculations using
simplified enolate 29 supported the experimental suggestion. As shown in Figure
4d, formation of the (2R,3R,4R)-isomer was favored both thermodynamically and
kinetically. The energy differences calculated for products P1 and P2 correlated
well with the diastereomeric ratios obtained in the aldol reaction. Considering the
low activation barriers, the aldol adducts might be in rapid equilibrium with each

other.

16



(a) hydrolysis of ent-21 and 25

KOH
- -
THF / H,O = 1:1
0 °C to RT, 10 min

ent-21 (90% ee) ent-28 (96%)
R= TBDPS (90% ee)
0\’/\ OH
© N KOH 0 §
—_—
RO O THF/Ho0=11 RO~ o
o™= ¢ 0°CtoRT, 8h HO! 17
—Me —Me
25 (90% ee) 28 (91%)
(90% ee)
(b) NMR study on the hydrolysis of 25 ' Py
time 25:21:28
KOH .
25 ——————> 25+21+28 Omin 1:0:0
d-THF / D,0O = 1:1 10 min 15:1:2
in NMR tube 30 min 15:1:23
1h 16:1:40
2h 16:1:93
(c) Time-course monitoring of aldol reaction of (2R)-18
(0]
RO o]
NaOtBu
[e) N — > 25+21+28
@ THF/DMF = 1:1
Me™ 27 7O “78°Citime e 25 21 28
“Me 5min  78% 8% -
(2R)-18 30min  76% 8% <5%
R = OTBDPS 3h 73% 7% 8%

(d) energy profiles for the aldol/retro-aldol equilibrium (wB97XD/6-31+g(d))

o
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(R=TMS) “To 31
SIS N =
1 0 TTrs2 N
P1 29 " -5.0
P2

Figure 4. Hydrolysis of aldol products and mechanistic studies.

Based on the above experimental and computational studies, a hydrolytic C-3
epimerization mechanism of 25 was proposed, as shown in Scheme 6. Aldol

product 25 is converted to its C-3 epimer 21 via a retroaldol-realdol process,* and
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the two are in fast equilibrium with one another. The minor aldol product 21 would
experience more rapid hydrolysis because its C-3 hydroxyl group is syn to the
adjacent oxazolidinone ring. This proximal C-3 hydroxyl group can cooperate or be
involved in hydrolysis of the oxazolidinone ring, thus accelerating the rate of
hydrolysis.?? One possible route for participation is through intramolecular
hydrogen-bond formation to promote hydrolysis.?%¢ The other possible
participation route for this proximal group is irreversible formation of the reactive
[S-lactone intermediate 30. Although we could hardly detect it via NMR monitoring,
we found that S-lactone 30, which was obtained by intramolecular cyclization of 28,
was hydrolyzed extremely rapidly to afford 28 under the above basic conditions
(see SI). As a result of neighboring group participation by the C-3 hydroxyl group,
the hydrolysis product distribution would not reflect the equilibrium distribution of
the two aldol products, and the only hydrolytic product 28 arose from a minor
component 21. To the best of our knowledge, this type of substrate-driven
hydrolytic DKR of diastereomers has not been reported thus far, although there are

enzymatic or catalytic examples of hydrolytic DKR.#
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Scheme 6. Plausible hydrolytic epimerization mechanism of 25

The initially envisioned MOC- and DKR-involved aldol approach with C-2
diastereomeric mixture 18 proved to be unsuccessful, especially with respect to the
enantioselectivity; (2R)-18 produced the desired stereomer 28 after aldol reaction
and consequent hydrolysis, while (25)-18 afforded ent-28. Thus, we developed a
new synthetic approach, as shown in Scheme 7. The endgame disconnections of
our revised synthetic plan remained identical and would lead to pyrrolidinone 28,
which would be accessible via an intramolecular aldol reaction and hydrolysis of
oxazolidinone 18. Central to the new approach was selective installation of the C-2
stereocenter prior to the intramolecular aldol reaction. We envisioned that
diastereoselective 1,4-reduction of ¢,f-unsaturated 1,3-dicarbonyl substrate 31
could be achieved with control by the stereocenter in the 5-oxazolidinone ring to

afford either (2S)-18 or (2R)-18. Although no precedent for this type of selective
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reduction has been reported, we deemed it possible based on Evans' oxazolidinone

chemistry.®3

The required substrate 31 was prepared as a 1:1.5 mixture of E/Z isomers by
condensation of oxazolidinone 19 with the known p-ketoacid 32.22 This mixture
was subjected to various 1,4-reduction conditions. Gratifyingly, we found that
reduction with NaBHj, in the presence of CoCl, in methanol proceeded with high
diastereoselectivity (12:1) to afford (2R)-18 as a major isomer.?® Based on the
stereochemical outcome at the C-2 center, we proposed that the reduction
proceeded through 33 involving chelation and minimized allylic strain wherein a
substituent on the oxazolidinone ring blocked the approach of the reductant from
the re face.

From our prior synthetic campaigns (Figure 4c),'8it seemed that, under the correct
conditions, the intramolecular aldol reaction of (2R)-18 could occur in tandem with
DKR hydrolysis. Thus, we sought reaction conditions for the one-pot tandem
reaction. After some trials, we found that the reaction of (2R)-18 with NaOtBu in
slightly wet tBuOH (~0.1% (v/v) water in tBuOH) at room temperature gave the
desired pyrrolidinone 28 directly in 90% yield and with 96% ee. Increasing the
water content was detrimental to the yield because excess water led to hydrolysis

of the oxazolidinone ring prior to the aldol reaction.
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Having achieved a selective route to 28, the main task remaining for the total
synthesis was attachment of the 2-cyclohexenyl group to the C-4 functional group
with concomitant installation of the C-5 and C-6 stereogenic centers. We planned
to achieve this goal by employing Corey’s approach,® which entailed the addition
of a cyclohexenylzinc reagent to the C-4 aldehyde group. Corey’s process is very
commonly applied in syntheses of salinosporamides.5Pde-kme However, success
with this process required protection of the amide nitrogen, presumably due to the
instability of the aldehyde intermediate and low diastereoselectivity.® Only the
Burton group has reported successful addition of the cyclohexenylzinc reagent to
the unstable aldehyde substrate without a protecting group on the amide nitrogen,
albeit in moderate yield.® Encouraged by Burton’s work, we proceeded to install
the cyclohexene ring and stereocenters. To this end, the carboxylic acid in 28 was
first converted to its t-butyl ester 34, and the silyl protecting group was removed to
afford 35. Dess-Martin oxidation of 35 afforded the unstable aldehyde 36, which
was immediately subjected to the next reaction after filtration. The reaction of 36
with the cyclohexenylzinc reagent, which followed the Corey procedure,®® gave a
mixture of two diastereomers (5:1 d.r.) with desired isomer 37 as the major
component, albeit in modest yield (54%). Alternatively, we found that indium-
mediated Barbier-type allylation, which greatly simplified the experimental

operation, afforded the desired product with much improved vyield (70%) and

21



selectivity (10:1 d.r.). The best outcome was obtained when THF was employed as
the solvent and ammonium chloride as an additive.

With a route to 37 secured, we proceeded to construct S-lactone ring with two
substituents at C-3 and C-4. Toward this end, t-butyl ester was hydrolyzed with
trifluroacetic acid (TFA) and the resulting crude acid 38 was treated with BOP—CI
and triethylamine to give salinosporamide B (2) in good vyield. Overall, this
asymmetric total synthesis was completed in only 9 steps from known silyl-

protected serine 24 and 12% overall yield.
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Scheme 7. Revised scheme for the total synthesis of salinosporamide B. Reagents and conditions:
(a) (COClI)2 (1.2 equiv), cat. DMF, CHzCl2, 0 °C to rt, 2 h; (b) acid chloride of 32 (1.5 equiv), acetone,
rt, 2 h, 64%; (c) CoCl: (4.0 equiv), NaBHs (5.0 equiv), MeOH, -78°Cto0°C, 1h, 72% (12:1 d.r.);
(d) NaOtBu (5.0 equiv), tBuOH, rt, 30 min, 90% (96% ee); () 50% HCIO4 (aq)/tBuOAc (1:50), rt, 16
h, 75% (91% brsm); (f) TBAF (2.0 equiv), AcOH (4.0 equiv), THF, 0 °C to rt, 12 h, 78%; (g) Dess-
Martin periodinane (1.2 equiv), CH2Clz, rt, 2 h; (h) In (5.0 equiv), 3-bromocyclohexene (3.0 equiv),
NH4CI (5.0 equiv), THF, rt, 6 h, 70% (10:1 d.r.) for 2 steps; (i) TFA/CHCl, t, 2 h; (j) BOP-CI (3.0
equiv), EtsN (6.0 equiv), CHzCly, rt, 10 h, 74% for 2 steps. TBAF = tetrabutylammonium fluoride,
DMP = Dess-Martin periodinane; TFA = ftrifluoroacetic acid, BOP-CI = bis(2-o0xo0-3-
oxazolidinyl)phosphinic chloride.

Using essentially the same chemistry described for the synthesis of 2, we also
accomplished the total syntheses of cinnabaramides, as briefly depicted in Scheme
8. The total synthesis of cinnabaramide A (7) was accomplished from 19 and 39
via the same process shown in Scheme 7. During this endeavor, cinnabaramide E
(10) was obtained as a precursor to 7, and cinnabaramide F (11) was derived from
7 by a reaction with N-acetylcysteine. The spectral data and optical rotations for the

obtained cinnabaramides were in good agreement with those of the natural

products,® thus confirming the structures of these natural products.
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Scheme 7. Revised scheme for the total synthesis of salinosporamide B. Reagents and conditions:
(a) NaOtBu (5.0 equiv), tBuOH, rt, 30 min, 88% (98% ee); (b) BOP-CI (3.0 equiv), EtsN (6.0 equiv),
CH2Cly, rt, 10 h, 87%; (c) N-Acetyl-I-cycstein (1.0 equiv), EtsN (3.0 equiv), CH2Cly, rt, 12 h, 48%
(75% brsm). PThe synthesis was performed with the same procedure as in Scheme 7. For details, see

the supporting information.

Having established a concise route to salinosporamide B and cinnabaramides, we
turned our attention to the total synthesis of salinosporamide A (1). We anticipated
that the synthesis would be achieved by using basically the same chemistry,
although it would require additional steps due to the presence of a reactive chlorine
substituent. To this end, several attempts were first made to prepare the C-2
stereodefined aldol substrate 42 from 19 with the same 1,4-reduction protocol used
for (2R)-18 (Scheme 9a). However, all attempts were unsuccessful, mainly due to

the instabilities of reduction substrate 43a and the required -ketoacids 44b.
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As an alternate strategy, we envisioned that the reaction of 45 with an alkylating
reagent could selectively afford 46 (Scheme 9b). A related system that used Evans’
2-oxazolidinones has been reported.?* However, a base-mediated alkylation of the
Evans’ auxiliary substituted fS-ketoimides afforded very poor diastereoselectivity,
probably because exposure of the products to basic conditions during the long
reaction time led to epimerization at the stereocenter adjacent to the two carbonyl
groups. In light of the notable configurational stability observed for C-2 of the 5-
oxazolidinone 18 under basic conditions, we hypothesized that it could be possible
to obtain 46 without substantial epimerization at C-2. Thus, we investigated the

diastereoselective alkylation of 5-oxazolidinone-substituted S-ketoamide 45.

a) initial attempts
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O xS 10&
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+
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[0}
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Me R X’l\)
45 (R' = TBDPS) 47 R3 (25)-46 R®

Scheme 9. Synthesis of the C-2 stereodefined aldol substrate for synthesis of salinosporamide A.
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Given that the 5-oxazolidinone moiety in 45 effectively acts as a chiral auxiliary,
the alkylation reaction would proceed via transition state 47, and thus, the major
product would have the 2S stereochemistry (Scheme 9b). Because the 2S
stereoisomer would lead to synthesis of the enantiomer of natural 1, d-serine-
derived oxazolidinone ent-19 was employed as the precursor to (-)-1. (Scheme 10).
Condensation between ent-19 and the known p-ketoacid chloride 48% in the
presence of pyridine provided S-ketoamide ent-45 without epimerization at the C-4
position. Gratifyingly, the reaction of ent-45 with allyl bromide afforded the C-2
allylated product (2R)-49 in good yield and with high diastereoselectivity (>16:1
d.r.). Notably, the diastereo-selectivity reported for alkylation of Evans’ auxiliary
substituted S-ketoimide with allyl halide was very low (up to 2:1 d.r.),%¢ which
suggested the potential utility of the 4-substituted 5-oxazolidinone moiety in

asymmetric synthesis.
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Scheme 7. Revised scheme for the total synthesis of salinosporamide B. Reagents and conditions:
(a) 3-oxobutanoyl chloride (1.5 equiv), pyridine (2.5 equiv), acetone, rt, 2 h, 58% (98% ee); (b) allyl
bromide (5.0 equiv), NaH (1.1 equiv), DMF, 0 °C, 30 min, 82% (16:1 d.r.); (c) NaOtBu (5.0 equiv),
tBUOH, rt, 30 min, 88% (96% ee); (d) 50% HCIO4 (aq)/tBuOAc (1:50), rt, 16 h, 70%; (e) Os,
CH2Cl2/MeOH (1:1), —78 °C, 10 min, then NaBHa (10 equiv), 0 °C, 2 h, 91%; (f) Boc20 (5.0 equiv),
VOFs3 (0.1 equiv), CH2Clz, 50 °C, 48 h, 87%; (g) TBAF (2.0 equiv), AcOH (4.0 equiv), THF, 0 °C to
rt, 12 h, 91%; (h) Dess-Martin periodinane (1.2 equiv), CH2Clz, rt, 2 h; (i) In (5.0 equiv), 3-
bromocyclohexene (3.0 equiv), NH4ClI (5.0 equiv), THF, rt, 6 h, 73% (10:1 d.r.) for 2 steps; (j) i. BCls
(3.0 equiv), CH2Clz, 0 °C, 1 h; ii. BOP-CI (3.0 equiv), CH2Cl2/pyridine (2:1), rt, 8 h; iii. PhsPCl2 (2.0
equiv), CHsCN/pyridine (1:1), rt, 4 h, 62% for 3 steps.

The one-pot tandem aldol reaction and hydrolysis protocol was also successfully
applied to (2R)-49 to give the desired pyrrolidinone 50 (96% ee) via intermediate
51. After conversion of the carboxylic acid moiety in 50 to the t-butyl ester,

ozonolysis followed by reductive work-up yielded 52. The primary hydroxyl group
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in 52 was protected with a Boc group, and the silyl protecting group was removed
to afford 53. Dess-Martin oxidation of 53 and a subsequent indium-mediated
Barbier-type allylation afforded 54 with a good two-step yield (73%) and high
diastereoselectivity (10:1 d.r.). After removal of the two acid-labile protective
groups, lactonization with BOP-CI followed by chlorination with PhsPCl, afforded
(-)-1 in good overall yield. The spectral data and optical rotation obtained for 1

were in good agreement with those of natural salinosporamide A.1®

I11. Conclusion

In this article, we have described the evolution of an asymmetric total synthetic
strategy for preparing salinosporamide natural products. Given the challenging
structural features and significant biomedical properties, salinosporamides have
attracted great interest from the synthetic community, and many elegant synthetic
strategies have been reported. However, there is still room for more efficient and
selective synthetic routes. Our endeavors resulted in a 9-step concise total synthesis
of salinosporamide B (2) and a 12-step route to salinosporamide A (1) with
excellent stereoselectivities from the known O-protected amino acid serine. In
addition, the total syntheses of several natural congeners, including cinnabaramides

A (7), E (10), and F (11) were achieved with the same chemistry, and this
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confirmed their structures. Initially, we focused on an approach that would
implement a combination of MOC and DKR principles in the intramolecular aldol
reaction of a 5-oxazolidinone aldol substrate for rapid access to the highly
decorated pyrrolidinone core. However, unlike our previous studies with
oxazolidine-4-carboxylate, MOC and DKR did not operate with the 5-
oxazolidinone substrate. Throughout this study, efforts were made to explore and
exploit the innate properties of the 5-oxazolidinone moiety as a stereochemical
inducer. Indeed, we have found that the 5-oxazolidinone moiety acts as in a manner
similar to that of Evans’ 2-oxazolidinone chiral auxiliary, and we utilized this
moiety for selective installation of the C-2 stereocenter. In the revised synthetic
approach, the C-2 stereocenter was installed prior to the intramolecular aldol
reaction and was used to determine the stereochemical outcome of the aldol
reaction. During our use of pyrrolidinone aldol products to synthesize the target
products, we observed an interesting and unexpected hydrolytic DKR during
hydrolyses of 5-oxazolidinone/pyrrolidinone bicyclic aldol products. This type of
substrate-driven hydrolytic DKR with diastereomers has not been reported thus far
and was utilized to prepare the pyrrolidinone core with excellent efficiency.
Because of both the conciseness and potential modularity of this synthetic
sequence, we anticipate that various analogs, including stereoisomers and

congeners, will be easily accessible; this will provide a chance to achieve a greater
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understanding of the biomedical properties of salinosporamide natural products and
lead to new drug discovery. In addition, given the excellent stereochemical
induction observed, we believe that the 4-substituted 5-oxazolidinone moiety might
serve as an effective chiral auxiliary or substrate in asymmetric synthesis. Such

investigations are underway in our laboratory.

30



IV. Experimental

IV-1. General.

All chemicals were of reagent-grade and were used as purchased. All reactions
were performed under an inert atmosphere of dry nitrogen using distilled dry
solvents. The reactions were monitored with TLC analysis using silica gel 60 F-254
thin layer plates. Compounds on the TLC plates were visualized under UV light
and by spraying with either potassium permanganate or anisaldehyde solutions.
Flash column chromatography was conducted on silica gel 60 (230—400 mesh).
Melting points were measured using a Buchi B-540 melting point apparatus
without correction. *H and *C NMR spectra were recorded on a JEOL IJNM-
ECZ400S (400 MHz) spectrometer at 278 K if not noted otherwise. Chemical
shifts are reported in ppm (&) units relative to the undeuterated solvent as a
reference peak (CDCls—d:: 7.24 ppm/*H NMR, 77.16 ppm/**C NMR; CD3;0D-da:
3.30 ppm/*H NMR, 49.00 ppm/3C NMR; DMSO-ds: 2.50 ppm/*H NMR, 39.52
ppm/BC NMR). The following abbreviations are used to represent NMR peak
multiplicities: s (singlet), d (doublet), t (triplet), m (multiplet), dd (doublet of
doublets), dt (doublet of triplets), dg (doublet of quartets), td (triplet of doublets),
and br (broad signal). The IR spectra were measured by an Agilent Technologies

5500 Series FT-IR spectrometer. The optical rotations were measured on a Jasco P-
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2000 Polarimeter using sodium light (D line 589.3 nm) and a 3.5 x 100 mm or 3.5
x 10 mm cell. The values are reported as the specific optical rotation with exact
temperature, concentration (¢ (10 mg/mL)) and solvent. High-resolution mass
spectra (HRMS) were recorded using fast atom bombardment (FAB) mass

spectrometry.
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IV-2. Experimental procedure and spectroscopic data analysis

1V-2-1. Exploratory studies to determine the mechanism of the aldol and

hydrolysis reaction

O  OEt O OH o dCl
KOH )ng (COClI),, cat.DMF )K(&
Me O — 7 Me O T Me ¢}
MeOH/H,0 = 1:1 CH,Cly, 0°Ctort, 2 h
Me 0°Ctort,2h Me Me
20 S1

Compound S1: To a solution of ethyl 2-ethylacetoacetate (5.00 g, 31.6 mmol) in
MeOH (30 mL) and H,O (30 mL), potassium hydroxide (5.32 g, 94.8 mmol) was
added at 0 °C and stirred at room temperature for 2 h. Then, MeOH was removed
under reduced pressure. The resulting mixture was cooled to 0 °C and acidified (ca.
pH 2) with 1 n HCI aqueous solution, poured into water, extracted three times with
EtOAc, dried over MgSO4 and then concentrated in vacuo to provide carboxylic
acid. The crude carboxylic acid and DMF (20 uL) was dissolved in CHCI, (60
mL), 2.0 M oxalyl chloride solution in CH.Cl> (19 mL, 38 mmol) was added at
0 °C and stirred for 2 h at room temperature. The reaction mixture was
concentrated under reduced pressure to provide acid chloride S1. The crude

mixture was used in next step without further purification.
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Compound 18: To a solution of L-serine-OTBDPS (4.0 g, 11.6 mmol) in THF,
NaH (310 mg, 90 wt. %, dry, 11.6 mmol) was added at 0 °C and stirred at room
temperature for 2 h. The solvents were evaporated under low pressure to obtain
sodium salt form of L-serine-OTBDPS. To stirred mixture of sodium salt of L-
serine-OTBDPS and oven activated 4A molecular sieves in dry acetone under
nitrogen atmosphere was slowly added a solution of 2.0 M trimethylaluminium
solution in hexane (5.8 mL, 11.6 mmol) at 0 °C. The mixture was slowly warmed
to room temperature. After stirring for 16 h at the same temperature, acid chloride
S1 (17.4 mmol) was slowly added at 0 °C and stirred for 2 h at room temperature.
The mixture was filtered through a pad of celite and silica, rinsed with EtOAc and
concentrated under reduced pressure. The residue was purified by flash
chromatography on silica gel (hexane/EtOAc = 5:1, v/v) to yield a 1:1.3 mixture of
(2R)-18 and (25)-18 (3.9 g, 68%) as a colorless oil. (2R)-18 and (2S)-18 were
isolated from the mixture via recycling preparative HPLC (HPLC conditions:
JAIGEL-ODS-AP-L (20 mm (i.d.) x 500 mm (I), 10 um), H,O/MeOH = 86:14,

flow rate = 10 mL/min, A = 225 nm).
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(2R)-18 : Rf = 0.31 (hexane/EtOAc, 3:1); [a]® > +15.8 (¢ 0.5, CHCIls); *H NMR
(400 MHz, CDCls3, two rotamers in a 15:1 ratio) 6 7.66 — 7.54 (m, 4H), 7.48 — 7.31
(m, 6H), 4.51 (t, J = 2.2 Hz, 1H), 4.12 (dd, J = 11.2, 2.2 Hz, 1H), 3.84 (dd, J = 11.2,
2.2 Hz, 1H), 3.12 (dd, J = 8.0, 6.5 Hz, 1H), 2.10 (s, 3H), 2.02 — 1.87 (m, 1H), 1.92
(s, 3H), 1.85 — 1.75 (m, 1H), 1.78 (s, 3H), 1.02 (s, 9H), 0.74 (t, J = 7.2, 3H); C
NMR (100 MHz, CDCls) & = 204.7, 168.9, 166.1, 135.9 (2C), 135.6 (2 C), 132.3,
131.6, 130.3, 130.2, 128.1 (2C), 128.0 (2C), 99.0, 64.7, 62.3, 59.5, 26.9 (3C), 26.7,
26.2, 25.9, 22.1, 19.3, 12.1; IR (neat, cm™) vmax 2962, 2933, 2860, 1794, 1656,
1366, 1262, 1105, 969, 821; HRMS (FAB): calcd. for CzsHssNOsSi [M+H]*
496.2519, found 496.2517.

(25)-18 : Rf = 0.31 (hexane/EtOAc, 3:1); [a]®p +27.4 (¢ 0.5, CHCI3); 'H NMR
(400 MHz, CDCls, two rotamers in a 8:1 ratio) 6 = 7.59 (ddt, J = 16.3, 7.9, 1.4 Hz,
4H), 7.48 — 7.32 (m, 6H), 4.36 (t, J = 2.2 Hz, 1H), 4.11 (dd, J = 11.4, 1.8 Hz, 1H),
4.01 (dd, J = 11.3, 2.2 Hz, 2H), 3.05 (t, 7.2 H), 2.09 (s, 3H), 2.03 — 1.91 (m, 1H),
1.95 (s, 3H), 1.91 — 1.79 (m, 1H), 1.83 (s, 3H),1.03 (s, 9H), 0.87 (t, J = 7.3 Hz,
3H); *C NMR (100 MHz, CDCls) 6 = 203.8, 168.7, 167.6, 135.9 (2C), 135.6 (2C),
132.4, 131.8, 130.2 (2C), 128.0 (4C), 99.1, 64.8, 61.5, 60.1, 27.4, 26.9 (3C), 26.4,
26.0, 24.5, 19.3, 12.0; IR (neat, cm ) vmax 2964, 2930, 2858, 1791, 1655, 1365,
1263, 1105, 969, 820; HRMS (FAB): calcd. for CzsH3sNOsSi [M+H]" 496.2519,

found 496.2517.
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[Determination of the enantiomeric excess of 18]

The enantiomeric purities of (2R)-18 and (2S)-18 were analyzed via chiral HPLC.
The chiral HPLC chromatograms of (2R)-18 and (2S)-18 were compared with
those of rac-(2R)-18 and rac-(2S)-18. Based on this comparison, the enantiomeric
purity of 18 was determined to be 98%.

HPLC conditions: CHIRALCEL AD-H (250 x 4.6 mm, 5 um), hexane/2-propanol

=97:3 (v/v), flow rate = 0.7 mL/min, A = 225 nm. The retention times are shown in

Figure S1.
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Figure S1. Chiral HPLC chromatograms of rac-(2R)-18 and (2R)-18.
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DAD1 A, Sig=225 4 Ref=off (DEF_LC 2022-03-31 13-14-20\071-0402.D)

mAU §

175 o T @ Signal 1: DAD1 A, Sig=225,4 Ref=off

103 TBOPSO O r 8

1254 o N [| T peak RetTime Type Width  Area Height  Area
1004 1 | ’ fl # [min] [min]  [mAU*s] [mAU) %

Me (o} | | ] Pt it et teteby it Rt fmmaness |

759 | I I 1 11.538 MM 9.2523 2892.07324 191.04343 53.2869
503 Me | 2 15.005 BB ©.3171 2535.28784 123.72971 46.7131
254 rac-(2S)-18
04 gttt [ S0, PRSI [, - e

T T T T T
5 10 15 20 25 mie
DAD1 A, Sig=225 4 Ref=off (DEF_LC 2022-03-31 22-39-00\002-0201.D)

AU 3 o 2 signal 1: DAD1 A, Sig=225,4 Refs=off
3003 \ ¥
oo TBDPSO__ o‘ | Peak RetTime Type Width Area Height Area
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5 0 15 on 25 min
Figure S2. Chiral HPLC chromatograms of rac-(2S)-18 and (2S)-18.
o o)
TBDPSO o} O\l/\ TBDPsojOEt o OEt
X 0
N \
o N NaOEt TBDPSO%}:O + O NH + TBDPSO—- o
Me o EtOH, 0 °C HO M { Me 0 HO™
~ e —Me Me
18 Me 25 26 Me 27 (18%)
(1:1.3 d.r., 98% ee) (1:1d.r)

To a solution of 18 (50 mg, 0.10 mmol) in EtOH (2 mL), NaOEt (20 mg, 0.30
mmol) was added at 0 °C and stirred for 30 min at the same temperature. The
reaction was quenched with saturated NH.CIl aqueous solution and concentrated
under reduced pressure to remove EtOH. The mixture was extracted with EtOAc
three times and the combined organic layer was dried over MgSO, and
concentrated in vacuo. The residue was purified by flash chromatography on silica
gel (hexane/EtOAC = 5:1, v/v) to yield 25 (22 mg, 44%) as a colorless oil, 26 (16
mg, 33%, d.r. = 1:1) as a colorless oil, 27 (9 mg, 20%) as a colorless oil. The
relative configuration of 25 and 27 were determined by NOESY experiments.

25 : Rf = 0.34 (hexane/EtOAc, 3:1); [a]*°> — 48.5 (¢ 0.5, CHCI3); 'H NMR (400
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MHz, CDCl3) & = 7.65 — 7.55 (m, 4H), 7.53 — 7.32 (m, 6H), 4.22 (d, J = 11.4 Hz,
1H), 4.02 (d, J = 11.4 Hz, 1H), 2.96 (t, J = 7.1 Hz, 1H), 2.67 (s, 1H), 1.84 (s, 3H),
1.77 — 1.66 (m, 1H), 1.53 (s, 3H), 1.51 — 1.43 (m, 1H), 1.23 (s, 3H), 1.07 (t, J= 7.5
Hz, 3H), 1.05 (s, 9H); *C NMR (100 MHz, CDCls) § = 174.2, 170.2, 135.9 (2C),
135.7 (2C), 132.1, 131.7, 130.4, 130.3, 128.17 (2C), 128.15 (2C), 96.7, 81.3, 74.6,
65.6, 55.6, 29.3, 27.0 (3C), 25.6, 19.3, 19.2, 17.8, 12.7; IR (neat, cm™) vmax 3441,
2963, 2934. 2860, 1786, 1720, 1698, 1385, 1290, 1263, 1105, 822, 703; HRMS
(FAB): calcd. for C2sH3sNOsSi [M+H]* 496.2519, found 496.28.

26 : R = 0.28 (hexane/EtOAc, 3:1); *H NMR (400 MHz, CDCl3) & = 7.68 — 7.50
(M, 4H), 7.44 — 7.32 (m, 6H), 7.05 — 6.95 (m, 1H), 4.63 (t, J = 2.9 Hz, 0.5 H), 4.61
(t, J = 2.9 Hz, 0.5H), 4.27 — 4.07 (m, 3H), 3.88 — 3.78 (m, 1H), 3.32 — 3.21 (m, 1H),
2.24 (s, 1.5H), 2.22 (s, 1.5H), 1.99 — 1.77 (m, 2H), 1.28 — 1.20 (m, 3H), 1.03 (s,
9H), 0.98 — 0.89 (m, 3H); *C NMR (100 MHz, CDCls) § = 206.4, 170.2, 168.7,
135.6 (4C), (132.80, 132.78), 132.70, 130.10, 130.08, 128.0 (2C), 127.9 (2C), (64.3,
64.2), (62.9, 62.7), (61.8, 61.8), (54.3, 54.3), (29.6, 29.5), 26.8 (3C), (23.8, 23.6),
19.4, 14.3, (12.0, 11.9); IR (neat, cm?) vmax 3332, 2961, 2933, 2859, 1743, 1722,
1665, 1515, 1428, 1359, 1197, 1104, 822, 736; HRMS (FAB): calcd. for
C27H3sNOsSi [M+H]* 484.2519, found 484.2527.

27 : Rr = 0.2 (hexane/EtOAc, 3:1); [0]® — 67.4 (¢ 0.5, CHCI3); *H NMR (400

MHz, CDCls) & = 8.74 (s, 1H), 7.65 (d, J = 7.0 Hz, 4H), 7.50 — 7.31 (m, 6H), 5.60
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(s, 1H), 4.29 (dg, J = 11.0, 7.2 Hz, 1H), 4.13 (dd, J = 12.4, 8.3 Hz, 2H), .3.58 (d, J
= 9.5Hz, 1H), 2.05 (t, J = 6.9 Hz, 1H), 1.78 (dq, J = 14.8, 7.4 Hz, 1H), 1.69 — 1.55
(m, 1H), 1.29 (s, 3H), 1.26 (t, J = 7.2 Hz, 3H), 1.09 — 1.00 (m, 3H), 1.03 (s, 9H);
13C NMR (100 MHz, CDCls) 6 = 177.5, 171.4, 135.8 (4C), 132.9, 132.8, 130.0
(2C), 128.0 (2C), 127.9 (2C), 78.8, 76.0, 66.4, 62.1, 53.2, 26.7 (3C), 20.8, 19.3,
16.6, 14.3, 13.6; IR (neat, cm™) vmax 3308, 2960, 2931, 2859, 1730, 1693, 1428,
1371, 1240, 1114, 823, 703; HRMS (FAB): calcd. for Cy;H3sNOsSi [M+H]*
484.2519, found 484.2511.

[Determination of the enantiomeric excess of 25]

The enantiomeric purity of 25 was analyzed via chiral HPLC. The chiral HPLC
chromatogram of 25 was compared with that of rac-25. Based on this comparison,
the enantiomeric purity of 25 was determined to be 96%.

HPLC conditions: CHIRALCEL AD-H (250 x 4.6 mm, 5 um), hexane/2-propanol
= 08:2 (v/v), flow rate = 1.0 mL/min, A = 225 nm. The retention times are shown in

Figure S3.
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DAD1 A, Sig=225 4 Ref=off (DEF_LC 2022-05-18 12-27-351021-0201.D)

«©
Al 59 signal 1: DAD1 A, Sig=225,4 Ref=off
704 o0/ T" ©
60 0= . | I‘ Peak RetTime Type Width Area Height Area
N i i .
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Pt e f wee] e R O [=mmmmmmeee [=mmmeee I
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104 (/1
04 Ly - = ————— e
5 10 15 2 %
mir
DAD1 A, Sig=225,4 Ref=off (DEF_LC 2022-02-12 16-03-391013-0101.D)
mAU 3 3
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140 O~/ |
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1003 TBDPSO-«T —0 “ # [min] [min]  [mAU*s] [maU] %
80 HO™~ S [ [ P [-mmmmemeee f-mmmmmmee R [
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04 gl 2 8.443 BB  ©.1638 1825.08826 172.00522 97.9564
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Figure S3. Chiral HPLC chromatograms of rac-25 and 25.

[Determination of the enantiomeric excess of 27]

The enantiomeric purity of 27 was analyzed via chiral HPLC. The chiral HPLC

chromatogram of 27 was compared with that of rac-27. Based on this comparison,

the enantiomeric purity of 27 was determined to be 100%. However, the minor

peak might be eclipsed by the major peak. Therefore, we also hydrolyzed 27 to

obtain 28 and verify the ee value (see ‘Procedure for the modification of 28 for

determination of the enantiomeric excess of 28’ on page S19). The enantiomeric

purity of 27 was determined to be 90%.

HPLC conditions: CHIRALCEL AD-H (250 x 4.6 mm, 5 um), hexane/2-propanol

= 93:7 (v/v), flow rate = 0.7 mL/min, A = 225 nm. The retention times are shown in

Figure S4.
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DAD1 A, Sig=225 4 Ref=off (DEF_LC 2022-05-19 16-07-44\032-0102.D0)

mAU 1 Signal 1: DAD1 A, Sig=225,4 Ref=off § §
503 " 8 OEt
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agi] == E s e e B [-eneeee e TBOFSO="] =0
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Figure S4. Chiral HPLC chromatograms of rac-27 and 27.

NaOtBu

—_—
THF/DMF = 1:1
o ~78°C,0.5h

Me

(25)-18

ent-25 (8%)
93% ee

TBDPSO—"
HO"

(@) +

ent-21 (77%)
96% ee

Compound ent-21: To a solution of (2S)-18 (50 mg, 0.10 mmol) in THF (1 mL)

and DMF (1 mL), sodium tert-butoxide (29 mg, 0.30 mmol) was added at —78 °C

and stirred for 30 min at the same temperature. The reaction was quenched with 1 n

HCI aqueous solution and warmed to room temperature. The mixture was extracted

with EtOAc three times. The combined organic layer was dried over MgSO, and

concentrated under reduced pressure. The residue was purified by flash

chromatography on silica gel (hexane/EtOAc = 5:1, v/v) to yield a 9.6:1 mixture of

ent-21 and ent-25 (42 mg, 85%) as a colorless oil. ent-21 and ent-25 were isolated
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from the mixture via flash chromatography on silica gel (CH2Cl,/EtOAc = 30:1,
v/v). The relative configuration was determined by NOESY experiments.

ent-21 : Ry = 0.34 (hexane/EtOAc, 3:1); [a]*®> — 63.0 (¢ 0.5, CHCIs); *H NMR
(400 MHz, CDCls) & = 7.69 — 7.57 (m, 4H), 7.48 — 7.32 (m, 6H), 3.95 (d, J = 11.1
Hz, 1H), 3.82 (d, J = 11.0 Hz, 1H), 2.72 (dd, J = 7.2, 5.7 Hz, 1H), 1.83 (s, 3H) 1.81
—1.71 (m, 1H), 1.58 — 1.45 (m, 1H), 1.55 (s, 3H), 1.50 (s, 3H), 1.10 (t, J = 7.6 Hz,
3H), 1.04 (s, 9H).23C NMR (100 MHz, CDCls) & = 178.1, 170.1, 136.0 (2C), 135.7
(2C), 132.2, 131.7, 130.41, 130.36, 128.2 (2C), 128.1 (2C), 98.1, 80.8, 77.4, 65.0,
55.7, 29.5, 27.0 (3C), 24.9, 20.6, 19.3, 16.5, 13.5; IR (neat, cm™) vmax 3442, 2961,
2933, 2860, 1782, 1703, 1462, 1428, 1385, 1270, 1112, 1071, 1030, 942, 822;
HRMS (FAB): calcd. for C2sH3sNOsSi [M+H]* 496.2519, found 496.2531.

[Determination of the enantiomeric excess of ent-21]

The enantiomeric purity of ent-21 was analyzed via chiral HPLC. The chiral
HPLC chromatogram of ent-21 was compared with that of rac-21. Based on this
comparison, the enantiomeric purity of ent-21 was determined to be 96%.

HPLC conditions: CHIRALCEL AD-H (250 x 4.6 mm, 5 um), hexane/2-propanol
= 98:2 (v/v), flow rate = 1.0 mL/min, A = 225 nm. The retention times are shown in

Figure S5.
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DAD1 A, Sig=225 4 Ref=off (DEF_LC 2022-05-18 14-52-33\021-0201.D)

mAU ] Signal 1: DAD1 A, Sig=225,4 Ref=off §
Peak RetTime Type Width Area Height Area 8 8 o
804 # [min) [min]  [mAU*s] [mAU) % | . 7 =
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Figure S5. Chiral HPLC chromatograms of rac-21 and ent-21.

o}
TBDPSO\—XO 0 O\I/\
5 N)( NaOBu (RLN
————— TBOPSO—|_ =0

R) THF/DMF = 1:1 HO™ /)
Me™ 377 "0 —78°C, 5 min Me =
N —Me
Me 25 (78%) 21 (8%)
(2R)-18 97% ee >99% ee

To a solution of (2R)-18 (50 mg, 0.10 mmol) in THF (1 mL) and DMF (1 mL),
sodium tert-butoxide (29 mg, 0.30 mmol) was added at —78 °C and stirred for 30
min at the same temperature. The reaction was quenched with 1 n HCI aqueous
solution and warmed to room temperature. The mixture was extracted with EtOAc
three times. The combined organic layer was dried over MgSO,4 and concentrated
under reduced pressure. The residue was purified by flash chromatography on
silica gel (hexane/EtOAC = 5:1, v/v) to yield a 9.8:1 mixture of 25 and 21 (43 mg,

86%) as a colorless oil. 25 and 21 were isolated from the mixture via flash
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chromatography on silica gel (CH.CI/EtOAc = 30:1, v/v).

Table S1. Aldol cyclization of 182

o

TBDPSQ 0 0\1/\
LS o~
o N _conditions _ tgppso o + TBDPSO—+"
Me o} HO™-~ :
Me —Me
18 Me 25
(1:1.3d.r., 98% ee)
tempera yield of 23°  vyield of 24°
entry  reagent (equiv) solvent (0.05 M) time
ture (ee %)° (ee %)°
1 NaOiPr (3) iPrOH -30°C  12h 41% (77) 50% (77)
THF/DMF/tBuOH
2 NaOtBu (3) -78 °C 0.5h 40% (90) 48% (91)
=10:10:1
THF/DMF
3 KHMDS (3) —78°C  05h 39% (90) 47% (91)
=11
THF/DMF
4 NaOtBu (3) —78°C  5min 78% (96) 8% (-99)
=11
THF/DMF/tBuOH
5d NaOtBu (3) —78°C  5min 77% (96) 9% (-96)
=10:10:1
THF/DMF
6e NaOtBu (3) —78°C  05h 8% (-93) 77% (96)
=11
THF/DMF/tBuOH =
7¢ NaOtBu (3) —78°C  05h 8% (-92) 75% (96)
10:10:1

aReactions were run with 0.1 mmol of 18 (1:1.3 d.r.). "Isolated yield. ‘ee value was determined by chiral
HPLC. 9Reactions were rim with 0.1 mmol of (2R)-18. ¢Reactions were performed with 0.1 mmol of (25)-

18.

General procedure for Table S1: To a solution of 18 (50 mg, 0.10 mmol) in

solvent (0.05M), base (0.3 mmol) was added at above temperature and stirred for
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time at the same temperature. The reaction was quenched with 1 n HCI aqueous
solution and warmed to room temperature. The mixture was extracted with EtOAc
three times. The combined organic layer was dried over MgSO,4 and concentrated
under reduced pressure. The residue was purified by flash chromatography on
silica gel (hexane/EtOAC = 5:1, v/v) to yield 25 and ent-21 as a colorless oil. 25 and
ent-21 were isolated from the mixture via flash chromatography on silica gel
(CH:CI/EtOAC = 30:1, ViV).
Table S2. H/D exchange of (2S)-18 with NaOEt/EtOD.2

H/D exchange rate of (2S5)-18

o 0 o
Roﬁo Roﬁo o Rojoa OEt
© EtOD, 40 °C D Y HoY, RO—~ o)
Me6 > 0 time Me™ 3 M o) HO S
D o, e
Me Me (0% \Me Me
(25)-18 d-(25)-18 26 27
(R = TBDPS)
time % DatC-20f %D at C-4 of yield® (%)
entry
(min) (25)-18° (25)-18° d-(25)-18 ent-21 26 27
1 5 1 34 50 15 30 trace
2 10 2 45 14 20 45 7
3 20 - - 0 10 57 12

3Reactions were run with 0.1 mmol of (2S)-18 and NaOEt (20 mg, 0.3 mmol) in EtOD (2 mL).
bDetermined by *H NMR. CIsolated yield.

Note: We conducted the intramolecular aldol reaction of (2S)-18 in EtOD and
analyzed the remaining deuterated (2S)-18 in the incomplete reaction mixture

(NaOEt/EtOD, —40 °C, quenched with saturated NH4CI(s) in DO solutions after 5
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min, 10 min and 20 min) by *H NMR. The hydrogen at the a-carbon (C-4) of (2S)-

18 was gradually exchanged with deuterium over the course of the reaction.

However, the hydrogen at C-2 of (2S)-18 was hardly deuterated. This result

showed a much less facile H/D exchange for the H-2 proton than the H-4 proton.

The obtained aldol product ent-21 showed no detectable deuterium incorporation at

C-2 and C-6. The above result also suggested that C-4 of (2S, 4S)-18 (starting

material) was not racemized under reaction conditions since (2S, 4R)-18

(enantiomer form of (2R, 4S)-18) was not detectable. To understand the rare

racemization at the C-4 well, we performed an additional experiment.

% D at C-4
(0% D) v
(25)-18 l

% D at C-2

(0% D)

7.0 6.5

d-(25)-18

Entry 1
(5 min)

Mo

i.,Jk hJ, M
- “

uLl

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 2.5

(2% D)
|| h *| o

d-(25)-18
Entry 2 \

1l

(10 min)

| ol
P T | VO E— ....._.\..,..__L..___....__J-w_-_-~u.":

B.0 7.5 7.0 6.5

Figure S6. *H NMR spectra of (25)-18 and d-(2S)-18 after the corresponding reaction times.
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Table S3. Chiral HPLC analysis of 18 with NaOEt/EtOH.2

HPLC analysis of incomplete aldol reaction

(0] [e) (@)
RO&O Ro\—fo RO Q
NaOEt )< )<
o4 N)< T . O N o N
EtOH, -40 °C
Me” 3 time MeMo Me o
L :
Me “Me Me
18 recovered recovered
(1:1.3 d.r., 98% ee) (2R)-18 (2S)-18

R =TBDPS

recovered (2R)-18 recovered (2S)-18
time 25b ent-21° 26° 27°
yield® ee® (%) yield® ee® (%)
3 min 10% 98 58% 98 35% 18% 24% trace
10 min 0 - 15% 98 39% 16% 32% 8%
20 min 0 - trace - 40% 5% 35% 17%

@Reactions were run with 0.2 mmol of 25 and NaOEt (40 mg, 0.6 mmol) in EtOH (4

mL). PIsolated yield. “Determined by chiral HPLC.

Procedure for Table S3: To a solution of 18 (100 mg, 0.2 mmol) in EtOH (4 mL),
NaOEt (40 mg, 0.6 mmol) was added at —40 °C and stirred. A portion of mixture (1
mL) was quenched with saturated NH4Cl aqueous solution at 3 min, 10 min and 20
min. Each mixture was concentrated under reduced pressure to remove EtOH. The
mixture was extracted with EtOAc three times and the combined organic layer was
dried over MgSO4 and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (hexane/EtOAc = 5:1, v/v) to give recovered 18, 25,

ent-21, 26 and 27. (2R)-18 and (2S)-18 were isolated via Recycling preparative
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HPLC (HPLC conditions: JAIGEL-ODS-AP-L (20 mm (i.d.) x 500 mm (I), 10 um),
water/MeOH = 86:14, flow rate = 10 mL/min, A = 225 nm). The ee value of 18 was
determined by ‘Determination of the enantiomeric excess of 18 (Figure 1)’. The ee
value of recovered (2R)-18 and (2S)-18 were not changed.

Note: Considering that H/D exchange occurred at C-4 of (2S)-18, as shown in
Table S1, this suggested that even though deprotonation/reprotonation occurred at
C-4 during the aldol reaction, the C-4 of 18 was not racemized. (if C-4 of (25)-18
or (2R)-18 had been racemized, the ee value for recovered (2S)-18 or (2R)-18

should have been decreased.)
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H/D exchange of (2R)-18 with NaOEt/EtOD.

0 O\y/\ Q
TBDPSO&O o ! TBDpso¢OEt
NaOEt
075D (0%)

EtOD, —40 °C D
(R) ’ 0,
M (36 /u)

N
)%@4%)
2z D— = Me (6]
%) Ve D%

B 0
e (14%)° X,
(2R)-18 d-25 d-26

10 min

To a solution of (2R)-18 (100 mg, 0.20 mmol) in EtOH (4 mL), NaOEt (41mg,
0.60 mmol) was added at —40 °C and stirred for 10 min at the same temperature.
The mixture was quenched with saturated NH.Cl aqueous solution and
concentrated under reduced pressure to remove EtOH. The mixture was extracted
with EtOACc three times and the combined organic layer was dried over MgSO, and
concentrated in vacuo. The residue was purified by flash chromatography on silica
gel (hexane/EtOAC = 5:1, v/v) to give d-25 (42 mg, 42%), d-26 (45 mg, 46%). The

obtained aldol product d-25 showed no detectable deuterium incorporation at C-2.
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Figure S7. *H NMR spectra of 25, d-25, 26 and d-26 after the reaction in EtOD (400 MHz, CDCls).
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Table S4. H/D exchange of 26 with NaOEt/EtOD.?

H/D exchange of 26

o) 0
TBDPSO&OEt TBDPSO&OEt
NaOEt {
0 “°NH R — O Z'NH
o M, EtOD, -40°C D
Me (6] time Me O
D
\Me Me
26 d-26
% DatC-2 % D at C-4
entry time yield® [%]
of d-26° of d-26°
1 5 min 32 0 100
2 10 min 54 0 100
3 20 min 62 0 100

@Reactions were run with 0.1 mmol of 26 and NaOEt (20 mg, 0.3 mmol) in EtOD
(2 mL). "Determined by *H NMR. ‘Isolated yield.

Note: We conducted the H/D exchange reaction of 26 with NaOEt in EtOD at —
40 °C. The reaction mixture was quenched with saturated NH4CI(s) in DO
solutions after 5 min, 10 min and 20 min. The obtained d-26 was analyzed by H
NMR. The hydrogen at C-2 of 26 was gradually exchanged with deuterium over
the course of the reaction. However, the hydrogen at C-4 of 26 was not deuterated.
This result suggested that the epimerization at C-2 of 26 was more facile than C-4
of 26, unlike 18. Even after 3 h, the deuterium content at C-2 of 26 was 60%.
Partial deuterium/hydrogen exchange occurring during the work-up appears to be
responsible for the incomplete deuteration at these positions. When the deuteration
exchange reaction was conducted at room temperature, the hydrogens at C-2 and

C-6 of 26 were deuterated; however, hydrogen at C-4 was not deuterated. This
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result indicated that 26 rarely underwent aldol reaction under NaOEt/EtOH

conditions.
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Figure S8. 'H NMR spectra of 26 and d-26 after the corresponding reaction times.
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Procedure for the hydrolysis reaction of 25 and ent-21

o
o\’/\ OH TBDPSO OH
o H
TBDPSO N L iy N Q NH
| O THF/H,0=11  1PDPSO— o + o
HO™~/ 0°CtoRT, 8h HO [~/ Me
Me =__ Me =
Me —Me Me
25 (96% ee) 28 (96% ee) s2

To a solution of 25 (50 mg, 0.10 mmol) in THF (1 mL) and H.O (1 mL),
potassium hydroxide (56 mg, 1.0 mmol) was added at 0 °C. The reaction was
acidified (ca. pH 2) with 1 n HCI aqueous solution and warmed to room
temperature. The mixture was extracted with EtOAc three times. The combined
organic layer was dried over MgSO4 and concentrated under reduced pressure. The
residue was purified by flash chromatography on silica gel (CH.Cl,/MeOH/acetic
acid = 20:1:0.2, viviv) to give 28 (41 mg, 91%) as a white solid and S2 (3.6 mg, 8%,
1:1.1d.r.) as a colorless oil.

28 : mp 184-188 °C; Rs = 0.3 (CH.Cl/MeOH/acetic acid = 10:1:0.1, v/V/V); [0]®p
+13.1 (c 0.5, MeOH); 'H NMR (400 MHz, MeOD) 7.76 — 7.56 (m, 4H), 7.56 —
7.35 (m, 6H), 3.95 (d, J = 10.4 Hz, 1H), 3.85 (d, J = 10.4 Hz, 1H), 2.36 (t, J = 6.6
Hz, 1H), 1.77 — 1.66 (m, 1H), 1.66 — 1.54 (m, 1H), 1.50 (s, 3H), 1.10 (t, J = 7.6 Hz,
3H), 1.04 (s, 9H); *C NMR (100 MHz, CDCl3) & = 179.8, 172.6, 136.9 (2C), 136.7
(2C), 133.9, 133.6, 131.2, 131.1, 129.0 (2C), 128.9 (2C), 80.0, 75.6, 67.6, 54.9,
27.3 (3C), 21.1, 20.0, 17.9, 14.0; IR (neat, cm™) vmax 3300, 2930, 2857, 1607, 1589,

1428, 1376, 1113, 825, 702; HRMS (FAB): calcd. for CzsH3sNOsSi [M+H]*
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456.2206, found 456.2207.

S2 (1:1.1 d.r) : Rt = 0.3 (CH:Cly/MeOH/acetic acid = 10:1:0.1, v/v/v); *H NMR
(400 MHz, MeOD) & = 7.73 — 7.60 (m, 4H), 7.49 — 7.36 (m, 6H), 4.66 — 4.52 (m,
1H), 4.14 — 4.05 (m, 1H), 3.99 — 3.89 (m, 1H), 2.23 (s, 3H, minor), 2.18 (s, 3H,
major), 2.20 (s, 1H, minor), 2.01 (s, 1H, major), 1.94 — 1.74 (m, 2H), 1.05 (s, 9H),
0.96 — 0.89 (m, 3H); *C NMR (100 MHz, CDCls) & = (206.6, 206.4), 172.8, 171.8,
136.74 (2C), 136.69 (2C), 134.2, 134.0, 131.1 (2C), 128.90 (2C), 128.87 (2C), 65.0,
(63.0, 62.9), 56.1, 29.1, 27.3 (3C), (23.3, 22.9), 20.1, (12.1, 12.0); IR (neat, cm™)
Vmax 2960, 2930, 1735, 1654, 1522, 1427, 1202, 1112; HRMS (FAB): calcd. for

C25H34N058i [|\/|+H]+ 456.2206, found 456.2204.

Procedure for the modification of 28 for determination of the enantiomeric

excess of 28

OH TBDPSO

e} H o) H
N EDCI NN
TBDPSO o — o 0
HO [ THF, RT, 12 h, 84% /
Me = ;
Me Me/
28 30

Compound 30: To a solution of 28 (20 mg, 0.044 mmol) in THF (1 mL),
EDC-HCI (17 mg, 0.089 mmol) was added at room temperature and stirred for 12 h.
The mixture was extracted with EtOAc three times. The combined organic layer
was dried over MgSOs and concentrated under reduced pressure. The residue was

purified by flash chromatography on silica gel (hexane/EtOAc = 4:1, v/v) to give
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30 (16 mg, 82%) as a colorless oil.

30 : Rr = 0.3 (hexane/EtOAC = 4:1, v/v); *H NMR (400 MHz, CDCl3) 8 = 7.70 —
7.57 (m, 4H), 7.53 — 7.33 (m, 6H), 5.97 (brs, 1H), 3.95 (d, J = 11.7 Hz, 1H), 3.84
(d, J = 11.9 Hz, 1H), 2.32 (dd, J = 9.6, 5.4 Hz, 1H), 1.98 — 1.86 (m, 1H), 1.82 —
1.70 (m, 1H), 1.78 (s, 3H), 1.14 (t, J = 7.5 Hz, 3H), 1.04 (s, 9H); 3C NMR (100
MHz, CDCl3z) 6 = 176.1, 168.0, 135.8 (2C), 135.7 (2C), 132.0, 131.9, 130.5, 130.4,
128.3 (2C), 128.2 (2C), 85.3, 76.0, 58.9, 50.5, 26.9 (3C), 20.5, 19.3, 19.1, 12.8;
HRMS (FAB): calcd. for C2sH3,NO4Si [M+H]* 438.2101, found 438.2088.

[Determination of the enantiomeric excess of 30]

The enantiomeric purity of | was analyzed by chiral HPLC. The chiral HPLC
chromatogram of 30 was compared with that of rac-30. Based on this comparison,
the enantiomeric purity of 30 was determined to be 96%.

HPLC conditions: CHIRALCEL AD-H (250 x 4.6 mm, 5 um), hexane/2-propanol
= 97:3 (v/v), flow rate = 0.7 mL/min, A = 225 nm. The retention times are shown in

Figure S9.
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DAD!1 A, Sig=225 4 Ref=off (DEF_LC 2022-05-17 15-23-36\011-0101.D)

o
Al Signal 1: DAD1 A, Sig=225,4 Ref=off § g
70 & 8 TBOPSO.
60 Peak RetTime Type Width Area Height Area | I 9 W A=N
50 # [min] [min]  [mAU*s] [mAU] % [ I | —0
O f—
403 el R R f-=mmmneae [-=mmemeeee [=mmnne- [ - |
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10 Ji \
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Figure S9. Chiral HPLC chromatograms of rac-30 and 30.
(0]
OH TBDPSO OH
0 H
Kon TBDPSO N o A
EE— N
THF / H,0 = 1:1 ' O+ " o
0 °C to RT, 10 min HO™: ¢
Me Me
ent-21 (90% ee) ent-28 (90% ee) S2 (3%)

To a solution of ent-21 (50 mg, 0.10 mmol) in THF (1 mL) and H.O (1 mL),
potassium hydroxide (56 mg, 1.0 mmol) was added at 0 °C. The mixture was
slowly warm up to room temperature and stirred for 8 h. The reaction was acidified
(ca. pH 2) with 1 n HCI aqueous solution and warmed to room temperature. The
mixture was extracted with EtOAc three times. The combined organic layer was
dried over MgSO,4 and concentrated under reduced pressure. The residue was
purified by flash chromatography on silica gel (CH:Cl,/MeOH/acetic acid =
20:1:0.2, viviv) to give ent-28 (44 mg, 96%) as a white solid and S2 (1.3 mg, 3%)

as a colorless oil.

56 ; :
B e

e



Table S5. NMR study on the hydrolysis of 25.2 (Figure 4b in main text)

O\I/\ O\’/\ OH
TBDPS(?j’/\N): __on TBDPsoO N S H
HO— O 4THF/ D,0 = 1:1 B HO" o TBDPS%O\-‘ °©
= in NMR tube Me Me =
Me —~Me —~Me € —Me
25 21 28
entry time ratio® of 25:21:28
1 10 min 15:1:2
2 30 min 15:1:23
3 1h 16:1:40
4 2h 16:1:93
5 3h 1:0:39

3Reactions were run with 0.02 mmol of 25 and KOH (11.2 mg, 0.2 mmol) in
d-THF (0.4 mL) and D20 (0.4 mL). "Determined by *H NMR.

In an NMR tube, 25 (10mg, 0.02 mmol) was dissolved in d-THF (0.4 mL) and
treated with potassium hydroxide (11 mg, 0.20 mmol) in D,O (0.4 mL). *H NMR
of the sample was checked at 10 min, 30 min, 1 h, 2 h and 3 h. The result shows the

ratio of 25 and 21 was about 15:1 during the reaction.
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Figure S10. *H NMR spectra of reaction mixture at corresponding reaction times (400 MHz, D0,

d-THF).
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Table S6. Time-course monitoring of aldol reaction of (2R)-18.2 (Figure 4c in main text)

ra -0 o o~f o
&)( NaOtBu ° N ° N © N
o N ————— > RO o + RO o + RO 0
THF/DMF = 1:1 . HO"
M WO ~78 °C, time HO™: Me = HO' A~
° A Me e ® —Me Me =\
~N
Me 25 21 28
(2R)-18
R =TBDPS
entry time yield of 25° yield of 21° yield of 28°
1 5 min 78 8
2 30 min 76 8 4%
3 3h 73 7 8%

3Reactions were run with 0.1 mmol of (2R)-18 and NaOtBu (20 mg, 0.3 mmol) in
THF/DMF = 1:1 (2 mL). "Isolated yield.

To a solution of (2R)-18 (50 mg, 0.10 mmol) in THF (1 mL) and DMF (1 mL),
sodium tert-butoxide (29 mg, 0.30 mmol) was added at —78 °C and stirred for
certain time (5 min, 30 min, 3 h) at the same temperature. The reaction was
acidified (ca. pH 2) with 1 n HCI aqueous solution and warmed to room
temperature. The mixture was extracted with EtOAc three times. The combined
organic layer was dried over MgSO4 and concentrated under reduced pressure. The
residue was purified by flash chromatography on silica gel (hexane/EtOAc = 5:1,
v/v to CH,Clx/MeOH/acetic acid = 20:1:0.2, v/v/v) to give mixture of 25 and 21 as a
colorless oil and 28 as a white solid. The mixture of 25 and 21 were isolated from

the mixture via flash chromatography on silica gel (CH2CI./EtOAc = 20:1, v/v).
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Procedure for the hydrolysis reaction of 30

TBDPSO H OH
o)
o) H
NN KOH N
O O ———— TBDPSO o
/ THF / H,0 = 1:1 Lo
/’— 0°C,2min Me B
Me —Me
30 28

To a solution of 30 (30 mg, 0.07 mmol) in THF (0.7 mL) and H.O (0.7 mL),

potassium hydroxide (39 mg, 0.70 mmol) was added at 0 °C and stirred for 2 min

at the same temperature. The reaction was acidified (ca. pH 2) with 1 n HCI

aqueous solution at 0 °C and extracted with EtOAc three times. The combined

organic layer was dried over MgSO4 and concentrated under reduced pressure. The

residue was purified by flash chromatography on silica gel (CH.Cl,/MeOH/acetic

acid = 20:1:0.2, v/v/v) to give 28 (30 mg, 94%) as a white solid.
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IV-2-2. Total synthesis of salinosporamide B (2)

0 OtBu O OH o cl
TFA (COCl),, cat.DMF
M 0O T M o —————————> M o)
“ CH,Ch0°Ctort, 1h ¢ CH,Cl, 0°Ctort,2h ¢ ||
Me Me Me
s3 32 s4

Compound S4: To a solution of E/Z mixture (~1:1) of S3* (4.0 g, 22 mmol) in
CH.CI; (30 mL), TFA (10 mL) was added at 0 °C slowly and stirred at room
temperature for 1 h. TFA was removed by co-evaporation with toluene in vacuo to
provide carboxylic acid. The crude carboxylic acid and DMF (20 pL) was
dissolved in CH:Cl; (44 mL), oxalyl chloride in CH.Cl, (13 mL, 26 mmol) was
added at 0 °C and stirred for 2 h at room temperature. The reaction mixture was
concentrated under reduced pressure to provide acid chloride S4. The crude

mixture was used in next step without further purification.

i) NaH, THF o)

0°Ctort,2h o cl RO (e}
O~__OH i) AlMes, Acetone, O«_0 )<
4AMS, rt,16 h N
S s o] Wi
NH H Me 2hr e | ]
L-serine-OTBDPS 19 s4

Me
R = TBDPS

31
(1:1.5 E/Z mixture)

Compound 31: To a solution of I-serine-OTBDPS (4.0 g, 11.6 mmol) in THF,
NaH (310 mg, 90 wt. %, dry, 11.6 mmol) was added at 0 °C and stirred at room
temperature for 2 h. The solvents were evaporated under low pressure to obtain
sodium salt form of I-serine-OTBDPS. To stirred mixture of sodium salt of I-

serine-OTBDPS and oven activated 4A molecular sieves in dry acetone under
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nitrogen atmosphere was slowly added a solution of trimethylaluminium in hexane
(5.8 mL, 11.6 mmol) at 0 °C. The mixture is slowly warmed to room temperature.
After stirring for 16 h at the same temperature, acid chloride S4 was slowly added
at 0 °C and stirred for 2 h at room temperature. The mixture was filtered through a
pad of celite and silica, rinsed with EtOAc and concentrated under reduced
pressure. The residue was purified by flash chromatography on silica gel to
(hexane/EtOAC = 3:1, v/v to hexane/EtOAc = 1:1, v/v) to yield a 1:1.5 E/Z mixture
of 31 (3.6 g, 64%) as yellowish oil. The minor form of 31 was slowly transformed
to major form of 31 or decomposed.

31 (major) : Ry = 0.38 (hexane/EtOAc, 1:1); *H NMR (400 MHz, CDCls) § = 7.63
— 755 (m, 4H), 7.45 — 7.33 (m, 6H), 6.66 (q, J = 7.1 Hz, 1H), 4.03 (t, J = 2.1 Hz,
1H), 3.98 (dd, J = 11.0, 2.0 Hz, 1H), 3.50 (dd, J = 11.0, 2.2 Hz, 1H), 2.14 (s, 3H),
2.00 (s, 3H), 1.92 (s, 3H), 1.70 — 1.62 (m, 3H), 1.04 (s, 9H); 3C NMR (100 MHz,
CDCl3) 6 =195.2,169.2, 164.7, 141.3, 136.1 (2C), 135.9 (2C), 135.6, 132.6, 131.7,
130.2 (2C), 127.9 (4C), 99.0, 63.6, 59.8, 26.9 (5C), 26.3, 25.9, 19.2; IR (neat, cm)
vmax 2932, 2858, 1791, 1650, 1589, 1392, 1369, 1293, 1260, 1105, 1046, 968, 940,
885; HRMS (FAB): calcd. for CasH3sNOsSi [M+H]* 494.2363, found 494.2382.

31 (minor) : Rf = 0.5 (hexane/EtOAc, 1:1); *H NMR (600 MHz, CDCls) § = 7.57
(dt, J = 8.1, 1.5 Hz, 4H), 7.46 — 7.34 (m, 6H), 6.11 (g, J = 7.3 Hz, 1H), 4.21 — 4.11

(m, 1H), 4.02 (d, J = 11.0 Hz, 1H), 3.77 — 3.69 (m, 1H), 2.19 (s, 3H), 1.96 (s, 3H),
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1.84 (s, 3H), 1.82 — 1.77 (m, 3H), 1.02 (s, 9H); *C NMR (151 MHz, CDCls) 5 =
196.7, 169.1, 164.7, 141.7, 136.1 (2C), 135.9 (2C), 135.7, 132.6, 131.7, 130.3,
130.2 128.02 (2C), 127.95 (2C), 99.0, 63.6, 60.1, 30.5, 26.93 (2C), 26.87 (3C),
25.9, 19.2; IR (neat, cm™) vmex 2934, 2859, 1793, 1696, 1654, 1395, 1368, 1105,

1045, 966, 938, 884; HRMS (FAB): calcd. for CzsHasNOsSi [M+H]* 494.2363,

found 494.2375.
(e} (e}
TBDPSO o] TBDPSO O
)< CoCl, )<
[e) N NaBH, [e) N
I s S
Me o MeOH, -78 °C to 0 °C Me)%o
| 1h, 91% :
Me “Me
31 (2R)-18
(1:1.5 E/Z mixture) dr.=12:1

Compound (2R)-18: To a solution of 31 mixture (3.0 g, 6.1 mmol) in MeOH
(122 ml), CoCl»-6H20 (5.8 g, 24.4 mmol) and NaBH, (1.1 g, 30 mmol) was added
at —78 °C. The mixture was slowly warm up to 0 °C and stirred for 1 h. The
reaction mixture was concentrated under reduced pressure to remove MeOH. The
mixture was filtered through a pad of celite and silica, rinsed with EtOAc and
concentrated under reduced pressure. The residue was purified by flash
chromatography on silica gel (hexane/EtOAc = 5:1, v/v) to yield a 12:1 mixture of
(2R)-18 and (25)-18 (2.7 g, 91%) as a colorless oil. (2R)-18 and (2S)-18 were
isolated from the mixture via recycling preparative HPLC (HPLC conditions:
JAIGEL-ODS-AP-L (20 mm (i.d.) x 500 mm (I), 10 um), water/MeOH = 86:14,

flow rate = 10 mL/min, A = 225 nm).
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o)

TBDPSO&O OH
X o

(0] N NaOfBu H
TBDPSO
Me)%O {BUOH, rt Lo o

7\Me 30 min, 90% Me .:\Me
(2R)-18 28 (96% ee)

Compound 28: To a stirred solution of (2R)-18 (2.5 g, 5.0 mmol) in tBuOH (100
mL), Sodium tert-butoxide (2.4 g, 25 mmol) was added at room temperature. The
mixture was stirred at room temperature for 30 min and quenched with 1 n HCI
aqueous solution and extracted with EtOAc three times. The combined organic
layer was dried over MgSO, and concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel (CH2Cl,/MeOH/acetic acid =
20:1:0.2, vivilv) to give 28 (2.1 g, 90%) as a white solid. The enantiomeric excess of
28 was determined to be 96%.

OH TBDPSO H
° N HCIO BuO,C1+ 1\ N
uO,Cr
TBDPSO o — U 5 (@) |j0w o)
HO" [~ {BUOAC, 1, 12 h /

Me =~ 75%(91% brsm) Me =
28 (96% ee) 34

Compound 34: To a solution of 28 (2.0 g, 4.4 mmol) in tert-Butyl acetate (44
mL), aqueous 50% HCIO, (880 uL) was added at room temperature. The mixture
was stirred at room temperature for 16 h and quenched with saturated NaHCO3
aqueous solution at 0 °C. The mixture was extracted with EtOAc three times, and
the combined organic fraction was dried over MgSO. and concentrated under

reduced pressure. The residue was purified by flash chromatography on silica gel
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(hexane/EtOAC = 4:1, v/v) to vyield 34 (1.7 g, 75%) as a colorless oil, and 28 (320
mg, 16%) was recovered.

34 : Ry = 0.31 ((hexane/EtOAc = 4:1, VIV); [0]® b — 44.4 (c 0.5, CHCI3); *H NMR
(400 MHz, CDCls) 8.57 (s, 1H), 7.81 — 7.57 (m, 4H), 7.51 — 7.31 (m, 6H), 4.13 (d,
J=9.3 Hz, 1H), 3.49 (d, J = 9.3 Hz, 1H), 1.98 (t, J = 6.6 Hz, 1H), 1.87 — 1.70 (m,
1H), 1.65 — 1.54 (m, 1H), 1.44 (s, 9H), 1.25 (s, 3H), 1.05 (t, J = 7.5Hz, 3H) 1.05 (s,
9H): ¥C NMR (100 MHz, CDCl3) & = 177.5, 170.1, 135.8 (4C), 133.1, 132.7,
130.0, 129.9, 128.0 (2C), 127.9 (2C), 82.9, 78.8, 75.9, 66.6, 53.2, 28.0 (3C), 26.9
(3C), 20.8, 19.3, 16.7, 13.5; IR (neat, cm™) vmax 3302, 2941, 2897, 1720, 1686,

1366, 1159, 1112, 1076; HRMS (FAB): calcd. for CosHsNOsSi [M+H]* 512.2832,

TBDPSO—, HO—

BuO,C YN TBAF, AcOH BuO,Cr Y\ N
HO"- © ©

/ THF, 0°C to rt HO" ~

Me = 12 h, 78% Me =_
Me
34 35

found 512.2829.

Compound 35: To a solution of 34 (1.0 g, 2.0 mmol) in THF (9.8 mL), acetic
acid (452 uL, 7.90 mmol) and 1.0M TBAF solution in THF (3.9 mL, 3.9 mmol)
was added at 0 °C. The mixture was warmed up to room temperature and stirred for
12 h and quenched with saturated NHCl aqueous solution. The mixture was
extracted with EtOAc three times, and the combined organic fraction was dried
over MgSO. and concentrated under reduced pressure. The residue was purified by

flash chromatography on silica gel (hexane/EtOAc = 1:2, v/v) to yield 35 (426 mg,

65



78%) as a white solid.

35: mp 163-166 °C; Rt = 0.28 (hexane/EtOAc = 1:3); [a]* > — 10.6 (c 0.5,
MeOH): 'H NMR (400MHz, CDs0OD) & = 3.82 (d, J = 11.0 Hz, 1H), 3.73 (d, J =
11.0 Hz, 1H), 2.28 (t, J = 6.6 Hz, 1H), 1.78 — 1.63 (m, 1H), 1.61 — 1.52 (m, 1H),
1.50 (s, 9H), 1.48 (s, 3H), 1.11 (t, J = 7.6 Hz, 3H); 2*C NMR (100 MHz, CD:0D)
=179.7, 170.2, 83.3, 80.1, 75.8, 65.5, 54.7, 28.3 (3C), 21.2, 17.9, 13.9; IR (neat,
cm™) vmax 3334, 3000, 2456, 1716, 1685, 1654, 1369, 1153, 754; HRMS (FAB):

calcd. for C13H24NOs [M+H]* 274.1651, found 274.1652.

HO H
H 0o H Br
tBuO,C+ o DMP {BUO,C' N In, NH,4CI(s)
HO! PP Ol + -
Z CHyCly, 1t, 2 h HO" /~, THF, rt, 6 h

Me e Me = 70% (2 steps)

35 36

(d.r. =10:1)

Compound 37: To a stirred solution of 35 (150 mg, 0.547 mmol) in CH.Cl; (5.5
mL), DMP (280 mg, 0.656 mmol) was added at room temperature and stirred for 2
h. In the meantime, to a solution of indium (315 mg, 2.74 mmol) in THF (5.5 mL),
ammonium chloride (144 mg, 2.74 mmol) was added at room temperature. After 30
min, 3-bromocyclohexene (184 uL, 1.59 mmol) was slowly added at room
temperature stirred for 30 min. After completion of DMP oxidation, the mixture
was filtered through syringe filter for removing precipitate, and added to indium,
ammonium chloride and 3-bromocyclohexane solution at room temperature. The

reaction mixture was stirred for 6 h and filter through a pad of Celite, rinsed with
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EtOAc and concentrated under reduced pressure. The residue was purified by flash
chromatography on silica gel (hexane/EtOAc = 1:1, v/v) to yield 37 (135 mg, 70%,
10:1 d.r.) as a white solid.

37: mp 180-183 °C; Rf = 0.3 (hexane:EtOAc = 1:1); [a]® — 174.4 (c 0.5,
CHCl3); *H NMR (400 MHz, CDCls) 6 = 8.46 (brs, 1H), 6.14 — 5.95 (m, 1H), 5.89
—5.75 (m, 1H), 8.46 (brs, 1H), 4.06 (d, J = 10.3 Hz, 1H), 2.44 (dd, J = 7.6, 5.9 Hz,
1H), 2.27 (brs, 1H), 2.01 — 1.93 (m, 2H), 1.89 — 1.77 (m, 1H), 1.76 — 1.65 (m, 4H),
1.62 — 1.51 (m, 2H), 1.55 (s, 3H), 1.51 (s, 9H), 1.07 (t, J = 7.5 Hz, 3H); 3C NMR
(100 MHz, CDCls) 6 =180.1, 171.5, 135.1, 123.7, 83.7, 81.7, 78.8, 75.8, 53.1, 38.5,
29.4, 28.2 (3C), 25.0, 20.8, 20.6, 16.7, 13.6; IR (neat, cm) vmax 3313, 2977, 2931,
2875, 1714, 1688, 1458, 1370, 1290, 1253, 1158, 1098, 1018, 950, 886, 845, 759,

691; HRMS (FAB): calcd. for C19H32NOs [M+H]* 354.2280, found 354.2290.

HO
BOP-CLEt;N Oy,
_ >

TFA

tBuO,C+ o ——————>= HO,C!+
HO' CH,Cl,, 0 °C to rt HO' - O CHyClp, 1t,10h  Qu.
Me =_ 2h Me : 74% (2 steps) Me =
Me ~Me ) ~Me
37 38 salinosporamide B (2)
(d.r. = 10:1)

Compound 38: To a stirred solution of 37 (68 mg, 0.19 mmol) in CHxCl, (1.0
mL), TFA (0.5 mL) was added at 0 °C. The mixture was slowly warm up to room
temperature and stirred for 2 h. The resulting mixture was concentrated under
reduced pressure to provide carboxylic acid 38 (53 mg). The crude mixture was

used in next step without further purification.
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Salinosporamide B (2): To a solution of crude carboxylic acid prepared above
(53 mg) in CH:Cl; (1.0 mL), triethylamine (167 uL, 1.2 mmol) and BOP-CI (147
mg, 0.579 mmol) was added at room temperature. The mixture was stirred at the
same temperature for 10 h and quenched with saturated NH4CIl aqueous solution.
The mixture was extracted with EtOAc three times, and the combined organic
fraction was dried over MgSO. and concentrated under reduced pressure. The
residue was purified by flash chromatography on silica gel (hexane/EtOAc = 3:1,
v/v) to yield salinosporamide B (39.8 mg, 74% for 2 steps) as a white solid.

2: Rf = 0.5 (hexane/EtOAc = 1:1); [a]®> — 57 (c 0.286, MeOH); 'H NMR
(400MHz, DMSO-ds) & = 8.93 (s, 1H), 5.86 — 5.77 (m, 1H), 5.77 — 5.65 (m, 1H),
5.52 (d, J = 7.8 Hz, 1H), 3.66 (dd, J = 9.2, 7.9 Hz, 1H), 2.38 (dd, J = 8.5, 5.8 Hz,
1H), 2.33 — 2.23 (m, 1H), 1.95 — 1.87 (m, 2H), 1.83 — 1.77 (m, 1H), 1.75 (s, 3H),
1.75—1.62 (m, 2H), 1.62 — 1.47 (m, 1H), 1.48 — 1.32 (m, 1H), 1.28 — 1.16 (m, 1H),
1.07 (t, J = 7.5 Hz, 3H); *C NMR (100 MHz, DMSO-ds) § = 175.9, 168.9, 128.6,
127.7,86.2, 78.6, 69.1, 49.1, 37.7, 25.3, 24.6, 21.0, 20.2, 18.1, 12.4; IR (neat, cm™)
vmax 3355, 3341, 2960, 2925, 1821, 1697, 1681, 1445, 1309, 1029; HRMS (FAB):

calcd. for CisH22NO4 [M+H]* 280.1549, found 280.1557.
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IVV-2-3.Total synthesis of cinnabaramide A, E, F.

0O ofBu O OH o c
TFA (COCl),, cat.DMF
M 0O T M o T M o)
< CH,Cl0°Ctort,1h "¢ CH,Cly, 0°Ctort,2h "¢
CsHyq CsHqq CsHqq
s5 39 s6

Compound S6: To a solution of E/Z mixture (~1.5:1) of S5 (4.0 g, 17 mmol) in
CH.CI; (24 mL), TFA (8 mL) was added at 0 °C and stirred at room temperature
for 1 h. TFA was removed by co-evaporation with toluene in vacuo to provide
carboxylic acid 39. The crude carboxylic acid and DMF (20 uL) was dissolved in
CHCI; (25 mL), oxalyl chloride in CH,Cl, (10 mL, 20 mmol) was added at 0 °C
and stirred for 2 h at room temperature. The reaction mixture was concentrated
under reduced pressure to provide acid chloride S6. The crude mixture was used in

next step without further purification.

i) NaH, THF o
0°Ctort,2h RO o
(0] OH ii) AIMe3, Acetone, (0] o (0] Cl )<
4AMS,rt, 16 h O N
RO\I _ > RO\iN>< + Me ‘ 0O — »
NH, H o 2hr Me | o
R = TBDPS 19 S
S6 CsHyy

S§7
(1:1.4 E/Z mixture)

Compound S7: To a solution of L-serine-OTBDPS (4.0 g, 11.6 mmol) in THF,
NaH (310 mg, 90 wt. %, dry, 11.6 mmol) was added at 0 °C and stirred at room
temperature for 2 h. The solvents were evaporated under low pressure to obtain
sodium salt form of L-serine-OTBDPS. To stirred mixture of sodium salt of L-

serine-OTBDPS and oven activated 4A molecular sieves in dry acetone under
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nitrogen atmosphere was slowly added a solution of trimethylaluminium in hexane
(5.8 mL, 12 mmol) at 0 °C. The mixture is slowly warmed to room temperature.
After stirring for 12 h at the same temperature, acid chloride S6 was slowly added
at 0 °C and stirred for 2 h at room temperature. The mixture was filtered through a
pad of celite and silica, rinsed with EtOAc and concentrated under reduced
pressure. The residue was purified by flash chromatography on silica gel to
(hexane/EtOAC = 5:1, v/v to hexane/EtOAc, 3:1) to yield a 1:1.4 E/Z mixture of S7
(3.6 9, 57 %) as yellowish oil. The minor form of S7 was slowly transformed to
major form of S7 or decomposed.

S7 (major): Rs = 0.33 (hexane/EtOAc, 3:1); *H NMR (400 MHz, CDCls) § = 7.63
—7.55 (M, 4H), 7.46 — 7.34 (m, 6H), 6.57 (dd, J = 8.8, 6.7 Hz, 1H), 4.01 (t, J = 2.1
Hz, 1H), 3.96 (dd, J = 11.0, 2.0 Hz, 1H), 3.49 (dd, J = 11.0, 2.1 Hz, 1H), 2.21 —
2.09 (m, 2H), 2.15 (s, 3H), 2.00 (s, 3H), 1.91 (s, 3H), 1.39 — 1.29 (m, 2H), 1.28 —
1.16 (m, 4H), 1.04 (s, 9H), 0.85 (t, J = 7.0 Hz, 3H); 3C NMR (100 MHz, CDCls) &
=195.5, 169.2, 164.7, 150.1, 140.0, 136.1 (2C), 135.8 (2C), 132.7, 131.7, 130.21,
130.15, 127.94 (2C), 127.92 (2C), 99.0, 63.9, 59.9, 31.5, 30.5, 28.0, 26.9, 26.8 (3C),
26.4, 25.9, 22.4, 19.2, 14.0; IR (neat, cm™) vmax 2957, 2933, 2860, 1796, 1656,
1411, 1365, 1261, 1112, 968, 822; HRMS (FAB): calcd. for CaHaNOsSi [M]*
550.2989, found 550.2996.

S7 (minor): Ry = 0.5 (hexane/EtOAcC, 3:1); *H NMR (400 MHz, CDCl3) 6 = 7.62 —
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7.52 (m, 4H), 7.48 — 7.33 (m, 6H), 6.04 (t, J = 7.6 Hz, 1H), 4.24 — 4.13 (brs, 1H),
4.00 (dd, J = 11.2, 1.9 Hz, 1H), 3.86 — 3.72 (brs, 1H), 2.31 — 2.21 (m, 1H), 2.19 (s,
3H), 2.16 — 2.10 (m, 1H), 1.96 (s, 3H), 1.85 (s, 3H), 1.32 — 1.12 (m, 6H), 1.02 (s,
9H), 0.81 (t, J = 7.0 Hz, 3H); 1°C NMR (100 MHz, CDCls) § = 196.9, 169.0, 166.0,
147.0, 138.7, 136.0 (2C), 135.6 (2C), 132.6, 131.8, 130.3, 130.2, 128.1 (2C), 128.0
(2C), 98.7, 63.2, 60.3, 31.6, 30.5, 29.3, 28.4, 26.94 (3C), 26.88 (2C), 22.4, 19.3,
14.0; IR (neat, cm ) vmex 2957, 2932, 2856, 1796, 1716, 1650, 1428, 1411, 1261,
1224, 1150, 967, 822; HRMS (FAB): calcd. for CaHaNOsSi [M+H]* 550.2989,

found 550.2996.

[0}

o)
TBDPSO& CoCly TBDPSO&
_ NaBH, 5 NX
MeOH, 78 °C to 0 °C PN
Me™ ] 1h, 71% Me™ 2 O
CeHi “CsHay
S7 (2R)-40
(1:1.4 E/Z mixture) dr. = 14:1

Compound (2R)-40: To a solution of S7 (3.3 g, 6.0 mmol) in MeOH, CoCl,-
6H,0 (7.1 g, 30 mmol) and NaBH, (1.1 g, 30 mmol) was added at —78 °C. The
mixture was slowly warm up to 0 °C and stirred for 1 h. The reaction mixture was
concentrated under reduced pressure to remove MeOH. The mixture was filtered
through a pad of celite and silica, rinsed with EtOAc and concentrated under
reduced pressure. The residue was purified by flash chromatography on silica gel
(hexane/EtOAC = 8:1, v/v) to yield a 14:1 mixture of (2R)-40 and (2S)-40 (2.4 g,

71%) as a colorless oil.
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(2R)-40 : R; = 0.55 (hexane/EtOAC, 3:1); [a]®% — 30.5 (c 0.5, CHCIs); *H NMR
(400 MHz, CDCls, two rotamers in a 25:1 ratio) 6 = 7.68 — 7.54 (m, 4H), 7.50 —
7.30 (m, 6H), 4.56 — 4.46 (m, 1H), 4.10 (dd, J = 11.2, 2.3 Hz, 1H), 3.85 (dd, J =
11.2, 2.2 Hz, 1H), 3.19 (dd, J = 7.8, 6.7 Hz, 1H), 2.10 (s, 3H), 1.97 — 1.71 (m, 2H),
1.92 (s, 3H), 1.78 (s, 3H), 1.31 — 1.10 (m, 8H), 1.03 (s, 9H), 0.84 (t, J = 7.0 Hz,
3H); 3C NMR (100 MHz, CDCls) & = 204.9, 168.9, 166.2, 135.89 (2C), 135.56
(2C), 132.4, 131.7, 130.4, 130.2, 128.13 (2C), 128.08 (2C), 99.0, 64.8, 61.2, 59.5,
315, 29.3, 28.8, 27.6, 26.9 (3C), 26.6, 26.3, 25.9, 22.7, 19.3, 14.2; IR (neat, cm™)
vmax 2954, 2930, 2858, 1794, 1709, 1655, 1402, 1262, 1105, 1044, 990; HRMS
(FAB): calcd. for CaHaeNOsSi [M+H]* 552.3145, found 552.3141.

(25)-40 : Rt = 0.68 (hexane/EtOAC, 3:Dff; [a]*p + 33 (c 0.5, CHCIs); 'H NMR
(400 MHz, CDCls, two rotamers in a 7:1 ratio) 6 = 7.66 — 7.53 (m, 4H), 7.46 — 7.34
(m, 6H), 4.34 (t, J = 2.1 Hz, 1H), 4.11 (dd, J = 11.3, 1.9 Hz, 1H), 4.01 (dd, J = 11.3,
2.1 Hz, 1H), 3.09 (dd, J = 8.5, 6.1 Hz, 1H), 2.09 (s, 3H), 2.01 — 1.72 (m, 2H), 1.95
(s, 3H), 1.82 (s, 3H), 1.36 — 1.11 (m, 8H), 1.03 (s, 9H), 0.83 (t, J = 6.8 Hz, 3H); 3C
NMR (100 MHz, CDCls) & = 203.9, 168.8, 167.7, 136.0 (2C), 135.7 (2C), 132.4,
131.8, 130.3, 130.2, 128.02 (2C), 127.96 (2C), 99.1, 64.8, 60.2, 60.1, 31.5, 31.2,
29.2, 27.5, 27.4, 27.0 (3C), 26.4, 26.0, 22.6, 19.3, 14.1; IR (neat, cm*) vmax 2954,
2928, 2858, 1794, 1709, 1655, 1426, 1378, 1261, 1224, 1174, 968, 915; HRMS

(FAB): calcd. for C5,H4sNOsSi [M+H]* 552.3145, found 552.3146.
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TBDPSO&O OH
o]

H

o N)( NaOtBu N
)@/g —————— > TBDPSO o

Me” 37 O tBuOH, rt HOM [~

: 30 min, 88% Me =
CoHig TCsHyq

(2R)-40 41 (98% ee)

Compound 41: To a stirred solution of (2R)-40 (1.1 g, 2.0 mmol) in tBuOH (40
mL), Sodium tert-butoxide (961 mg, 10.0 mmol) was added at room temperature.
The mixture was stirred at room temperature for 30 min and acidified with 1 n HCI
aqueous solution at 0 °C and extracted with EtOAc three times. The combined
organic layer was dried over MgSO4 and concentrated under reduced pressure. The
residue was purified by flash chromatography on silica gel (CH.Cl,/MeOH/acetic
acid = 20:1:0.2, v/viv) to give 41 (898 mg, 88%) as a white solid. The enantiomeric
excess of 41 was determined to be 98%.

41: mp 150-154 °C; Rf = 0.4 (CH.Cly/MeOH/acetic acid = 10:1:0.1); [a]?*%b +
47.5 (c 0.5, CHCI3); *H NMR (400 MHz, CDsOD) & = 7.71 — 7.61 (m, 4H), 7.49 —
7.35 (m, 6H), 3.89 (s, 2H), 2.45 (t, J = 6.1 Hz, 1H), 1.74 — 1.62 (m, 1H), 1.61 —
1.51 (m, 2H), 1.49 — 1.41 (m, 1H) 1.44 (s, 3H), 1.38 — 1.27 (m, 6H), 1.04 (s, 9H),
0.89 (t, J = 7.0 Hz, 3H); ¥C NMR (100 MHz, CDs0D) & = 179.9, 172.6, 136.9
(2C), 136.7 (2C), 133.9, 133.5, 131.2, 131.1, 129.00 (2C), 128.96 (2C), 80.0, 75.7,
67.5, 53.0, 32.9, 30.7, 29.8, 27.3 (3C), 24.6, 23.7, 21.0, 20.1, 14.5; IR (neat, cm™)
vmax 2954, 2928, 2855, 1708, 1615, 1362, 1219, 1112, 1174, 825; HRMS (FAB):

calcd. for CooH42NOsSi [M+H]* 512.2832, found 512.2827.
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Procedure for the modification of 41 for determination of the enantiomeric

o OHH TBDPSO.
N EDCI SN B

TBDPSO 0o ——— 3 o
HO" / THF, rt O /

Me = 12 h, 80% Me =
\CSH11 \C5H11
LY S8

excess of 41

Compound S8: To a solution of 41 (17 mg, 0.033 mmol) in THF (1 mL),
EDC-HCI (16 mg, 0.083 mmol) was added at room temperature and stirred for 12 h.
The mixture was extracted with EtOAc three times. The combined organic layer
was dried over MgSO4 and concentrated under reduced pressure. The residue was
purified by flash chromatography on silica gel (hexane/EtOAc = 5:1, v/v) to yield
S8 (13 mg, 80%) as a colorless oil.

S8: R = 0.33 (hexane/EtOAc = 3:1, v/v); *H NMR (400 MHz, CDCl3) & = 7.69 —
7.56 (m, 4H), 7.50 — 7.37 (m, 6H), 5.87 (s, 1H), 3.94 (d, J = 11.8 Hz, 1H), 3.83 (d,
J=11.8 Hz, 1H), 2.39 (dd, J = 9.6, 5.3 Hz, 1H), 1.89 — 1.78 (m, 1H), 1.77 (s, 3H),
1.75 - 1.65 (m, 1H), 1.59 — 1.46 (m, 2H), 1.41 — 1.21 (m, 6H), 1.03 (s, 9H), 0.86 (t,
3H); 3C NMR (100 MHz, CDCls) 6 = 176.2, 168.0, 135.8 (2C), 135.7 (2C), 132.0,
131.9, 130.5, 130.4, 128.3 (2C), 128.2 (2C), 85.3, 75.9, 59.0, 49.0, 31.6, 29.4, 27.9,
26.8 (3C), 25.7, 22.7, 20.4, 19.2, 14.2; HRMS (FAB): calcd. for Cy9HsNO,Si
[M+H]* 429.2727, found 429.2720.

[Determination of the enantiomeric excess of S8]

The enantiomeric purity of | was analyzed by chiral HPLC. The chiral HPLC
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chromatogram of S8 was compared with that of rac-S8. Based on this comparison,
the enantiomeric purity of S8 was determined to be 99%.
HPLC conditions: CHIRALCEL AD-H (250 x 4.6 mm, 5 um), hexane/2-propanol

= 97:3 (v/v), flow rate = 0.7 mL/min, A = 225 nm. The retention times are shown in

Figure S11.
DAD1 A, Sig=225 4 Ref=off (DEF_LC 2022-03-23 20-36-33\091-0102.D)
mAU]  signal 1: DAD1 A, Sig=225,4 Ref=off g 2. >4
8 ‘ﬁvb\ Q\
40 Peak RetTime Type Width Area Height Area 1% Q?\ TBDPSO
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304 |1 | | 0
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10 | 1 il rac-S8
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5 10 15 2 % ) 3 i
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Figure S11. Chiral HPLC chromatograms of rac-S8 and S8.
TBDPSO H
N
HCIO,4 (aq) tBuO,C'+ o
B
HO!+
/ t-BuOAc, rt, 12 h ME :
Me = 71% (86% brsm e —
—CsH1q ( ) CsHq
41 (98% ee) S9

Compound S9: To a solution of 41 (721 mg, 1.41 mmol) in tert-Butyl acetate (14
mL), aqueous 50% HCIO, (280 pL) was added at room temperature. The mixture
was stirred at room temperature for 12 h and quenched with saturated NaHCO3
aqueous solution at 0 °C. The mixture was extracted with EtOAc three times, and

the combined organic fraction was dried over MgSO, and concentrated under
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reduced pressure. The residue was purified by flash chromatography on silica gel
(hexane/EtOAC = 6:1, v/v) to yield S9 (568 mg, 71%) as a colorless oil, and 41
(107 mg, 15%) was recovered.

S9: Rf = 0.4 (hexane/EtOAc = 5:1, viv); [a]®% — 29.9 (¢ 0.5, CHCls); *H NMR
(400 MHz, CDCls) & = 8.68 (s, 1H), 7.68 (ddt, J = 26.7, 6.5, 1.8 Hz, 4H), 7.52 —
7.30 (m, 6H), 4.13 (d, J = 9.3 Hz, 1H), 3.49 (d, J = 9.3 Hz, 1H), 2.08 — 1.99 (m,
1H), 1.80 — 1.65 (m, 1H), 1.65 — 1.50 (m, 2H), 1.44 (s, 9H), 1.38 — 1.31 (m, 1H)
1.31—1.19 (m, 6H), 1.23 (s, 3H), 1.05 (s, 9H), 0.89 — 0.79 (m, 3H); *C NMR (100
MHz, CDCls) & = 177.7, 170.2, 135.80 (2C), 135.79 (2C), 133.1, 132.7, 130.0,
129.9, 128.0 (2C), 127.9 (2C), 82.8, 78.7, 76.0, 66.6, 51.6, 31.9, 29.9, 28.8, 28.0
(3C), 26.9 (3C), 23.6, 22.8, 20.7, 19.3, 14.2; IR (neat, cm™) vmax 3315, 2954, 2928,
2856, 1722, 1690, 1368, 1315, 1252, 1163, 1077; HRMS (FAB): calcd. for
Ca3sHsoNOsSi [M+H]* 568.3458, found 568.3460.

TBDPSO H HO H
tBuozckN/Eo TBAF, AcOH tBuOZC\)/\NfO
i, TEeeet WL

1 ' CsHiy

S9 $10
Compound S10: To a solution of S9 (533 mg, 0.939 mmol) in THF (4.7 mL),
acetic acid (215 pL, 3.76 mmol) and 1.0M TBAF solution in THF (1.9 mL, 1.9
mmol) was added at 0 °C. The mixture was warm up to room temperature and
stirred for 12 h and quenched with saturated NH4Cl aqueous solution. The mixture

was extracted with EtOAC three times, and the combined organic fraction was dried
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over MgSO, and concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel (hexane/EtOAc = 1:2, v/v) to yield S10 (263 mg,
85%) as a white solid.

S10: mp 113-118 °C; Ry = 0.5 (EtOAc); [0]®p + 44.3 (¢ 0.5, MeOH); *H NMR
(400MHz, CDCl3) & = 3.81 (d, J = 11.1 Hz, 1H), 3.73 (d, J = 11.0 Hz, 1H), 2.35 (t,
J = 6.2 Hz, 1H), 1.71 — 1.52 (m, 3H), 1.52 — 1.41 (m, 1H), 1.50 (s, 9H), 1.47 (s,
3H), 1.39 — 1.27 (m, 6H), 0.96 — 0.86 (m, 3H); *C NMR (100 MHz, CDCls) & =
179.8, 170.2, 83.3, 80.1, 75.8, 65.5, 53.0, 32.9, 30.8, 29.8, 28.3 (3C), 24.7, 23.7,
21.1, 14.4; IR (neat, cm™) vmax 3337, 2954, 2926, 2856, 1719, 1685, 1677, 1655,
1368, 1319, 1249, 1158, 1020; HRMS (FAB): calcd. for CiHzNOs [M+H]*

330.2280, found 330.2285.

Br ’
HO oM Q HO

H H
AN
tBuO,C! o DMP fBUO,C+- N o In, NH4CI(s) {BUO,C!
HO" ~ CH,Cly, 1t, 2 h HOM f~, THE. it 12 h HO'
Me = Me = 92% for 2 steps Me =
CeH1y TCsHyy TCsHyy
S$10 S11 S12

(d.r. = 11:1)

Compound S12: To a stirred solution of S10 (200 mg, 0.607 mmol) in CHCl.
(6.1 mL), DMP (309 mg, 0.728 mmol) was added at room temperature and stirred
for 2 h. In the meantime, to a solution of indium (356 mg, 3.10 mmol) in THF (6.1
mL), ammonium chloride (166 mg, 3.10 mmol) was added at room temperature.
After 30 min, 3-bromo cyclohexene (209 uL, 1.82 mmol) was slowly added at

room temperature stirred for 30 min. After completion of DMP oxidation, the crude
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mixture of S11 was filtered through syringe filter for removing precipitate, and
added to indium, ammonium chloride and 3-bromo cyclohexane solution at room
temperature. The reaction mixture was stirred for 12 h and filter through a pad of
Celite, rinsed with EtOAc and concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel (hexane/EtOAc = 3:1, v/v) to
yield S12 (229 mg, 92%, 11:1 d.r.) as a white solid.

S12: mp 165-170 °C; R; = 0.3 (hexane/EtOAc = 1:1); 'H NMR (400 MHz,
CDCls) & = 8.35 (brs, 1H), 6.06 — 5.96 (m, 1H), 5.83 — 5.75 (m, 1H), 4.05 (s, 1H),
2.57 — 2.46 (m, 1H), 2.27 (brs, 1H), 2.08 — 1.90 (m, 2H), 1.87 — 1.75 (m, 2H), 1.75
—1.57 (m, 5H), 1.57 — 1.37 (m, 2H), 1.54 (s, 3H), 1.50 (s, 9H), 1.40 — 1.16 (m, 6H),
0.93 — 0.75 (m, 3H); *C NMR (100 MHz, CDCls) & = 180.2, 171.4, 135.2, 123.7,
83.7,81.7,78.7, 75.8, 51.4, 38.5, 31.9, 29.9, 29.4, 28.8, 28.2 (3C), 25.0, 23.6, 22.8,
20.7, 20.6, 14.3; IR (neat, cm™) vmax 3580, 3337, 3330, 2928, 2866, 1789, 1673,
1370, 1294, 1155, 1016; HRMS (FAB): calcd. for CosHaNOs [M+H]* 410.29086,

found 410.2911.

HO.
TFA
_— 1.
CH,Cly, 0°Ctort HO,C o)
2h, 79% HO" ~/
Me =
CsHyy
S$12 cinnabaramide E (10)

Cinnabaramide E (10): To a stirred solution of S12 (117 mg, 0.286 mmol) in

CH.CI; (1.4 mL), TFA (0.7 mL) was added at 0 °C. The mixture was slowly warm
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up to room temperature and stirred for 2 h. The resulting mixture was concentrated
under reduced pressure. The residue was purified by flash chromatography on
silica gel (CH.Cl./MeOHy/acetic acid = 15:1:0.1, v/v/v) to yield cinnabaramide E
(10) (80 mg, 79%) as a white solid.

10: Rf = 0.2 (CH,Cl/MeOH/acetic acid = 15:1:0.1, v/v/V); [a]®®5 — 23.4 (c 0.12,
MeOH); 'H NMR (400 MHz, DMSO-dg) & = 7.43 (s, 1H), 5.81 (dq, J = 10.5, 2.2
Hz, 1H), 5.63 (dg, J = 10.0, 3.3 Hz, 1H), 4.74 (brs, 2H), 3.72 (d, J = 5.4 Hz, 1H),
2.40 (t,J = 6.2 Hz, 1H), 2.17 (d, J = 7.2 Hz, 1H), 1.87 (dq, J = 9.4, 5.4, 4.0 Hz, 2H),
1.65 (td, J = 10.8, 5.8 Hz, 2H), 1.54 — 1.29 (m, 6H), 1.44 (s, 3H), 1.29 — 1.21 (m,
6H), 0.85 (t, J = 6.6 Hz, 3H); 3C NMR (100 MHz, DMSO-de) & = 177.7, 172.5,
129.3, 127.2, 80.1, 75.1, 74.9, 50.7, 38.5, 31.2, 29.1, 28.3, 26.9, 24.5, 23.6, 22.1,
21.6, 21.1, 14.0; IR (neat, cm™) vmax 2928, 1711, 1683, 1360, 1254, 1219, 1080,

948; HRMS (FAB): calcd. for C19H3NOs [M+H]* 354.2280, found 354.2278.

BOP-CI, Et;N

CH,Cly, 1t, 10 h
87%

~CsH1 TCsHyq
cinnabaramide E (10) cinnabaramide A (7)

Cinnabaramide A (7): To a solution of 10 (60 mg, 0.17 mmol) in CH:Cl, (1.7
mL), EtsN (142 pL, 1.02 mmol) and BOP-CI (130 mg, 0.51 mmol) was added at
room temperature. The mixture was stirred at the same temperature for 10 h and

guenched with saturated NH4Cl aqueous solution. The mixture was extracted with
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EtOAc three times, and the combined organic fraction was dried over MgSO. and
concentrated under reduced pressure. The residue was purified by flash
chromatography on silica gel (hexane/EtOAc = 3:1, v/v) to yield cinnabaramide A
(7) (50 mg, 87%) as a white solid.

7: Ry = 0.45 (hexane/EtOAc = 1:1); [a]® > — 94.9 (c 0.5, MeOH);); *H NMR
(400MHz, DMSO-ds) & = 8.93 (s, 1H), 5.81 (dd, J = 10.4, 2.3 Hz, 1H), 5.72 (dg, J
=10.1, 3.2 Hz, 1H), 5.51 (d, J = 7.9 Hz, 1H), 3.66 (dd, J = 9.1, 7.5 Hz, 1H), 2.42
(dd, J = 7.6, 5.6 Hz, 1H), 2.35 — 2.22 (m, 1H), 1.95 — 1.88 (m, 2H), 1.86 — 1.77 (m,
1H), 1.76 — 1.65 (m, 1H), 1.73 (s, 3H), 1.63 — 1.35 (m, 5H), 1.33 — 1.18 (m, 7H),
0.87 (t, J = 7.0 Hz, 3H); *C NMR (100 MHz, DMSO-d¢) & = 176.0, 168.9, 128.6,
127.7, 86.1, 78.6, 69.1, 47.7, 37.7, 31.0, 28.8, 27.1, 25.3, 24.7, 24.6, 22.0, 21.0,
20.1, 14.0; IR (neat, cm™) vmax 3350, 2922, 2855, 1819, 1696, 1677, 1431, 1381,
1355, 1307, 1227, 1043, 826; HRMS (FAB): calcd. for CigH3NOs [M+H]*

336.2175, found 336.2184.

N HOzC\/\SH EtzN
0 NHAC CH,Cl, tt, 12h
O~ 48% (brsm = 75%) T
Me = Me =__
CsHas CsHq
cinnabaramide A (7) cinnabaramide F (11)

Cinnabaramide F (11): To a stirred solution of 7 (32 mg, 0.095 mmol) in CHCl,
(2.0 mL), EtsN (27 pL, 0.19 mmol) and N-acetyl I-cysteine (16 mg, 0.095 mmol)

was added at room temperature. The mixture was stirred at the same temperature
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for 12 h and concentrated under reduced pressure. The residue was purified via
recycling preparative HPLC (HPLC conditions: JAIGEL-ODS-AP-L (20 mm (i.d.)
x 500 mm (1), 10 um), H.O/MeOH = 20:80, flow rate = 10 mL/min, A = 202nm and
234 nm) to yield cinnabaramide F (11) (23 mg, 48%) as a white solid and
cinnabarmide A (7) (9 mg, 27%) was recovered.

11: Rf = 0.13 (CH.Cly/MeOH/acetic acid = 10:1:0.1, viv/v); [a]®p + 38.2 (¢ 0.5,
MeOH); *H NMR (400 MHz, DMSO-ds) & = 8.14 (s, 1H), 7.98 (d, J = 7.7 Hz, 1H),
5.78 (dd, J = 10.5, 2.3 Hz, 1H), 5.63 (dt, J = 10.3, 3.1 Hz, 1H), 5.00 (d, J = 7.5 Hz,
1H), 4.76 (brs, 1H), 4.21 — 4.12 (m, 1H), 3.77 (t, J = 6.8 Hz, 1H), 3.29 (dd, J =
13.0, 4.1 Hz, 1H), 2.92 (dd, 1H), 2.44 (t, J = 6.1 Hz, 1H), 2.12 (brs, 1H), 1.88 —
1.82 (m, 2H), 1.81 (s, 3H), 1.67 — 1.55 (m, 2H), 1.53 — 1.40 (m, 2H), 1.44 (s, 3H),
1.40 — 1.28 (m, 3H), 1.28 — 1.18 (m, 6H), 1.14 — 0.99 (m, 1H), 0.85 (t, J = 7.0, 3H);
BC NMR (214 MHz, , DMSO-dg) 6 = 201.9, 179.1, 172.2, 169.2, 129.4, 127.3,
80.7, 80.0, 75.6, 51.7, 50.6, 38.2, 31.2, 30.1, 29.1, 28.1, 27.1, 24.6, 23.5, 22.5, 22.2,
21.4, 21.1, 14.0; IR (neat, cm™) vmax 3362, 2927, 2858, 1657, 1650, 1420, 1375,
1222, 1129, 1040, 885, 792; HRMS (FAB): calcd. for CH3gN.0O;S [M+H]*

499.2478, found 499.2490.
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IV-2-4.Total synthesis of salinosporamide A (1).

(0] OtBu

Me (6]

i) TFA, CH,Cl,,
0°Ctort,2h
ii) (COCI),, cat. DMF,
CH,Cl,,0°Ctort,2h o i
e Ty
MeMO
48

Compound 48: To a solution of tbutyl acetoacetate (4.0 g, 25 mmol) in CH,Cl,

(50 mL), TFA (17 mL) was added at 0 °C and stirred at room temperature for 1 h.

TFA was removed by co-evaporation with toluene in vacuo to provide carboxylic

acid. The crude carboxylic acid and DMF (20 uL) was dissolved in CH2Cl, (40

mL), oxalyl chloride in CH2Cl, (15 mL, 30 mmol) was added at 0 °C and stirred

for 2 h at room temperature. The reaction mixture was concentrated under reduced

pressure to provide acid chloride 48. The crude mixture was used in next step

without further purification.

i) NaH, THF
O0°Ctort,2h

ii) AlMe3, Acetone,
4AMS, rt, 16 h
—_—

(0)

OH
o

NH;

D-serine-OTBDPS
R = TBDPS

OT0>< o cl %O
RO, pyridine 1 )(
ANTIE H + MeMO _— N

o
RO
\

2
W NG

ent-45 (98% ee)
(keto/enol = 1:1.7)

ent-19 48

Compound ent-45: To a solution of D-serine-OTBPDS (4.0 g, 11.6 mmol) in THF,

NaH (311 mg, 90 wt. %, dry, 11.6 mmol) was added at 0 °C and stirred at room

temperature for 2 h. The solvents were evaporated under low pressure to obtain

sodium salt form of D-serine-OTBPDS. To stirred mixture of sodium salt of D-
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serine-OTBDPS and oven activated 4A molecular sieves in dry acetone under
nitrogen atmosphere was slowly added a solution of trimethylaluminium in hexane
(5.8 mL, 11.6 mmol) at 0 °C. The mixture was slowly warmed to room temperature.
After stirring for 16 h at the same temperature, anhydrous pyridine (2.3 mL, 29
mmol) and acid chloride 48 was slowly added at 0 °C. The mixture was stirred for
2 h at room temperature and filtered through a pad of celite and silica, rinsed with
EtOAc and concentrated under reduced pressure. The residue was purified by flash
chromatography on silica gel to (hexane/EtOAc = 4:1, v/v) to yield a 1:1.7 mixture
of keto and enol form of ent-45 (3.1 g, 58%) as a yellowish oil.

ent-45: Rt = 0.25 (hexane/EtOAc = 3:1, V/V); [a]®p — 77.2 (c 0.5, CHCIs); H
NMR (400 MHz, CDCls) & = 7.73 — 7.53 (m, 4H), 7.52 — 7.30 (m, 6H), 4.64 (brs,
1H, enol), 4.36 (t, J = 2.8 Hz, 1H, keto), 4.27 (brs, 1H, enol), 4.05 (dd, J = 11.2, 2.5
Hz, 1H, keto), 4.05 — 4.00 (m, 2H, enol) 3.86 (dd, J = 11.2, 2.5 Hz, 1H, keto), 3.38
(d, J = 15.3 Hz, 1H, keto), 3.27 (d, J = 15.3 Hz, 1H, keto), 2.18 (s, 3H, keto), 1.91
(brs, 3H. enol), 1.86 (s, 3H, enol), 1.84 (brs, 3H, enol), 1.82 (s, 6H, keto), 1.04 (s,
9H, keto), 1.01 (s, 9H, enol); *C NMR (100 MHz, CDCls) & = 201.4 (keto), 177.0
(keto), 169.3 (enol), 168.8 (enol), 164.3 (enol), 135.84 (2C, keto), 135.81 (2C,
enol), 135.6 (2C, keto), 135.5 (2C, enol), 132.4 (enol), 132.3 (keto), 131.9 (enal),
131.7 (keto), 130.4 (keto), 130.3 (keto), 130.2 (enol), 130.1 (enol), 128.19 (2C,

keto), 128.16 (2C, keto), 128.1 (2C, enol), 127.9 (2C, enol), 99.1 (enol), 98.7 (keto),
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89.0 (enal), 64.2 (keto), 62.8 (keto), 60.5 (enol), 59.8 (keto), 59.2 (enol), 51.1
(keto), 30.9 (keto), 26.91 (3C, keto), 26.88 (3C, enol), 26.63 (enal), 26.59 (enal),
26.57 (enol), 26.3 (keto), 26.1 (keto), 22.1 (enol), 19.3 (keto); IR (neat, cmM™?) vmax
2933, 2859, 1794, 1631, 1459, 1351, 1262, 1221, 1103, 965, 821; HRMS (FAB):
calcd. for Cz6H3405Si [M+H]* 468.2206, found 468.2216.

[Determination of the enantiomeric excess of 45]

The enantiomeric purity of 45 was analyzed by chiral HPLC. The chiral HPLC
chromatogram of 45 was compared with that of rac-45. Based on this comparison,
the enantiomeric purity of ent-45 was determined to be 98%.

HPLC conditions: CHIRALCEL AD-H (250 x 4.6 mm, 5 um), hexane/2-propanol

= 93:7 (v/v), flow rate = 0.5 mL/min, A = 225 nm. The retention times are shown in

Figure S12.
DAD1 A, Sig=225,4 Ref=off (DEF_LC 2022-05-05 11-28-16\003-0102.D)
mAU J b4
i Signal 1: DAD1 A, Sig=225,4 Ref=off
800 o g
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o TBDPSO %O
N\
TBDPSO o \ 0 N)<
e BUSN
o N DMF, 0°C,30min  Me” “& N0

Br 82%, 16:1 d.r. :

ent-45 (98% ee) w
(keto/enol = 1:1.7) (2R)-49 (97% ee)

Me (@]

Compound (2R)-49: To a solution of ent-45 (2.2 g, 4.7 mmol) in anhydrous THF
(24 mL), allyl bromide (2.07 mL, 23.5 mmol) and NaH (138 mg, 90 wt. %, dry,
5.17 mmol) were added at 0 °C and stirred for 30 min. The mixture was quenched
with 1 n HCI aqueous solution and extracted with EtOAc three times. The
combined organic fraction was dried over MgSO, and concentrated under reduced
pressure. The residue was purified by flash chromatography on silica gel
(hexane/EtOAC = 6:1, v/v) to yield (2R)-49 (1.8 g, 77%) as a white solid and (2S)-
49 (119 mg, 5%) as a colorless oil.

(2R)-49: mp 125-130 °C; Rs = 0.4 (hexane/EtOAc = 3:1, VIV); [a]*°%> + 27.4 (c 0.1,
CHCI; two rotamers in a 12:1 ratio); *H NMR (400 MHz, CDCls) 6 = 7.65 — 7.56
(m, 4H), 7.46 — 7.33 (m, 6H), 5.62 (ddt, J = 17.2, 10.1, 7.2 Hz, 1H), 5.09 (dd, J =
17.1, 1.4 Hz, 1H), 5.04 (ddt, J = 10.1, 1.7, 0.9 Hz, 1H), 4.34 (t, J = 2.2 Hz, 1H),
4.13 (dd, J = 11.3, 2.1 Hz, 1H), 4.01 (dd, J = 11.3, 2.3 Hz, 1H), 3.18 (dd, J = 9.4,
5.4 Hz, 1H), 2.69 — 2.57 (m, 1H), 2.57 — 2.48 (m, 1H), 2.06 (s, 3H), 1.94 (s, 3H),
1.79 (s, 3H), 1.03 (s, 9H); *C NMR (100 MHz, CDCls) & = 202.7, 168.7, 167.3,
136.0 (2C), 135.7 (2C), 133.2, 132.4, 131.8, 130.33, 130.28, 128.1 (4C), 119.1,

99.2, 64.9, 60.1, 59.1, 34.9, 27.4, 27.0 (3C), 26.4, 26.1, 19.3; IR (neat, cm™) vmax
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2940, 2932, 2859, 1793, 1710, 1655, 1404, 1367, 1263, 1110, 969, 918, 702;
HRMS (FAB): calcd. for CxH3sNOsSi [M+H]* 508.2519, found 508.2526.

(25)-49: Rf = 0.33 (hexane/EtOAc = 3:1, V/V); [a]®p — 27 (¢ 0.1, CHCI); H
NMR (400 MHz, CDCl; two rotamers in a 14:1 ratio) 6 = 7.60 (ddt, J = 11.7, 6.6,
1.6 Hz, 4H), 7.45 — 7.33 (m, 6H), 5.62 — 5.38 (m, 1H), 4.96 (d, J = 17.1 Hz, 1H),
4.88 (d, J = 10.2 Hz, 1H), 4.52 (t, J = 2.4 Hz, 1H), 4.10 (dd, J = 11.2, 2.4 Hz, 1H),
3.85(dd, J =11.2, 2.2 Hz, 1H), 3.30 (t, J = 7.4 Hz, 1H), 2.63 — 2.49 (m, 2H), 2.11
(s, 3H), 1.91 (s, 3H), 1.79 (s, 3H), 1.03 (s, 9H); **C NMR (100 MHz, CDCl3) § =
203.9, 168.8, 165.7, 135.93 (2C), 135.61 (2C), 133.7, 132.5, 131.7, 130.4, 130.3,
128.15 (2C), 128.09 (2C), 118.3, 99.0, 64.8, 60.2, 59.6, 32.7, 27.0, 26.9 (3C), 26.3,
25.9, 19.3; IR (neat, cm™) vmax 2940, 2934, 2855, 1794, 1712, 1655, 1402, 1380,
1262, 1112, 968, 918, 703; HRMS (FAB): calcd. for CxgH3sNOsSi [M+H]*

508.2519, found 508.2518.

[Determination of the enantiomeric excess of 49]

The enantiomeric purity of (2R)-49 was analyzed by chiral HPLC. The chiral
HPLC chromatogram of (2R)-49 was compared with that of rac-(2R)-49. Based on
this comparison, the enantiomeric purity of (2R)-49 was determined to be 98%.

HPLC conditions: CHIRALCEL OD-H (250 x 4.6 mm, 5 um), hexane/2-

propanol = 93:7 (v/v), flow rate = 0.5 mL/min, A = 290 nm. The retention times are
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shown in Figure S13.

DAD1 A, Sig=225 4 Ref=off (DEF_LC 2022-05-18 14-52-33\013-0301.D)

AU 3 o 8
TBDPSO 0 Signal 1: DAD1 A, Sig=225,4 Ref=off
600 e ¥ "
500 ﬁ T I 5 Peak RetTime Type Width Area Height Area
¥ 3 M
- # [min] [min] [mAU*s] [mAU] %
400 4 '
Me > l I S B L [--nnnnns I
3003 ! 1 11.625 MM ©0.2120 9204.94922 723.58221 51.6880
200 ‘ 2 14.975 BB ©.3375 8603.73730 392.88263 48.3120
100 rac-49 I I\
E - SRR 17, G TV (A8 i
T T T T T T T
5 10 15 20 25 30 35 min
DAD1 A, Sig=225 4 Ref=off (DEF_LC 2022-05-11 19-34-11\020-0101.D)
mAU o
E Signal 1: DAD1 A, Sig=225,4 Ref=off
350 3 TBDPSO  /—Q =
3004 S N A | Peak RetTime Type Width Area Height Area
2504 Iy [ #  [min] [min]  [mAU*s]  [mAu] %
2004 Me ¥ [ | e e B B e e B |
150 3 I 1 11.694 BV ©0.2232 5914.01709 407.73468 99.1186
‘ | 2 15.740 MM 8.3247 52.58931 2.69967 0.8814
1003 [ 2
503 (2R)-49 ‘ o
03— - PRI [ 0% s T,
T T T T T T T
5 10 15 20 25 30 35 mir

Figure S13. Chiral HPLC chromatograms of rac-49 and 49.
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TBDPSO\““%% TBDPSO
o N NaOfBu HO,C N
® N HO! o
Me” Y V0 {BUOH, rt /
2 30 min, 88% Me =
(2R)-49\|| 50 (96% e;\\

Compound 50: To a stirred solution of (2R)-49 (2.2 g, 4.3 mmol) in tBuOH (86

mL), Sodium tert-butoxide (2.06 g, 21.5 mmol) was added at room temperature.

The mixture was stirred at room temperature for 30 min and quenched with 1 n

HCI aqueous solution and extracted with EtOAc three times. The combined organic

layer was dried over MgSO, and concentrated under reduced pressure. The residue

was purified by flash chromatography on
20:1:0.2, v/vlv) to give 50 (1.8 g, 88%) as a

50 was determined to be 96%.
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silica gel (CH2Cl2/MeOH/acetic acid =

white solid. The enantiomeric excess of
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50: mp 180-184 °C; R¢ = 0.3 (CH2Cl/MeOH/acetic acid = 10:1:0.1, v/v); [a]*% +
41.2 (¢ 0.1, CHCls); 'H NMR (400 MHz, MeOD) & = 7.66 (dt, J = 7.9, 1.7 Hz, 4H),
7.59 — 7.33 (M, 6H), 6.03 — 5.89 (m, 1H), 5.10 (dtd, J = 17.1, 2.0, 1.2 Hz, 1H), 4.99
(dtd, J = 10.1, 1.8, 0.8 Hz, 1H), 3.95 — 3.83 (m, 2H), 2.60 (dd, J = 8.1, 5.4 Hz, 1H),
2.55 — 2.42 (m, 1H), 2.42 — 2.28 (m, 1H), 1.45 (s, 3H), 1.04 (s, 9H); *C NMR (100
MHz, MeOD) 6 = 178.9, 172.5, 138.9, 136.8 (2C), 136.7 (2C), 133.9, 133.6, 131.2,
131.1, 129.0 (2C), 128.9 (2C), 116.3, 79.9, 75.8, 67.5, 53.3, 29.0, 27.3 (3C), 21.2,
20.0; IR (neat, cm™) vmax 3370, 2934, 2929, 2857, 1687, 1589, 1427, 1376, 1112,
1039, 824, 701; HRMS (FAB): calcd. for CzHssNOsSi [M+H]* 468.2206, found

468.2205.

Procedure for the modification of 50 for determination of the enantiomeric

excess of 50

TBDPSO TBDPSO

H o) H
HO,C1 1N o EDCI \\ww N o
HO" f~, THF, rt Or i~/
Me = 12 h, 79% Me :\\
s0 s13 \

Compound S13: To a solution of 50 (18 mg, 0.038 mmol) in THF (1 mL),
EDC-HCI (19 mg, 0.099 mmol) was added at room temperature and stirred for 12 h.
The mixture was extracted with EtOAc three times. The combined organic layer
was dried over MgSOa and concentrated under reduced pressure. The residue was

purified by flash chromatography on silica gel (hexane/EtOAc = 4:1, v/v) to yield
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S13 (13.5 mg, 79%) as a white solid.

S13 : Ry = 0.33 (hexane/EtOAc = 3:1, v/v); 'H NMR (400 MHz, CDCls) § = 7.68
—7.56 (M, 4H), 7.51 — 7.34 (m, 6H), 5.97 — 5.80 (M, 1H), 5.22 (d, J = 17.0 Hz, 1H),
5.13 (d, J = 10.1 Hz, 1H), 3.95 (d, J = 11.9 Hz, 1H), 3.84 (d, J = 11.8 Hz, 1H), 2.73
— 2.60 (M, 1H), 2.52 — 2.42 (m, 2H), 1.74 (s, 3H), 1.03 (s, 9H); 3C NMR (100
MHz, CDCls) & = 175.3, 168.0, 135.8 (2C), 135.7 (2C), 135.0, 132.03, 131.93,
130.5, 130.4, 128.3 (2C), 128.2 (2C), 118.4, 85.1, 76.2, 58.9, 49.1, 29.6, 26.9 (3C),
20.3, 19.3; IR (neat, cm™) vmax 3228, 2933, 2860, 1828, 1710, 1472, 1428, 1335,
1104, 1033, 919, 821; HRMS (FAB): calcd. for CzH3,04Si [M+H]" 450.2101,
found 450.2103.

[Determination of the enantiomeric excess of S13]

The enantiomeric purity of S13 was analyzed by chiral HPLC. The chiral HPLC
chromatogram of | was compared with that of rac-S13. Based on this comparison,
the enantiomeric purity of S13 was determined to be 96%.

HPLC conditions: CHIRALCEL AD-H (250 x 4.6 mm, 5 um), hexane/2-propanol
=97:3 (v/v), flow rate = 0.7 mL/min, A = 225 nm. The retention times are shown in

Figure S14.
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Figure S14. Chiral HPLC chromatograms of rac-S13 and S13.

TBDPSO-,
HO,C1 N
HO!
Me =

hl

50

HCIO,4 (aq)

t-BuOAc, rt, 16 h
70% (93% brsm)

TBDPSO

H
BuO,Cr N o
HO:-.

Me =
S14\\\

Compound S14: To a solution of 50 (1.6 g, 3.4 mmol) in tert-Butyl acetate (34

mL), aqueous 50% HCIO, (680 uL) was added at room temperature. The mixture

was stirred at room temperature for 16 h and quenched with saturated NaHCOs3

aqueous solution at 0 °C. The mixture was extracted with EtOAc three times, and

the combined organic fraction was dried over MgSO. and concentrated under

reduced pressure. The residue was purified by flash chromatography on silica gel

(hexane/EtOAc = 3:1, v/v) to yield S14 (1.25 g, 70%) as a colorless oil, and 50

(370 mg, 23%) was recovered.

S14: R = 0.31 (hexane/EtOAc = 3:1, V/V); [a]*®o — 36.2 (¢ 0.1, CHCIs); *H NMR

(400 MHz, CDCls) 5 = 8.77 (brs, 1H), 7.74 — 7.60 (m, 4H), 7.45 — 7.34 (m, 6H),
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5.97 — 5.84 (m, 1H), 5.10 (dg, J = 17.1, 1.7 Hz, 1H), 4.96 (dt, J = 10.0, 1.7 Hz, 1H),
4.14 (d, J = 9.3 Hz, 1H), 3.49 (d, J = 9.3 Hz, 1H), 2.60 — 2.49 (m, 1H), 2.44 — 2.33
(m, 1H), 2.20 (t, J = 6.8 Hz, 1H), 1.44 (s, 9H), 1.24 (s, 3H), 1.06 (s, 9H); 13C NMR
(100 MHz, CDCls) § = 176.7, 170.1, 137.8, 135.8 (4C), 133.0, 132.6, 130.02,
129.97, 128.0 (2C), 127.9 (2C), 116.1, 83.0, 78.7, 76.0, 66.6, 51.6, 28.03 (3C),
27.98, 26.9 (3C), 20.9, 19.3; IR (neat, cm%) vmax 3309, 2941, 2932, 2958, 1722,
1691, 1473, 1428, 1368, 1253, 1163, 1113, 1077, 938. 702; HRMS (FAB): calcd.

for C30H42NOsSi [M+H]* 524.2832, found 524.2825.

TBDPSO H TBDPSO H
’B“OZC}/\N/EO 03, CH,Cl,/MeOH, —78 °C, 10 min tBuOZC}/\N%O
HO! '~ Then, NaBH,, 0 °C, 2 h, 91% HO" [~

Me = Me =
S14 \\\ 52 \\OH

Compound 52: To a solution of S14 (1.1 g, 2.1 mmol) in CH,Cl, (21 mL) and
MeOH (21 mL) was cooled to —78 °C and bubbled with Oz for 10 min. The mixture
was slowly warm up to 0 °C, NaBH4 (794 mg, 21 mmol) was added to the reaction
mixture and stirring for 2 h at the same temperature and quenched with saturated
NH4CI aqueous solution. The mixture was concentrated under reduced pressure to
remove MeOH and extracted with EtOAc three times and the combined organic
layer was dried over MgSO4 and concentrated in vacuo. The residue was purified
by flash chromatography on silica gel (hexane/EtOAc = 1:1, v/v) to give 52 (1.0 g,
91%) as a colorless oil. The relative configuration was determined by NOESY

experiments.
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52: Rf = 0.45 (EtOAc only); [a]?*°p -12.4 (c 0.5, CHCIs); *H NMR (400 MHz,
CDCls) & = 8.91 (brs, 1H), 7.75 — 7.58 (m, 4H), 7.48 — 7.33 (m, 6H), 4.14 (d, J =
9.5 Hz, 1H), 3.83 (dt, J = 9.8, 4.6 Hz, 1H), 3.65 (td, J = 10.7, 10.3, 3.6 Hz, 1H),
3.54 (d, J = 9.5 Hz, 1H), 2.32 (dd, J = 10.0, 2.7 Hz, 1H), 2.10 — 1.95 (m, 1H), 1.79
~ 1.65 (m, 1H), 1.43 (s, 9H), 1.21 (s, 3H), 1.06 (s, 9H): 3C NMR (100 MHz,
CDCl3) 6 = 178.5, 169.9, 135.8 (2C), 135.7 (2C), 132.8, 132.4, 130.14, 130.07,
128.1 (2C), 128.0 (2C), 83.5, 78.8, 77.4, 66.4, 62.4, 52.2, 28.0 (3C), 26.9 (3C),
26.4, 19.8, 19.3; IR (neat, cm™) vmax 3315, 2962, 2935, 2861, 1723, 1690, 1682,
1675, 1428, 1370, 1255, 1162, 1113, 1077, 941, 702; HRMS (FAB): calcd. for

CaoHs2NO6Si [M+H]* 528.2781, found 528.2771.

TBDPSO TBDPSO

H H
Buo,c N Boc0,VOFs  uo,ci N
0 0
HO CH,Cl,, 50 °C HOM
Me = 48 h, 87% Me >
52 OH S$15 OBoc

Compound S15: To a solution of 52 (890 mg, 1.69 mmol) in CH:Cl; (8.4 mL),
Boc,O (1.9 mL, 8.4 mmol) and VOF; (209 mg, 0.169 mmol) were added at room
temperature. The mixture was stirred at 50 °C for 48 h and filtered through a short
silica plug and rinsed with EtOAc. The filtrate was concentrated in vacuo and the
residue was purified by flash chromatography on silica gel (hexane/EtOAc = 5:1,
v/v) to yield S15 (921 mg, 87%) as a colorless oil.

S15: Ry = 0.4 (hexane/EtOAC = 5:1, VIV); [0]®5 —12.2 (¢ 0.5, CHCI3); *H NMR

(400 MHz, CDCls) § = 8.67 (brs, 1H), 7.85 — 7.55 (m, 4H), 7.55 — 7.31 (m, 6H),
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5.60 (brs, 1H), 4.26 (dd, J = 7.0, 5.6 Hz, 2H), 4.12 (d, J = 9.4 Hz, 1H), 3.53 (d, J =
9.4 Hz, 1H), 2.30 (dd, J = 8.2, 4.9 Hz, 1H), 2.14 — 1.99 (m, 1H), 1.95 — 1.81 (m,
1H), 1.43 (s, 9H), 1.42 (s, 9H), 1.22 (s, 3H), 1.05 (s, 9H); 13C NMR (100 MHz,
CDCls) & = 177.1, 170.1, 153.6, 135.8 (4C), 133.0, 132.6, 130.05, 129.98, 128.1
(2C), 127.9 (2C), 83.2, 81.8, 78.6, 76.1, 66.6, 65.4, 47.6, 28.0 (3C), 27.9 (3C), 26.9
(3C), 23.1, 20.3, 19.3; IR (neat, cm™) vmex 3360, 2956, 2929, 2868, 1724, 1692,
1459, 1369, 1279, 1255, 1163, 1114, 1079, 846, 768, 703; HRMS (FAB): calcd. for

C34HsoNOgSi [M+H]* 628.3306, found 628.3315.

TBDPSO HO

H H
Buo,Cr N o __ TBAR AOH _ gmio,cr N o
HOM THF, 0°Cto rt HOM

Me = 12h, 91% Me

S$15 OBoc 53 OBoc

Compound 53: To a solution of S15 (820 mg, 1.3 mmol) in THF (13mL), AcOH
(302 uL, 5.2 mmol) and 1.0M TBAF solution in THF (2.6 mL, 2.6 mmol) were
added at 0 °C. The mixture was warmed to room temperature and stirred at the
same time for 12 h. The reaction mixture was added to a saturated NH4Cl aqueous
solution and extracted with EtOAc twice. The combined organic layer was dried
over MgSO. and concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel (hexane/EtOAc = 1:1, v/v) to yield 53 (461 mg,
91%) as a white solid.

53: mp 56-60 °C; Ry = 0.33 (hexane/EtOAc, 1:2); [0]®5 — 15.6 (¢ 0.5, CHCls) *H

NMR (400 MHz, CDCls) 8.16 (s, 1H), 5.09 (brs, 1H), 4.27 (ddd, J = 7.1, 5.8, 2.1
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Hz, 2H), 3.93 (d, J = 11.4 Hz, 1H), 3.78 (d, J = 11.4 Hz, 1H), 2.49 (dd, J = 8.1, 5.0
Hz, 1H), 2.09 — 1.96 (m, 1H), 1.95 — 1.82 (m, 1H), 1.49 (s, 9H), 1.4 (s, 9H), 1.40
(s, 3H); 3C NMR (100 MHz, CDCl3) & = 178.2, 169.8, 153.6, 83.8, 82.0, 79.3,
75.6, 65.4, 65.0, 48.1, 28.2 (3C), 27.9 (3C), 23.1, 20.4; IR (neat, cm*) vmax 3360,
2979, 2956, 1719, 1689, 1458, 1395, 1369, 1278, 1253, 1166, 1095, 947, 845, 754;

HRMS (FAB): calcd. for C1gH32NOsg [M+H]" 390.2128, found 390.2122.

H °N'H
Buo,C N o DMP tBuO,C N o In, NH,CI(s)  BuO,C'"-
HO" ~/ CH,Cl,, RT, 2 h HO" ~ THF, RT, 6 h HO",

Me = Me = 73% (2 steps) Me =

10:1d.r.
53  OBoc OBoc 54 OBoc

Compound 54: To a stirred solution of 53 (160 mg, 0.411 mmol) in CH.Cl, (4.1
mL), DMP (209 mg, 0.493 mmol) was added at room temperature and stirred for 2
h. In the meantime, to a solution of indium (282 mg, 2.46 mmol) in THF (4.1 mL),
ammonium chloride (132 mg, 2.46 mmol) was added at room temperature. After 30
min, 3-bromocyclohexene (141 uL, 1.23 mmol) was slowly added at room
temperature stirred for 30 min. After completion of DMP oxidation, the mixture
was filtered through syringe filter for removing precipitate, and added to indium,
ammonium chloride and 3-bromo cyclohexane solution at room temperature. The
reaction mixture was stirred for 6 h and filter through a pad of Celite, rinsed with
EtOAc and concentrated under reduced pressure. The residue was purified by flash

chromatography on silica gel (hexane/EtOAc = 2:1, v/v) to yield 54 (141 mg, 73%,
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10:1 d.r.) as a colorless oil.

54: Ry = 0.2 (hexane:EtOAc = 2:1); 'H NMR (400 MHz, CDCls) § = 8.44 (brs,
1H), 6.07 — 5.98 (m, 1H), 5.84 — 5.74 (m, 1H), 5.37 (brs, 1H), 4.38 — 4.20 (m, 2H),
4.07 (d, J = 9.2 Hz, 1H), 2.75 (dd, J = 8.8, 4.6 Hz, 1H), 2.31 — 2.22 (m, 1H), 2.06 —
1.93 (m, 3H), 1.92 — 1.77 (m, 2H), 1.77 — 1.64 (m, 3H), 1.59 — 1.48 (m, 1H), 1.53
(s, 3H), 1.50 (s, 9H), 1.44 (s, 9H); 3C NMR (100 MHz, CDCls) 6 = 179.5, 171.3,
153.7, 135.3, 123.6, 84.0, 81.7, 81.5, 79.0, 75.8, 65.6, 47.6, 38.5, 29.4, 28.2 (3C),
27.9 (3C), 25.0, 23.1, 20.6, 20.4; IR (neat, cm?) vmax 3360, 2980, 2931, 1741, 1713,
1686, 1458, 1369, 1280, 1254, 1157, 1099, 841, 797, HRMS (FAB): calcd. for

C24H4oNOg [M+H]* 470.2754, found 470.2755.

Ho BOP-CI OHO
tBuO,C* o BCls pyridine \\ o PPh,Cl,
HO! CH,Cl, O CHuClyrt, O'f~ MeCN/pyridine  O'";
Me = 0°C,1h 8h Me = =1:1,1t,4h
T\ 62% (3 steps)

s17 OH Cl
salinosporamide A (1)

Compound S16: To a stirred solution of 54 (67 mg, 0.14 mmol) in CH:Cl; (2.8
mL) at 0 °C, BClz (1.0 M in CH2Cl», 0.42 mL, 0.42 mmol) was slowly added and
stirred for 1 h at the same temperature. The mixture was quenched with MeOH (1
mL) and stirred for 5 min. The resulting mixture was filtered through silica and
celite pad (eluting with CH.CIl,/MeOH = 20:1, v/v to CH,Cl,/MeOH = 4:1). The
mixture was concentrated under reduced pressure to provide crude carboxylic acid

S16 (42 mg). The crude mixture was used in next step without further purification.
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Compound S17: To a stirred solution of crude carboxylic acid (42 mg) in CHCl,
(1.0 mL), pyridine (0.5 mL) and BOP-CI (107 mg, 0.42 mmol) was added at room
temperature. The mixture was stirred at the same temperature for 8 h and quenched
with saturated NH4Cl aqueous solution. The mixture was extracted with EtOAc
three times, and the combined organic fraction was dried over MgSO, and
concentrated under reduced pressure to provide crude B-lactone S17 (35 mg). The
crude mixture was used in next step without further purification.

Salinosporamide A (1): To a stirred solution of S17 (35 mg) in MeCN (0.5 mL)
and pyridine (0.5 mL), PhsPCl; (93 mg, 0.28 mmol) was added at room
temperature. The mixture was stirred for 4 h and quenched with H.O (5 mL) and
extracted with EtOAc three times, and the combined organic fraction was dried
over MgSO. and concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel (hexane/EtOAc = 1:1, v/v) to vyield
salinosporamide A (1) (28 mg, 62% for 2 steps) as a white solid.

1: Rr = 0.5 (hexane/EtOAC = 1:1); [0]®s — 74.5 (c 0.5, MeOH); *H NMR (400
MHz, pyridine-ds) & = 10.67 (s, 1H), 7.61 (d, J = 9.0 Hz, 1H), 6.48 — 6.40 (m, 1H),
5.91 (ddt, J =10.1, 5.0, 2.6 Hz, 1H), 4.29 (t, J = 9.1 Hz, 1H), 4.16 (dt, J = 10.7, 6.9
Hz, 1H), 4.05 (dt, J = 10.8, 6.7 Hz, 1H), 3.21 (dd, J = 7.7, 6.6 Hz, 1H), 2.94 — 2.82
(m, 1H), 2.52 (ddt, J = 14.4, 7.8, 6.7 Hz, 1H), 2.41 — 2.28 (m, 2H), 2.10 (s, 3H),

1.98 - 1.89 (m, 2H), 1.78 — 1.64 (m, 2H), 1.44 — 1.32 (m, 1H); 13C NMR (214 MHz,
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pyridine-ds) 5 = 176.8, 169.3, 128.9, 128.6, 86.2, 80.2, 70.8, 46.0, 43.2, 39.2, 28.9,
26.3, 25.2, 21.6, 19.9; IR (neat, cm ) vma 2929, 2865, 1821, 1690, 1474, 1384,
1354, 1145, 1028, 829; HRMS (FAB): calcd. for CisHaCINO, [M+H]* 314.1159,

found 314.1150.

IV-3. Computational studies

IV-3-1. General procedure for molecular energy calculations

Density functional theory (DFT) calculations were carried out using wB97XD
functionals with the 6-31+G(d) basis set in Gaussian 16. Transition-state
optimizations were performed with the Berny geometry optimization algorithm.
Frequency calculations were carried out to ensure that minima structures had no
negative frequency and the transition structures had only one imaginary frequency
as well as to calculate contributions to the Gibbs free energy (reported at 298.15 K
and 1 atm). The connectivity of reactants and products was confirmed by intrinsic
reaction coordination (IRC) calculations. All molecules were modeled in the

solvent phase (THF/H20 (1:1), solvation model based on density (SMD)).
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1VV-3-2. Energy profiles for intramolecular aldol cyclization of (2R)-29.
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Table S7. Electronic energies (E), zero-point energies (ZPE), enthalpies (H), and Gibbs free energies

(G) (in Hartree, Ha) of the compound calculated at the B3LYP, 6-31+G(d) level of theory. The relative

Gibbs free energy is shown in kcal/mol, and the imaginary frequency is shown in cm™,

imaginary
Compound E ZPE H G AGab
frequency
29 -1307.5582  -1307.1598  -1307.1317  -1307.2189 0.0 -
TS1 -1307.5529  -1307.1540  -1307.1274  -1307.2080 6.9 -142.82
TS 2 -1307.5597  -1307.1600  -1307.1336  -1307.2140 31 -118.82
P1 -1307.5658  -1307.1659  -1307.1390  -1307.2206 -1.1
P2 -1307.5734  -1307.1726  -1307.1460  -1307.2268 -5.0

4] Ha = 627.509391 kcal/mol.
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IV-4. X-ray Crystallographic data for (25)-18 (CCDC 2179295)

Figure S15. X-ray crystallographic structure of (2S)-18 (dimer form)
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H NMR (400 MHz, CDCls) of (2R)-18
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1H NMR (400 MHz, CDCls) of (25)-18
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H NMR (400 MHz, CDCls) of 25
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H NMR (400 MHz, CDCls) of 26
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H NMR (400 MHz, CDCls) of 27
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H NMR (400 MHz, CDCls) of ent-21
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H NMR (400 MHz, CD3OD) of 28
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H NMR (400 MHz, CD30D) of S2
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H NMR (400 MHz, CDCls) of 30
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*H NMR (400 MHz, CDCls) of 31 (major)
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H NMR (600 MHz, CDCl3) of 31 (minor)
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'H NMR (400 MHz, CDCls) of 34
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H NMR (400 MHz, CD30D) of 35
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H NMR (400 MHz, CDCls) of 37

S0'L
0L
60°L
or'L
L
8yl
8yl
6v'L
303
st
€51
€571

et
SS'L
95'L
1871
851
69°L
6571
09'L
191
89'L
89°L
69°L
0Lt
(Y%
(VA%
UL
€L
€Ll
L
SLL
6L
08'L
8L
8L
8L
€81
167L
86°L
86'L
66°L
66°L
Vrad
e
e
e
v’z
o't
Sov
07
6L°G
6L°G
08'S
18'S
28'S
28'S
009
009
09
109
209
€09
€09
9¥'8

tBuO,C

HO!

(400 MHz, CDCl3)

e
ﬁf.w

'L
02

Fsot

Tw.o
H\NO.—
Toos

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)

9.5

13C NMR (100 MHz, CDCls) of 37

8GELN
IZ TN
19'02

ver0z>
S6'v2 —
8187
ez

€686 —

60°€S —

28'SL~

L L

|

0881~
1918~
89'€8 "

Lreel —

60°GEL —

6v LLL—

607081 —

tBuO,C

HO'

(100 MHz, CDCl3)

1

T T T T T T T T T
190 180 170 120 110 100

1 (ppm)

150 140 130

160

20 210 200

ey
I
T

119



S0'L
0L
80°L
60°L
1z
T
€T
v
szl
L2
or'L
L

05 7

25'L

5L
€51
S
SS'L
SS'L
157)
9L
99°L
99'L
Q')

H NMR (400 MHz, DMSO-ds) of salinosporamide B (2)

89'L
69°L
oLk
oLt
Lo
Ly
SLL
671
08’L
08’1
181
€81
€8°L
68°L
06°L
6L
161
6L
k:ta4
62T
6zc
9eC
€2
8€C
x4
9’
99'¢
19'¢
69'€
1SS
£9'S
0Ls
[VA]
LS
€L°G
YL’
6L°G
08's
28'S
z8'S
€6'8

salinosporamide B (2)
(400 MHz, DMSO-d6)

1

4.0

Esot

0.0

0.5

1.0

1.5

(IR
80°8L

1z om%
y0'LT =
85T
resz’

BllE —

35 30 25 20

4.5
1 (ppm)

5.0
13C NMR (400 MHz, DMSO-dg) of salinosporamide B (2)

6.0 55

6.5

80 75 7.0

8.5

9.0

9.5

).0

€L'6Y —

8069 —

€9'8L —

9198 —

€LUZLN
85821 7

v6'89L —

06'SLL —

90 80 70 60 50 40 30 20 10

T T
170 160 150 140 130 120 110 100
1 (ppm)

180

190

(100 MHz, DMSO-d6)
20 210 200

salinosporamide B (2)




H NMR (400 MHz, CDCls) of S7 (major)
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H NMR (400 MHz, CDCls) of (2R)-40
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1H NMR (400 MHz, CDCls) of (25)-40
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H NMR (400 MHz, CD3OD) of 41
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H NMR (400 MHz, CDCls) of S8
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H NMR (400 MHz, CDCls) of S9
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H NMR (400 MHz, CD;0D) of S10
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H NMR (400 MHz, CDCls) of S12
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'H NMR (400 MHz, DMSO0-d6) of cinnabaramide E (10)
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'H NMR (400 MHz, DMSO-d6) of cinnabaramide A (7)
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H NMR (400 MHz, DMSO0-d6) of cinnabaramide F (11)
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H NMR (400 MHz, CDCls) of ent-45
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H NMR (400 MHz, CDCls) of (2R)-49
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H NMR (400 MHz, CDCls) of (25)-49
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H NMR (400 MHz, CD30D) of 50
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H NMR (400 MHz, CDCls) of S13
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H NMR (400 MHz, CDCls) of S14
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H NMR (400 MHz, CDCls) of 52
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H NMR (400 MHz, CDCls) of S15
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H NMR (400 MHz, pyridine-ds) of Salinosporamide A (1)

691
691
(%
oLt
(Y%
2%
€L
SLL
€61
V6L
S6'L
961
oLz
[$x4

[4>x4
[4x4
€€T
vee
veT
9€C
8€C
6v'C
6v'C
(124
[3:x4
[A°x4
¥ST
88C
6L€
1ze
Lz'e

€Te
20y
€0'v
Yo'y
SOv
90'v
80'%
€LY
SL'y
g
Ly
8Ly
6Lv
Erad
62v
24
LS
68°S
06'S
06'S
L6'S
26'S
26'S
€6'S
£V'9
vy
v
9r'9
9’9
9’9
09°L

el

1901

MMQMMMMM

salinosporamide A (1)
(400 MHz, pyridine-ds)

Foor

Fe0

=16'0

Feeo

%

-0.

0.0

0.5

45 40 35

5.0

1 (ppm)

5.5
13C NMR (214 MHz, pyridine-ds) of Salinosporamide A (1)

85 80 75 70 65 6.0

9.0

11.0 10.5 10.0 9.5

9861\
6512~
1z~
ze'9z 7,
1882
1168 —

ol'ey —
€0°9Y —

¥8'0L —

2208 —
6198 —

i

15821~
v6'82L 7

€€°691L —

€8°9LL —

salinosporamide A (1)
(214 MHz, pyridine-ds)

4

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

190

a0 210 200

1 (ppm)

ey
I
T

143



Ml
i
P
U

Salinosporamide Alg°] HAA=L 553 3sshA Fxef 3 208
proteasome AA A= LA Qo Thd Fofo] AFHEA B
BAlS wropgkth, AA7FA <F 131 €] salinosporamide A2l AgAdo] W

i

# v glom, o FE-S salinosporamide®] 3% 7124 pyrrolidinone &
ki ol e d7F =89 T8 Wgew RuFY. )

|
A

=
Ak, fE-Eo] A =7l A= v A pyrrolidinoned] Z4S &8
oz A EKIAY, =2 dAAEAES E=Ys] FEAA

salinosporamide A< 9] #}3tEo] vl A wadto s B ala, ojREo

N

A =Ho A= 20 step o] Aol AQFH U= EAES 7FX A Qi) o],
A A7} A & salinosporamide A 71 g/d 9l 41 += chiral pyrrolidinoneS {H2 3} aL

aEHoR 7Y 7 3w WHEe] a7HY, e C2 A487E 7HA

r

= t}ek3h salinosporamide & cinnabaramide A€ ¢ HAES A7) 9

—

A c2 Al e 28717 =98 S A el i P

144



BEodFoME, HA opn Akl Lserines W 2 =Z sl 5-

_‘_,
2
rlr
i
i
N
i
e
Jo
s
p‘l
K
i
i
by
Ach
ot
[-411
oo
_\}l

oxazolidinone =248 7

il

e BAG SRS Bee Jokdtel Bl AW YA TS
A= 7124 pyrolidinone 24 AAMEH 0z YA 19 W

S C2 YA YA F4lo] oym 3 A & Evans’ oxazolidinone

resolution’ Y| S &3t} C-3, C4 Y9 YA dex oz Tst=1)
A-gatant F5, 9o ety wkgS 38351o], C-2 YA o theFsk 28

o
=l

715 7}A = salinosporamide A/B 2 cinnabaramide A/E/F 5 3 ¢F4 o]

F290]:  Aldol cyclization, Salinosporamide, Hydrolytic dynamic kinetic
resolution, 5-oxazolidinone, Total synthesis

SHH: 2012-31107

145



	I. Introduction
	II. Results and Discussion
	III. Conclusions
	IV. Experimental
	V. References
	Appendix I 
	Abstract in Korean


<startpage>6
I. Introduction 1
II. Results and Discussion 4
III. Conclusions 28
IV. Experimental 31
V. References 100
Appendix I  106
Abstract in Korean 144
</body>

