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3,4-diaminocyclohexane carboxamide
Gram scale synthesis

1. Introduction racemic form. Meanwhile, the control and detectibmurities

is very important for industrial production of pheaceutical
drugs. Some stereocisomers of compouhdmay be useful
intermediates for the synthesis of impurities obxaban, which
are generated in the industrial production proéesdditionally,

the derivatives of 3, 4-diaminocyclo-hexane carliioxgcid can
be used as chiral organocatalysts for asymmetriecdialdol
reaction with high enantioselectivity.

Factor Xa (fXa), a serine protease, plays an importe in
the coagulation pathway and forms the prothrombiraseplex
via binding to factor Va on activated platelet soefa The
prothrombinase complex converts prothrombin to lagoserine
protease, thrombihThrombin is responsible for the conversion
of soluble fibrinogen into insoluble strands ofriiband also the
formation of blood cloté. Thus, factor Xa has become an
attractive target for anticoagulant treatmé&Bdoxaban is known
to be an orally and direct factor Xa inhibitor féretprevention
and treatment of venous thromboembolisms, andaaitioipated

to exhibit superior oral absorption and a lower rigkbleeding @
when compared to other available anticoaguléfits. N )\/j/ : BockN.., O)LN/
Tert-butyl ((1R,2S,59)-2-amino-5-(dimethylcarbamoyl)cyclo- —N HN% N !

hexyl) carbamaté& has been reported as a key intermediate in the
synthesis of edoxaban (Fig. 1)Similar cycloalkanediamine
derivatives have gained much interest due to thetential as
therapeutic drugs for thrombotic disea&eThe cisl, 2- Fig. 1. Structures of edoxaban and its key intermediate.
diaminocyclohexane and a carboxamide substituertherC5 of o o 0
cyclohexane ring which exist in compoutidmakes 7 possible BocHN,, ~  BocHN,, S BocHN,, R
stereoisomers. Hence, the stereochemistry of thesethr Q)\T O T O T
substituents on the cyclohexane ring can greafgcathe anti- HoN"

fXa activity of edoxabaf’ Nagata and coworkers have reported i o
/ BocHN\O)L BocHND)LN/
I
w HoN

the synthesis of four sterecisomers of 3, 4-diacyolmhexane
Fig. 2. Structures of six steremsomers of compotind

edoxaban

carboxylic acid derivatives in order to eluciddbte significance BockiN
of each substituent stereochemistry for anti-fXaiviigt® N
However, all four compounds they synthesized were amly 2b

OCorresponding author.
E-mail address: whu@chem.ecnu.edu.cn (W. Hu).
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Due to these significant biological activities artdustural
importance, several processes have been reportedthi®
preparation of compounti®*** and its enantiomer, which could
also be easily achieved following the same routemfro
enantiomeric precursor. However, there were only argports
about the synthesis of diastereoisomerd.dfHerein we report
our results of stereoselective synthesis of sixestsomers of
compoundL starting from 3-cyclohexene-carboxylic acid (F2J.
by using Mitsunobu reaction and a base-catalyzéuesjzation
as key steps of the strategy.

2. Results and discussion

The designed strategy for the synthesis of the si>§j

stereoisomers starting from cyclohexene carboxgia 5 is
shown in scheme 1. One of the targeted stereoisomkrs
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compoundl could be achieved frorBa by the installation of
amino group via the displacement of tosylated/mated
alcoholic group of8a by azide (N) followed by reduction. On
the other hand, the other isomer could be restited 8a via the
inversion of C2 hydroxyl group under Mitsunobu réaT
conditions® using a carboxylic acid nucleophilsubsequent
hydrolysis, mesylation or tosylation to form a le&y group
followed by azide substitution and further reductidme key
intermediate compoun@a which in turn could be obtained by a
literature reported four-step sequence froBa®™'*? The
stereochemistry at C5 can also be adjusted by iaatiom of the
ester group oBa.”*Inversion of amino stereochemistry at C1 is
ifficult to achieve by our synthetic route, howegvéatentical
sequences starting fronR){3-cyclohexene-carboxylic aci@b
allow access to epimers at C1.

0]

1 COOH
’ 5 OEt — O
2

8a 5a

0
L .COOH
e —

8b 5b

Scheme 1. Retro synthetic approach for the synthesis oéfesisomers.

Keeping our synthetic strategy in mind, we have cemcad
with (§-3-cyclohexene-1-carboxylic acia which has been
prepared from commercially available racemic 3-clgelkene-1-
carboxylic acid" Thus treatment dba with KI and b, resulted
4-iodo-6-oxabicyclo[3.2.1]octan-7-onéa in excellent vyield
followed by ethanolysis in the presence of NaOH affdrtee
cis-epoxide7a. Without further purification, the epoxid&a has
been allowed to react with an excess amount of anmaranthe
next step. Nucleophilic opening of the substitutesgepoxide7a

Succeedinghe achievement dfey intermediate8a and 8b,
we have turned our interest towards the title comgsuwe
have envisioned that, the C2 amino can be intradiune the
conversion of C2 hydroxyl to mesylate followed byclewphilic
displacement with sodium azide and subsequent hgdedmn.
Hence mesylation of alcoh®a with MsCI in the presence of
Et;N in dichloromethane gave mesyla®a. The mesylate9a
upon treatment with Naj\in DMF in the presence of catalytic
amount of 15-crown-5 at 75C for 48 h furnished the

with ammonia gavérans-amino alcohol as a single isomer with nucleophilic substitution produdba in 58% yield with inversion

high regio- and stereoselectivity in accordance whirst-

of configuration at C2. It's worth mentioning thaetepimerl3a

Plattner rulé’® Furthermore, the chemo selective protection of thewith retention of configuration at C2 was also obeirin 5%

amino group with Bo® afforded the key intermediaa in
almost quantitative yield with an overall yield dd% (Scheme
2). The same protocol was applied oR)-8-cyclohexene-1-

carboxylic acid5b in order to accomplish the other enantiomerprotection of amino group with Cbz

8b and successfully achievéth in comparable yields to that of
8a.

(0]
COOH ) (i COOEt
—» O —_— OO
’zl 7
5a 6a, 91% 2
l(iii), (iv)
wCOOH BocHN WCOOEt | BocHN,,, COOEt
—. i@
-
HO" HO

5b 8b 8a, 88% from 6a

Sheme 2. Reagents and conditions: (i) K, I, NaHCQ,H,0, rt; (i) 2 N
NaOH, EtOH, rt; (iii) 28% ammonia, EtOH, 46; (iv) BocO, EtOH, 0°C to
rt.

yield, which is due to the neighboring-group papttion®’
Advancement of azidé5a to 16a was achieved in a two-step
sequence, i.e., Pd/C catalyzed hydrogenation foliovsy
resulted thes-
diaminocyclohexanel6a with two different protecting groups
(Scheme 3).

Although a small amount of epimdS3a with retention of
configuration at C2 can be obtained by the abovetiomed
method, however, a multigram scale synthesis was hard
achieve because of low yield. Therefore, the ineersof
configuration at C2 hydroxyl was required before thesylation.
We have tried initially the Mitsunobu reaction & with PPh
and DIAD in THF in the presence of (Ts2h, by anticipating
that formation of leaving group -OTs as well as igi@n of
configuration of hydroxyl can be achieved in onepst
proceduré? however, no reaction occurred. We next shifted to
the conventional Mitsunobu condition, the desirdcblzol 11a
with inversion of configuration at C2 was achievedvio steps.
Treatment of8a with DEAD, PPR and p-nitrobenzoic acid in
THF, to afford benzoat&0a in 71% vyield. Selective hydrolysis
of benzoatelOa was achieved by treatment with®0O; in EtOH
to afford the alcohalla (Scheme 3).
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In the final stages of the synthesis 24 (Scheme 4),
hydrolysis of ethyl estet4a with LiOH-H,O in aqueous EtOH
afforded the carboxylic acid7a in a quantitative yield. Amide

Following the same procedures for the synthesis6affrom
8a as described abovella was converted intotrans-
diaminocyclohexané4a in a four-step sequence. Compoudd
is a common intermediate for the synthesis of batpets?2a and  18a was prepared by a conventional condensation ofosslic
3a. It is noteworthy that mesylati?a was treated with Naj\to acid 17a with dimethylamine in the presence of EDCI and HOBt
afford 13a with inversion of configuration at C2 as the solein DMF. The amidel8a was then subjected to Pd-catalyzed
product in 73% vyield without neighboring-group papgation  hydrogenation to produce the required monoprotectarget
due to the Boc protected amino group and the lgagroup compoundrans-diaminocyclohexane carboxami@a. Whereas,
being on the same side. The enantiomkts and 16b were the enantiopur@b was prepared by the application of identical
obtained by identical sequences fr8m sequences frordb.

BocHN,,, COOEt BocHN,,, COOEt i) BocHN,,, COOEt
/O/
\\’[ : \\’E :
R40 ) PNBO R0

10a, 71%

i 8a Ry=H 11a, 95% Ro=H
0] 1 v (vii)

9a, 64% R;=SO,Me

o

12a, 65% Ro=SO.,Me

l (viii)

BocHN,,, COOEt i ) BocHN,,, COOEt BocHN,,, COOEt
—
N CbzHN" N3
15a, 58% 16a, 78% 13a, 73%
+ SN i
J('*" ®
BocHN WCOOEt
BocHN:O/COOE‘ ¢ Ij~‘ BocHN,,, COOEt
NS CbzHN /O/
. CbzHN
13a, 5% 16b 14a, 91%
BocHN WCOOEt BocHN ~COOEt
0O =
HOY CbzHN"
8b 14b

Sheme 3. Reagents and conditions: (i) CHs;SO,CI, EtN, CH,Cl,, 0°C; (ii) NaNs, 15-crown-5, DMF, 75C; (iii) 10% Pd/C, H, EtOH, rt; (iv) CbzCl, NaHCg)
ethyl acetate/kD, 0°C to rt; (v) PPk, DEAD, p-nitrobenzoic acid, THF, BC to rt; (vi) K:COs, EtOH, rt; (vii) CHSQO.CI, Et;N, CH,Cl,, 0°C; (viii) NaNs, 15-
crown-5, DMF, 75°C; (ix) 10% Pd/C, B EtOH, rt; (x) CbzCl, NaHC®) ethyl acetate/pD, 0°C to rt.

9 values. The diastereomeric mixtures were then hydeadl to
BochiN,, COOEt BochiN,, COOH BOCHN:O)LT/ corresponding carboxylic acid in one-pot by additaf water to
CbzHN CbzHN ChzHN ) the reaction mixtures. Everll the diastereomeric uneg of
14a 17a, 97% 18a, 82% carboxylic acid also can't be separated by column
l chromatography.
0 o
BocHN WCOOEt BocHN \”\ ~ /] BochN, _
N ‘ N
. —~ s . l |
CbzHN" HoN® HoN
14b 2b 2a,97%
. s . N
Sheme 4. Reagents and conditions: (i) LIOH+H,O, EtOH, rt; (ii) EDCI, BocHN COOEt B Qe BocHN, \COOEt
o J e 0 n, (i) ocHN,,, Z 1 W
HOBt, MeNH+HClI, EtN, DMF, 0°C to rt; (iii) 10% Pd/C, ki MeOH, rt. 0. OBt |
CbzHN CbzHN CbzHN
14a 19a
The inversion of stereochemistry at C5 was achidwecdh o

base-catalyzed epimerization of the ethyl e$6arvia an enolate o BocHN,,,_~_~COOH BocHN,,, ‘\\\”\N/
intermediaté?® We initially employed LDA or LIHMDS as bases ——> s HNO - > o HN,O |

. . . Z Z|

in THF for deprotonation of the chiral center C&laubsequent 208, 50% from 14a 212, 71%
qguenched by water, however, resulted a complex naxtvhen .

we have treated4a with a slightly excess amount of sodium l('v)

ethoxidé€ in anhydrous EtOH at 5T for overnight, formation of 2 't

) J
a mixture ofl4a and19a was observed with both retention and ™ “‘Coi BOCHN\O)L'I( BOCHNQA J\T/
inversion of configuration at C5 (Scheme 8. NMR showed CbzHN™ HN HoN
that the ratio of two diastereomers with retentiddaj and 14a 3b 3a, 93%

inversion (9a) of configuration _at C5 was 36:64_1. However, We sheme 5. Reagents and conditions: (i) NaOEt, EtOH, 50C; (i) NaOH,
were unable to separate the diastereomeric mixtoyesolumn  EtOH/H,0, 1t; (iii) EDCI, HOBt, MeNH<HCI, EtN, DMF, 0°C to rt; (iv)
chromatography even on a small scale because stal®Rf 10% Pd/C, H MeOH, rt.
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Much to our delight, the required optically put@a can be  Anhydrous THF was distilled over sodium. HRMS (ESI)d¢la
easily separated out in 50% vyield by simply realigation  Spectra were recordeltsj on Bruker microTOF-?3 10198 mass
using EtOH/HO 10:1 as recrystallization solvents. The using oflspectrometerl.H NMR, **C NMR and 2D NMR {H-""C HSQC,

1 14 1
column chromatography can be avoided which makpsssible BH- Hk C(/)A\SY’ a:jniol_(')- GHNOESY) spectra ng(;ewﬁco;ged cc)in a
to prepare the optically purgda on a large scale. Subsequent rucker Ascend- Z spectrometer, Z Teran

13 : :
amidation and deprotection in a good yield to give required 100 MHz for™“C. Optical rotations were recorded on an Autopol

monoprotection target compoundrans-diaminocyclohexane
carboxamide3a. The enantiomeri@b was prepared by identical
sequences frorb.

|

BocHN,,, WCOOEt
- O
.
CbzHN™

22a

BocHN,,, “‘\”\N/
|
CbzHN™
24a, 78%

l(iv)
o o
WCOOEt BocHN N BocHN,,, “\\”\N P
—= | |
— -
HoN HoN
16a 4b 4a, 94%

Sheme 6. Reagents and conditions: (i) NaOEt, EtOH, 50C; (ii) NaOH,
EtOH/H,0, rt; (iii) EDCI, HOBt, MeNHsHCI, E&N, DMF, 0°C to rt; (iv)
10% Pd/C, H MeOH, rt.

ONa
BocHN,, COOEt .
/,O/ ) BOCHN/"O)\OH
CbzHN™ ChzHNY
16a

. BocHN,,, wCOOH (i)
CbzHN™

23a, 48% from 16a

BocHN

CbzHN

A similar strategy was used for the synthesis a-
diaminocyclohexanda (Scheme 6). Epimerization dféa was
performed in anhydrous EtOH with sodium ethoxide atGor
overnight, subsequent hydrolysis of ethyl estepiire-pot gave
the carboxylic acid as a mixture of two diasteremisrs. It is
noteworthy that the required enantiomerically pueseboxylic
acid 23a with inversion of configuration at C5 was separaiatl
in 48% vyield by simple recrystallization using axtare of
hexane/ethyl acetate in 5:1 ratio as recrystalipatsolvents.
Subsequent amidation and deprotection lead to #wpiined
monoprotection target compoundcis-diaminocyclohexane
carboxamideda in good yield. The enantiomeridb was also
obtained in identical sequences frafb.

3. Conclusions

In conclusion, a highly efficient and stereoselectsynthetic
route for the six stereoisomers of tert-butylR@S,59-2-amino-
5-(dimethylcarbamoyl)cyclo-hexyl)carbamate from 3-cyclo-

VI polarimeter.

4.2. (9-3-cyclohexene-1-carboxylic acid (5a)

Optically pure 5a was prepared by resolution of racemic
cyclohex-3-enylcarboxylic acid following the methdisclosed
by Schwartzet al.'* Racemic cyclohex-3-enylcarboxylic acid
(100 g, 0.79 mol) was added to acetone (500 mL)heraded to
55 °C, to the solution, §)-(+)-a-phenethylamine (95.6 g, 0.79
mol) in acetone (200 mL) was added dropwise ovenB0 After
1 h, the mixture was cooled to room temperature (&y+)-o-
phenethylamine salt of cyclohex-3-enylcarboxylicidacvas
formed. The precipitate obtained was filtered offi amashed
with acetone. The salt was recrystallized with aceteolvent.
Recrystallization of the salt was repeated untiéguired optical
rotation [1]*°p < -40° was achieved.

(R)-(+)-o-phenethylamine salt of S-3-cyclohexene-1-
carboxylic (57.6 g, 233 mmol) was dissolved in ethgktate
(900 mL) and 2 N HCI (900 mL). The phases were sepdraind
the aqueous layer was extracted with ethyl acet@@ (). The
organic fractions were combined, washed with water (200
and saturated brine (200 mL), and dried over arduglisodium
sulfate, filtered, and concentrated in vacuo tegiptically pure
5a(28.8 g , 29%) as a colorless oitj] ¥, -82.6° (¢ 1.0, MeOH).

For the enantiomeBb; a colorless oil {]*, +85.2° (c 1.0,
MeOH).

4.3. (1S4S59)-4-iodo-6-oxabicyclo [3.2.1] octan-7-one (6a)

Sodium bicarbonate (56 g, 0.67 mol) was added twlwisn
of 5a (28 g, 0.22 moljn water (450 mL). To the solution, iodine
(59.8 g, 0.24 mol) and potassium iodide (220 g3 Irdl) were
added successively, followed by stirring at roomgerature for
5 h. The reaction mixture was quenched with sodiiostlfate,
and extracted with ethyl acetate (2 x 200 mL). Thenlwined
organic layers were washed with water (100 mL) andrated
brine (100 mL), and then dried over anhydrous sodswlfate.
The solvent was removed under reduced pressureoftaened
pale yellow solid was added hexane (150 mL) andestiat
room temperature for 1 h, the solid was collectediltrgtion and
dried to give6a (50.9 g , 91%) as a white solidi]{>, -20.4° (c
1.0, MeOH);'H NMR (400 MHz, CDCJ) 6§ 4.97 — 4.74 (m, 1H),
4.51 (t,J = 4.4 Hz, 1H), 2.79 (dl = 12.3 Hz, 1H), 2.67 (1= 3.9
Hz, 1H), 2.52 — 2.34 (m, 2H), 2.12 (dd, J = 16.5, B2 1H),

hexene-1-carboxylic acid have been accomplishede Thi 98 — 1.77 (m, 2H); 13C NMR (100 MHz, CREb 177.74,

efficiency of our approach derived from Mitsunolaaction for
fine-tuning of C2 stereochemistry and a base-cataly
epimerization for amending C5 stereochemistry. Ofeatures
of our synthesis include separation of the diasteeric mixtures
by simple recrystallization which allows for multiggn scale
synthesis of target compounds. Each isomer maybsidered a
valuable intermediate for the synthesis of potéfiXa inhibitors

for further biological evaluation. The strategy imigalso be
useful for synthesis of other analogues of tristitsd

cyclohexane.

4, Experimental section
4.1. General experimental

All chemicals were of reagent grade quality purchasech
commercial sources and used without further putifica

80.21, 38.60, 34.51, 29.72, 23.81, 23.12; HRMS (B8B/z)
[M+Na]" calcd for GHgO,INa 274.9545, found 274.9555.

For the enantiomeBb; a white solid ; 93% vyield;d*,
+26.5° (c 1.0, MeOH); HRMS (ESI; m/z) [M+Nalalcd for
C,Hq0,INa 274.9545, found 274.9549.

4.4. Ethyl (1S3R4R)-3-((tert-butoxycarbonyl)amino)-4-
hydr oxycyclohexane-1-carboxyl ate (8a)

2 N aqueous sodium hydroxide (116 mL, 0.23 mol) vaaked
to a solution ofa (48.3 g, 0.193 mol) in EtOH (70 mL) and the
reaction was stirred at room temperature for 3 IOHEtwas
removed under reduced pressure, and the residuextracted
with dichloromethane (180 mL). The organic layer washed
with water (35 mL) and saturated brine (35 mL), amehtdried
over anhydrous sodium sulfate. The solvent was reshander
reduced pressure to give crutieas a yellow oil. The compound



was used for next step without further purificatidB% aqueous
ammonia (315 mL) was added to a solution of crrelen EtOH
(150 mL), the reaction was stirred at 46 overnight. The
reaction was cooled to room temperature and coratedtrin
vacuo to afford the crude amino alcohol as a pelew oil. The
oil was dissolved in EtOH (300 mL) and B6c(41.3 g, 0.19
mol) was then added in ice-water bath. After 15 nfim,reaction
was allowed to warm to room temperature. After 2 h sthleent
was removed under reduced pressure to &wvgl8.3 g, 88%) as
a colorless oil. The crud8a was used for next step without
further purification; §]*°, +4.1° (c 1.0, MeOH)'H NMR (400
MHz, CDCk) 6 4.73 (br s, 1H), 4.16 (ddd,= 10.3, 7.1, 3.5 Hz,
2H), 3.70 — 3.24 (m, 3H), 2.63 (dd~= 8.8, 4.3 Hz, 1H), 2.41 -
2.25 (m, 1H), 2.16 — 2.07 (m, 1H), 1.95 — 1.79 (m,, 152 (dd,
J=11.0, 8.9 Hz, 2H), 1.45 (s, 10H), 1.27Jt 7.1 Hz, 3H)
*C NMR (100 MHz, CDCI3)s 174.14, 156.75, 79.96, 73.26,
60.61, 52.79, 38.71, 31.20, 29.87, 28.35, 24.6422t4HRMS
(ESI; m/z) [M+Na] calcd for GH,sNOsNa 310.1630, found
310.1620.

For the enantiomeBb; a colorless oil; 83% vyieldu]*, -2.1°
(c 1.0, MeOH); HRMS (ESI; m/z) [M+N4] calcd for
C14H2sNOsNa 310.1630, found 310.1618.

4.5, Ethyl (1S3R4R)-3-((tert-butoxycarbonyl)amino)-4-
((methylsulfonyl)oxy) cyclohexane-1-carboxylate (9a)

Methanesulfonyl chloride (8.5 mL, 0.11 mol) was atlde
dropwise to a solution of8a (21.2 g, 0.074 mol) and
triethylamine (20.5 mL, 0.148 mol) in dichlorometiea(200 mL)
at 0°C over 30 min under argon atmosphere. The reactas
stirred at the same temperature for 2 h, water (@DPwas then
added. The mixture was separated and the organé lags
washed with saturated aqueous solution of sodiunrbmocate
(60 mL) and saturated brine (60 mL) and dried anydrous
sodium sulfate. The solvent was removed under retdpoessure,
isopropyl ether (45 mL) and isopropanol (22 mL) wadeled to
the resultant residue, and the mixture was at rcempérature
for 1 h, the solid was collected by filtration anded to give9a
(17.3 g, 64%) as a white solidy]{’, +1.8° (c 1.0, MeOH)*H
NMR (400 MHz, CDCJ) 6 4.78 (br s, 1H), 4.65 (m, 1H), 4.16 (q,
J=7.1Hz, 2H), 3.83 (qdl = 7.5, 4.6 Hz, 1H), 3.06 (s, 3H), 2.58
(s, 1H), 2.35 — 2.22 (m, 1H), 1.82 — 1.64 (m, 2H)51(g, 9H),
1.27 (t,J = 7.1 Hz, 3H) *C NMR (100 MHz, CDGCJ) ¢ 173.80,
155.09, 80.00, 79.38, 60.79, 49.51, 38.25, 37.90& 28.34,
27.52, 23.76, 14.20; HRMS (ESI; m/z) [M+Natalcd for
CysH,7NO,SNa 388.1406, found 388.1409.

For the enantiomedb; a colorless oil; 76% vyieldu]*, -0.9°
(c 1.0, MeOH); HRMS (ESI; m/z) [M+N4] calcd for
C1sH,7NO,SNa 388.1406, found 388.1410.

4.6. Ethyl (1S3R,4S)-4-azido-3-((tert-butoxycarbonyl)amino)
cyclohexane-1-carboxylate (15a)

To a solution oBa (17 g, 0.0465 mol) in DMF (100 mL) was
added sodium azide (6 g, 0.093 mol) and 15-crowfiv& @rops)
sequentially, and the mixture was stirred at’C5for 48 h. The
reaction was allowed to cool to room temperaturey thiater (50
mL) and ethyl acetate (125 mL) were added to thectien
mixture. The phases were separated, and the aqlemiswas
extracted with ethyl acetate (75 mL). The organictions were
combined, washed with water (50 mL) and saturatedeb{&®
mL), and dried over anhydrous sodium sulfate, riéite and
concentrated in vacuo and purified by silica gelluom
chromatography (with 1/6 EtOAc/hexane as eluent) ve gba
(8.4 g, 58%) as a white solid and the epitta (0.75 g, 5%) as
a white solid; §]*, +55.3° (c 1.0, MeOH)'H NMR (400 MHz,
CDCly) 6 4.66 (d,J = 7.7 Hz, 1H), 4.15 (q] = 7.1 Hz, 2H), 3.89
(d,J = 12.9 Hz, 2H), 2.73 — 2.55 (m, 1H), 1.98 — 1.88 {ir),
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1.89 — 1.72 (m, 5H), 1.45 (s, 9H), 1.26)& 7.1 Hz, 3H) °C
NMR (100 MHz, CDC{) ¢ 174.19, 154.97, 79.73, 60.92, 60.66,
48.21, 38.13, 29.36, 28.35, 25.55, 22.41, 14.21; ISRESI; m/z)
[M+Na]" caled for G4H,,N,O,Na 335.1695, found 335.1706.

For the enantiomel5b; a white solid; 47% yield;o]*, -
47.0° (¢ 1.0, MeOH); HRMS (ESI; m/z) [M+Na]calcd for
CyH»N4O4Na 335.1695, found 335.1691.

4.7. Ethyl(1S3R,49)-4-(((benzyl oxy)carbonyl)amino)-3-((tert-
butoxy- carbonyl)amino)cyclohexane-1-carboxylate (16a)

10% palladium on carbon (0.75 g) was added to disalof
15a (7.54 g, 0.024 mol) in ethanol (50 mL), followed &tyrring
at room temperature for 4 h under hydrogen atmosphEne
reaction mixture was filtered, concentrated in vacUde
obtained residue was suspended in a mixture of attetate (150
mL) and water (30 mL), followed by addition of sodium
bicarbonate (4.04 g, 0.048 mol). Benzyl chloroforengd.8 mL,
0.026 mol) was added to the reaction mixture at Co%€r 10
min, and then the reaction was warmed to room testpes.
After 1 h, the mixture was separated and the aquiayes was
extracted with ethyl acetate (50 mL). The organictions were
combined, washed with water (50 mL) and saturatedeb{h®
mL), and dried over anhydrous sodium sulfate, riéite and
concentrated in vacuo. The obtained solid was retized
(with 1/5 EtOAc/hexane as solvents) to giea (7.9 g, 78%) as
a white solid; §]*° -33.6° (c 1.0, MeOH)'H NMR (400 MHz,
DMSO0) § 7.43 — 7.24 (m, 5H), 6.97 (s, 1H), 6.55 Jc&& 5.2 Hz,
1H), 5.01 (qJ = 11.7 Hz, 2H), 4.04 (gl = 7.1 Hz, 2H), 3.91 (d,
J = 3.6 Hz, 1H), 3.50 (m, 1H), 2.62 (m, 1H), 1.85 (dd; 29.9,
12.2 Hz, 2H), 1.56 (dd] = 26.1, 12.1 Hz, 3H), 1.46 — 1.30 (m,
10H), 1.17 (tJ = 7.1 Hz, 3H) *C NMR (100 MHz, DMSOY
174.68, 155.47, 155.27, 137.16, 128.24, 127.64,58777.83,
65.07, 59.75, 50.48, 47.77, 36.13, 31.68, 28.19172625.20,
14.04; HRMS (ESI; m/z) [M+N4] calcd for G,H3N,OgNa
443.2158, found 443.2154.

For the enantiomefl6b; a white solid; 87% yield; o]
+32.0° (¢ 1.0, MeOH); HRMS (ESI; m/z) [M+Nakalcd for
CyH3N,0¢Na 443.2158, found 443.2157.

4.8. (1S2R49)-2-((tert-butoxycarbonyl)amino)-4-(ethoxy-
carbonyl)cyclohexyl 4-nitrobenzoate (10a)

To a stirred solution d8a (23 g, 0.08 mol) in anhydrous THF
(350 mL) was added triphenylphosphine (31.4 g, Oub?) and
p-nitrobenzoic acid (16 g, 0.096 mol) sequential¥=AD (20.9
g, 0.12 mol) in anhydrous THF (50 mL) was added diep to
the reaction mixture at 0 °C under an argon atmespbver 30
min. After stirring at 0 °C for another 30 min, theaction was
allowed to warm to room temperature. After 12 h, tbaction
mixture was concentrated in vacuo and the residuedigaslved
in ethyl acetate (500 mL). The organic layer was wedswith
saturated agueous solution of sodium bicarbondi® (L) and
saturated brine (100 mL) and dried over anhydroogiusn
sulfate. The solvent was removed under reduced ymessd the
residue was purified by silica gel column chromaapdry (with
1/10 EtOAc/hexane as eluent) to git@a (27.9 g, 71%) as a
white solid; p]*°, +26.4° (c 1.0, MeOH)H NMR (400 MHz,
CDCly) 6 8.27 (d,J = 8.6 Hz, 2H), 8.20 (d] = 8.6 Hz, 2H), 5.20
(d, J = 6.9 Hz, 1H), 4.79 (s, 1H), 4.27 (s, 1H), 4.18J¢ 7.1
Hz, 2H), 2.61 (s, 1H), 2.04 (df, = 26.7, 11.3 Hz, 4H), 1.92 —
1.71 (m, 2H), 1.39 (s, 9H), 1.28 (t,= 7.1 Hz, 4H) *C NMR
(100 MHz, CDC}) ¢ 174.12, 163.85, 155.16, 150.52, 135.80,
130.79, 123.45, 79.77, 73.46, 60.77, 47.34, 3730RB9, 29.66,
28.28, 25.40, 24.36, 14.20; HRMS (ESI; m/z) [M+Nedlcd for
CoyHogN,0OgNa 459.1743, found 459.1745.
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For the enantiometOb; a white solid; 69% yield;o]*% -
31.5° (¢ 1.0, MeOH); HRMS (ESI; m/z) [M+Na]calcd for
C,;H,gN,OgNa 459.1743, found 459.1747.

4.9. Ethyl(1S3R,49)-3-((tert-butoxycarbonyl)amino)-4-hydroxy-
cyclohexane-1-carboxylate (11a)

Potassium carbonate (9.1 g, 0.066 mol) was added to
solution of 10a (26.2 g, 0.06 mol) in ethanol (250 mL). The

reaction was stirred at room temperature overnighé reaction
mixture was concentrated in vacuo and the residuedigaslved
in ethyl acetate (400 mL). The organic layer was wedstwith
water (150 mL) and saturated brine (100 mL) andddoger
anhydrous sodium sulfate. The solvent was removederun
reduced pressure and the residue was purified liga sgel

sulfate, the solvent was removed under reduced ymes3he
obtained pale yellow solid was added hexane (60 &g
stirred at room temperature for 1 h, the solid wakected by
filtration and dried to givel3a (6.9 g , 73%) as a white solid;
[a]*p +21.7° (¢ 1.0, MeOH)'H NMR (400 MHz, CDCJ) 6 4.70
(s, 1H), 4.16 (g) = 7.1 Hz, 2H), 3.66 (ddd, = 11.9, 7.7, 3.8 Hz,
1H), 3.54 (s, 1H), 2.59 (s, 1H), 2.30 — 2.18 (m, 1H)62- 1.93
(m, 1H), 1.92 — 1.80 (m, 1H), 1.77 — 1.59 (m, 3H)61(4, 9H),
1.27 (t,J = 7.1 Hz, 3H);"*C NMR (100 MHz, CDG)) 5 174.03,
155.06, 79.83, 61.33, 60.68, 50.13, 38.22, 30.6853% 26.14,
24.21, 14.20; HRMS (ESI; m/z) [M+Na] caled for
CyH»N4O4Na 335.1695, found 335.1694.

For the enantiomet3b; a white solid; 68% yield;d* -
25.9° (¢ 1.0, MeOH); HRMS (ESI; m/z) [M+Na]jcalcd for

column chromatography (with 1/6 to 1/3 EtOAc/hexane a$o1aH24N4OJNa 335.1695, found 335.1686.

eluent) to givella (16.4 g, 95%) as a colorless oi] 1, +12.2°
(c 1.0, MeOH);"H NMR (400 MHz, CDCJ) ¢ 4.93 (s, 1H), 4.14
(9,3 = 7.1 Hz, 2H), 3.91 (s, 1H), 3.84 (s, 1H), 3.06 (3),12.51
(m, 1H), 2.06 — 1.98 (m, 1H), 1.97 — 1.88 (m, 1H),71-81.75
(m, 2H), 1.69 — 1.52 (m, 2H), 1.45 (s, 9H), 1.26 (d);3°C

NMR (100 MHz, CDCJ) § 174.87, 156.47, 79.83, 77.38, 77.06,

76.74, 69.51, 60.52, 50.16, 37.86, 30.16, 29.653&2824.19,
14.18; HRMS (ESI; m/z) [M+N4] calcd for GH,NONa
310.1630, found 310.1635.

For the enantiomellb; a white solid; 92% yield; %, -
15.7° (¢ 1.0, MeOH); HRMS (ESI; m/z) [M+Na]calcd for
C.H,NOgNa 310.1630, found 310.1636.

4.10. Ethyl (1S,3R,4S)-3-((tert-butoxycarbonyl)amino)-4-
((methyl sulfonyl)oxy)cyclohexane-1-carboxyl ate (12a)

Methanesulfonyl chloride (6 mL, 0.078 mol) was added

dropwise to a solution dfla (15 g, 0.052 mol) and triethylamine
(14.5 mL, 0.104 mol) in dichloromethane (150 mLD&C over
15 min under argon atmosphere. The reaction wagdtat the
same temperature for 2 h, water (75 mL) was thendadtiee
mixture was separated and the organic layer was wasfibd
saturated aqueous solution of sodium bicarbondlen{g) and
saturated brine (50 mL) and dried over anhydrouuso sulfate.
The solvent was removed under reduced pressurepisgpether
(30 mL) and isopropanol (15 mL) were added to trmultant
residue, and the mixture was at room temperaturel for the
solid was collected by filtration and dried to gi¥2a (12.3 g,
65%) as a white solid;a]*’, +40.4° (c 1.0, MeOH)*H NMR
(400 MHz, CDC}) 6 4.94 (s, 1H), 4.71 (dl = 7.6 Hz, 1H), 4.17
(tt, J = 7.2, 3.6 Hz, 2H), 3.96 (s, 1H), 3.03 (s, 3H), 2.d1(=
4.0 Hz, 1H), 2.11 — 1.95 (m, 2H), 1.95 — 1.68 (m, 4H34 (s,
9H), 1.27 (t,J = 7.1 Hz, 3H);"*C NMR (100 MHz, CDG)) ¢
173.91, 154.97, 79.96, 79.72, 60.82, 48.02, 38TM9, 28.52,
28.34, 26.87, 21.49, 14.21; HRMS (ESI; m/z) [M+Nedlcd for
CysH,/NO,SNa 388.1406, found 388.1402.

For the enantiomell2b; a white solid; 77% yield; %, -
45.2° (¢ 1.0, MeOH); HRMS (ESI; m/z) [M+Na]calcd for
C1sH,7NO,SNa 388.1406, found 388.1404.

4.11. Ethyl(1S3R,4R)-4-azido-3-((tert-butoxycar bonyl)amino)
cyclohexane-1-carboxylate (13a)

To a solution ofl2a (11 g, 0.03 mol) in DMF (100 mL) was
added sodium azide (3.9 g, 0.06 mol) and 15-crow(five
drops) sequentially, and the mixture was stirre@siC for 24 h.
The reaction was allowed to cool to room temperatthen
water (50 mL) and ethyl acetate (200 mL) were adaedhé
reaction mixture. The phases were separated, an@dgheous
layer was extracted with ethyl acetate (50 mL). Thgaoic

fractions were combined, washed with water (80 mL) an

saturated brine (80 mL), and dried over anhydroadiusn

4.12. Ethyl(1S3R,4R)-4-(((benzyl oxy)car bonyl)amino)-3-((tert-
butoxycarbonyl)amino)cyclohexane-1-carboxylate (14a)

10% palladium on carbon (0.68 g) was added to disalof
13a (6.8 g, 0.021 mol) in ethanol, followed by stirriag room
temperature for 4 h under hydrogen atmosphere. réhetion
mixture was filtered, concentrated in vacuo. Theaigd residue
was suspended in a mixture of ethyl acetate (60 amid) water
(10 mL), followed by addition of sodium bicarbond®67 g,
0.044 mol). Benzyl chloroformate (3.44 mL, 0.024 I)mwas
added to the reaction mixture at 0 °C over 10 raig then the
reaction was warmed to room temperature. After 1dpifxture
was separated and the aqueous layer was extractedethith
acetate (30 mL). The organic fractions were combhimezshed
with water (450 mL) and saturated brine (45 mL), dridd over
anhydrous sodium sulfate, filtered, and concerdrate vacuo.
The obtained solid was recrystallized (with 1/5 EtOAcéme as
solvents) to givd4a (8.36 g, 91%) as a white solidy]{’ +23.9°
(c 1.0, MeOH);'"H NMR (400 MHz, DMSO)s 7.43 — 7.21 (m,
5H), 7.03 (d,J = 6.9 Hz, 1H), 6.67 (dJ = 8.1 Hz, 1H), 5.12 —
4.90 (m, 2H), 4.07 (pJ = 7.2 Hz, 2H), 3.46 (d] = 5.7 Hz, 1H),
3.32 - 3.24 (m, 1H), 2.77 — 2.65 (m, 1H), 2.03J¢e; 12.6 Hz,
1H), 1.95 — 1.82 (m, 1H), 1.77 — 1.63 (m, 1H), 1.57.38 (m,
3H), 1.36 (s, 9H), 1.19 (@ = 7.1 Hz, 3H):*C NMR (100 MHz,

DMSO) § 173.82, 155.74, 155.36, 137.21, 128.23, 127.63,

127.54, 77.50, 65.03, 59.80, 53.15, 49.64, 37.19363 28.17,
27.62, 24.83, 14.08; HRMS (ESI; m/z) [M+Natalcd for
C,,H3:N,OgNa 443.2158, found 443.2136.

For the enantiomel4b; a white solid; 83% vyield; o>, -
29.3° (c 1.0, MeOH); HRMS (ESI; m/z) [M+Najcalcd for
CyHaN,0Na 443.2158, found 443.2152.

4.13. (1S,3R,4R)-4-(((benzyl oxy)car bonyl)amino)-3-((tert-butoxy-
carbonyl)amino)cyclohexane-1-carboxylic acid (17a)

LiOH-H,O (0.84 g, 19.9 mmol) was added to a solution of
14a (2.8 g, 6.64 mmol) in ethanol (30 mL) and watem{b) at
room temperature. The reaction was stirred for éohcentrated
in vacuo and the residue was dissolved in water (BR ifhe
reaction mixture was acidified to pH=4-5 by additifril. N HCI
and a white precipitate was formed. The solid wasect#d and
dried to givel7a (2.56 g, 97%) as a white solidy]f’ +26.7° (c
1.0, MeOH);'H NMR (400 MHz, CDCJ) § 11.57 (br s, 1H),
7.40 — 7.24 (m, 5H), 6.41 (d,= 9.4 Hz, 1H), 5.13 (d) = 12.4
Hz, 1H), 5.02 (dJ = 12.5 Hz, 1H), 4.85 (dl = 9.6 Hz, 1H), 3.58
—3.31 (m, 2H), 2.78 (s, 1H), 2.52 M= 11.2 Hz, 1H), 2.22 (d
= 13.3 Hz, 1H), 1.95 — 1.79 (m, 1H), 1.57 (@tr 8.4, 7.9 Hz,
1H), 1.37 (s, 9H)**C NMR (100 MHz, CDGCJ) § 175.95, 157.07,
156.90, 136.96, 128.37, 127.98, 127.83, 80.62, 8655.72,

1.48, 38.82, 33.86, 29.70, 28.89, 28.27, 25.24; I3RESI; m/z)
M+Na]" calcd for GoH,gN,OgNa 415.1845, found 415.1841.



For the enantiomet7b; a white solid; 99% yieId;o{]ZSD -
24.5° (¢ 1.0, MeOH); HRMS (ESI; m/z) [M+Na]calcd for
C,oH2gN,OgNa 415.1845, found 415.1840.

4.14. Benzyl tert-butyl ((1R,2R,49)-4-(dimethylcarbamoyl) cyclo-
hexane-1,2-diyl)dicarbamate (18a)

To a solution ofi7a (2.36 g, 6 mmol) in DMF (30 mL) was
added triethylamine (4.12 mL, 30 mmol), HOBt (1.62 12,
mmol) and dimethylamine hydrochloride (1.47 g, 18naof)
sequentially, the mixture was stirred at °G under argon
atmosphere for 10 min, followed by addition of EDCI3 g, 16
mmol). After 30 min, the reaction was allowed to waorrdom
temperature and stirred for 2 h. Water (30 mL) atityl acetate
(80 mL) were added to the reaction mixture. The phasere
separated, and the aqueous layer was extracted thithaeetate
(50 mL). The organic fractions were combined, waskhith
saturated aqueous solution of sodium bicarbondlen{g) and
saturated brine (50 mL), and dried over anhydroadiusn
sulfate, the solvent was removed under reduced ymes3he
crude residue was purified by silica gel column amatography
(with 1/30 MeOH/CHCI, as eluent) to giv&8a (2.1 g, 82%) as a
white solid; p]*5 +2.2° (¢ 1.0, MeOH)!H NMR (400 MHz,

CDCly) ¢ 7.31 (dtJ = 6.0, 3.9 Hz, 5H), 5.47 (s, 1H), 5.07 (s, 2H),

4.69 (d,J = 8.0 Hz, 1H), 4.03 (s, 1H), 3.43 @@= 6.7 Hz, 1H),
3.01 (d,J = 10.5 Hz, 3H), 2.91 (s, 3H), 2.16 — 2.05 (m, 1H)51.9
—1.69 (m, 3H), 1.57 (dddl = 17.4, 12.5, 5.5 Hz, 1H), 1.40 (s,
9H):; *C NMR (100 MHz, CDGJ)) § 174.44, 156.53, 155.93,
136.68, 128.42, 127.90, 79.29, 66.46, 54.94, 581312, 35.65,
34.61, 32.80, 31.57, 28.33, 27.98, 25.64, 22.641114HRMS
(ESI; m/z) [M+Na] calcd for G,HzNsOsNa 442.2318, found
442.2311.

For the enantiomet8b; a white solid; 73% vyield:o**, -1.3°
(c 1.0, MeOH); HRMS (ESI; m/z) [M+N3] calcd for
C,,H33N3OsNa 442.2318, found 442.2319.

4.15. tert-Butyl ((1R,2R,5S)-2-amino-5-(dimethyl carbamoyl)
cyclohexyl)carbamate (2a)

10% palladium on carbon (0.24 g) was added to disaolof
18a (1.68 g, 4.01 mmol) in ethanol (20 mL), followed $tirring
at room temperature for 6 h under hydrogen atmasphEne
reaction mixture was filtered, concentrated in vatu@ive 2a
(1.11 g, 97%) as a white solidi]{’ -10.0° (c 1.0, MeOH)*H
NMR (400 MHz, CDC}) 6 4.78 (d,J = 7.4 Hz, 1H), 3.73 (s, 1H),
3.03 (s, 3H), 2.93 (s, 3H), 2.88 — 2.80 (m, 1H), 27 H), 2.17
—2.07 (m, 1H), 1.87 — 1.80 (m, 1H), 1.79 — 1.64 Zi), 1.61 —
1.49 (m, 2H), 1.44 (s, 9H), 1.26 (s, 2HYC NMR (100 MHz,
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dried to give an offwhite solid. The obtained sohdas
recrystallized (with 1/5 EtOAc/hexane as solventspite 20a
(2.94 g, 50%) as a white solidy]{’ -9.8° (c 1.0, MeOH)!H
NMR (400 MHz, CDC}) ¢ 7.32 (s, 5H), 5.35 (dl = 7.9 Hz, 1H),
5.07 (s, 2H), 4.86 (d} = 8.5 Hz, 1H), 3.51 — 3.28 (m, 2H), 2.49 —
2.33 (m, 1H), 2.28 (dd] = 12.8, 2.0 Hz, 1H), 2.15 (d,= 10.3
Hz, 1H), 2.10 — 1.97 (m, 1H), 1.49 @z= 13.1 Hz, 1H), 1.39 (s,
9H):; *C NMR (100 MHz, CDGJ)) § 178.78, 156.74, 156.53,
136.48, 128.47, 128.05, 127.96, 79.91, 66.68, 55305, 41.62,
34.38, 31.63, 29.69, 28.30, 27.38; HRMS (ESI; mM)Ila]’
calcd for GgH,sN,OgNa 415.1845, found 415.1829.

For the enantiome2Ob; a white solid; 43% yield:of*°y +7.4°
(c 1.0, MeOH); HRMS (ESI; m/z) [M+N3] calcd for
CooH2sN,0sNa 415.1845, found 415.1834.

4.17. Benzyl tert-butyl ((1R,2R 4R)-4-(dimethyl carbamoyl) cyclo-
hexane-1,2-diyl)dicarbamate (21a)

To a solution oR0a (2.68 g, 6.7 mmol) in DMF (35 mL) was
added triethylamine (4.7 mL, 34.2 mmol), HOBt (1.8418.7
mmol) and dimethylamine hydrochloride (1.67 g, 2@n#nol)
sequentially, the mixture was stirred at °G under argon
atmosphere for 10 min, followed by addition of EDRI62 g,
13.65 mmol). After 30 min, the reaction was allowedverm to
room temperature and stirred for 2 h. Water (35 @)l ethyl
acetate (90 mL) were added to the reaction mixflne. phases
were separated, and the aqueous layer was extractiecetivyl
acetate (50 mL). The organic fractions were combhinezshed
with saturated aqueous solution of sodium bicarkia® mL)
and saturated brine (50 mL), and dried over anhygsodium
sulfate, the solvent was removed under reduced ymes3he
crude residue was purified by silica gel column omtography
(with 1/30 MeOH/CHCI, as eluent) to giv@la (2.0 g, 71%) as a
white solid; ]*, -3.4° (¢ 1.0, MeOH)H NMR (400 MHz,
CDCly) 6 7.32 (s, 5H), 5.33 (d = 7.0 Hz, 1H), 5.08 (s, 2H), 4.98
(d,J=7.8 Hz, 1H), 3.42 (ddd,= 18.4, 11.2, 3.3 Hz, 2H), 3.03 (s,
3H), 2.93 (s, 3H), 2.62 (ddd,= 11.9, 8.7, 3.3 Hz, 1H), 2.20 (dd,
J=12.9, 3.0 Hz, 1H), 2.06 — 1.96 (m, 1H), 1.77Jd; 13.6 Hz,
1H), 1.68 — 1.52 (m, 2H), 1.39 (s, 9HJC NMR (100 MHz,
CDCly) 6 173.87, 156.63, 156.56, 136.60, 128.44, 127.98479
66.55, 55.62, 53.36, 39.16, 37.14, 35.67, 34.738%128.30,
27.51; HRMS (ESI; m/z) [M+Nd] calcd for G,HsNs;OsNa
442.2318, found 442.2305.

For the enantiome2lb; a white solid; 78% yield;o 5 +2.6°
(c 1.0, MeOH); HRMS (ESI; m/z) [M+N3] calcd for
C,,H33N3;0sNa 442.2318, found 442.2326.

4.18. tert-Butyl ((1R,2R,5R)-2-amino-5-(dimethyl car bamoyl)

CDCl) ¢ 174.78, 15555, 79.25, 77.40, 77.09, 76.77, 53.17gyqohexyl)carbamate (3a)

52.25, 37.30, 35.62, 34.97, 29.64, 29.30, 28.38,24HRMS
(ESI; m/z) [M+H] calcd for G4H,gN3O; 286.2131, found
286.2121.

For the enantiome2b; a white solid; 93% yield;o *°, +13.2°
(c 1.0, MeOH); HRMS (ESI; m/z) [M+H]calcd for G,H,gN505
286.2131, found 286.2130.

4.16. (1R,3R4R)-4-(((benzyloxy)carbonyl)amino)-3-((tert-
butoxycarbonyl)amino)cyclohexane-1-carboxylic acid (20a)

Sodium ethoxide (1.22 g, 24.0 mmol) was added tolatisn
of 14a (5.46 g, 15.0 mmol) in aqueous ethanol (60 mLyl tre

mixture was stirred at 4% under argon atmosphere. After 12 h,

the reaction was allowed to cool to room temperatiice the
reaction mixture was added water (15 mL) and stiaedoom
temperature for 3 h. The reaction mixture was comatad in
vacuo and the residue was dissolved in water (30 rmbg
reaction mixture was acidified to pH=4-5 by additfril. N HCI
and a white precipitate was formed. The solid wasectdd and

10% palladium on carbon (0.19 g) was added to disalof
2l1a (1.9 g, 4.53 mmol) in ethanol, followed by stirriagyroom
temperature for 6 h under hydrogen atmosphere. réhetion
mixture was filtered, concentrated in vacuo to gBae (1.2 g,
93%) as a white solid;o]* -47.1° (c 1.0, MeOH)!H NMR
(400 MHz, CDC}) 6 5.07 (d,J = 9.0 Hz, 1H), 3.31 (d] = 9.0 Hz,
1H), 3.05 (s, 3H), 2.93 (s, 3H), 2.68Jt= 11.7 Hz, 1H), 2.52 (s,
3H), 2.13 — 2.05 (m, 1H), 2.03 — 1.94 (m, 1H), 1.8D. 4 (m,
1H), 1.64 — 1.48 (m, 2H), 1.44 (s, 9H), 1.27Jd; 12.1 Hz, 2H);
®¥C NMR (100 MHz, CDG)) ¢ 174.35, 156.23, 79.37, 56.15,
54.66, 39.23, 37.18, 35.66, 34.91, 29.65, 28.397/27HRMS
(ESI; m/z) [M+Na] caled for G4H,N;OsNa 308.1950, found
308.1941.

For the enantiomesb; a white solid; 96% yield;o] *°, +41.9°
(c 1.0, MeOH); HRMS (ESI; m/z) [M+H]calcd for G,H,gNz0;
286.2131, found 286.2134.
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4.19. (1R,3R 49)-4-(((benzyloxy)carbonyl)amino)-3-((tert-
butoxycarbonyl)amino)cyclohexane-1-carboxylic acid (23a)

Sodium ethoxide (1.42 g, 20.9 mmol) was added tolatien
of 16a (7.3 g, 17.4 mmol) in aqueous ethanol (70 mL), #rel

mixture was stirred at 4% under argon atmosphere. After 12 h,

the reaction was allowed to cool to room temperatiice the
reaction mixture was added water (20 mL) and stiaedoom
temperature for 3 h. The reaction mixture was comatad in
vacuo and the residue was dissolved in water (40 mbg
reaction mixture was acidified to pH=4-5 by additfri. N HCI
and a white precipitate was formed. The solid wasectdd and
dried to give an offwhite solid. The obtained soldas
recrystallized (with 1/10 WD/EtOH as solvents) to giv@3a
(3.39, 48%) as a white solidg]f>, +41.8° (c 1.0, MeOH)H
NMR (400 MHz, DMSO)s 12.05 (s, 1H), 7.48 — 7.25 (m, 5H),
6.89 (d,J =5.9 Hz, 1H), 6.43 (d] = 7.5 Hz, 1H), 5.13 — 4.94 (m,
2H), 3.80 (s, 1H), 3.51 (s, 1H), 2.30 (s, 1H), 1.84J(d,7.2 Hz,
1H), 1.72 — 1.51 (m, 3H), 1.47 = 10.0 Hz, 2H), 1.37 (s, 9H);
¥C NMR (100 MHz, DMSOY 175.66, 156.11, 154.57, 137.06,
128.28, 127.77, 127.73, 77.85, 65.27, 49.84, 4818198, 28.66,
28.16, 21.82; HRMS (ESI; m/z) [M+Na] calcd for
CyoH2gNOsNa 415.1845, found 415.1845.

For the enantiome23b; a white solid; 46% yield; o>, -
40.6° (c 1.0, MeOH); HRMS (ESI; m/z) [M+Na]calcd for
CooH2sN,0sNa 415.1845, found 415.1848.

4.20. Benzyl tert-Butyl ((1S,2R ,4R)-4-(dimethyl carbamoyl) cyclo-
hexane-1,2-diyl)dicarbamate (24a)

To a solution of23a (3.14 g, 8 mmol) in DMF (30 mL) was
added triethylamine (5.5 mL, 40 mmol), HOBt (2.16.§,mmol)
and dimethylamine hydrochloride (1.96 g,
sequentially, the mixture was stirred at °G under argon
atmosphere for 10 min, followed by addition of EDGIO7 g, 16
mmol). After 30 min, the reaction was allowed to waorrdom
temperature and stirred for 2 h. Water (30 mL) atit/l acetate
(80 mL) were added to the reaction mixture. The phasere
separated, and the aqueous layer was extracted thithaeetate
(50 mL). The organic fractions were combined, washith
saturated aqueous solution of sodium bicarbondlen{g) and
saturated brine (50 mL), and dried over anhydroadiusn
sulfate, the solvent was removed under reduced ymes3he
crude residue was purified by silica gel column omtography
(with 1/30 MeOH/CHCI, as eluent) to giv@4a (2.6 g, 78%) as a
white solid; p]*°, +39.4° (c 1.0, MeOH)H NMR (400 MHz,
CDCly) 6 7.39 — 7.27 (m, 5H), 5.91 — 5.71 (m, 2H), 5.08 (&), 2
4.10 — 3.97 (m, 1H), 3.74 (s, 1H), 2.99 (s, 3H), Z8%8H), 2.68
(t, J=12.5 Hz, 1H), 1.90 (s, 2H), 1.78 (dbk 13.7, 7.3 Hz, 2H),
1.59 (dd,J = 18.5, 9.8 Hz, 2H), 1.42 (s, 9HJC NMR (100

MHz, CDCk) ¢ 174.87, 156.71, 155.58, 136.56, 128.47, 128.15,16.

128.05, 79.23, 66.70, 50.02, 49.71, 38.24, 37.538873 29.69,
28.40, 22.69, 14.11; HRMS (ESI; m/z) [M+Nagalcd for
C,HasN-O:Na 442.2318, found 442.2298.

For the enantiomeR4b; a white solid; 71% vyield; o>, -
44.2° (c 1.0, MeOH); HRMS (ESI; m/z) [M+Na]calcd for
C,,H3aN30OsNa 442.2318, found 442.2318.

4.21. tert-Butyl ((1R,2S,5R)-2-amino-5-(dimethyl carbamoyl)
cyclohexyl)carbamate (4a)

10% palladium on carbon (0.22 g) was added to dieolof
2la (2.2 g, 5.25 mmol) in ethanol, followed by stirriagyroom

24  mmol)

Tetrahedron

temperature for 6 h under hydrogen atmosphere. r€hetion
mixture was filtered, concentrated in vacuo to ghze(1.41 g,
94%) as a white solidp]* +4.4° (¢ 1.0, MeOH)'H NMR (400
MHz, CDCk) ¢ 5.59 (d,J = 7.6 Hz, 1H), 3.59 (s, 1H), 3.09 @,
= 2.1 Hz, 1H), 3.06 (s, 3H), 2.94 (s, 3H), 2.63 (s, 11H8 (tt,J
=12.3, 7.3 Hz, 5H), 1.50 (d,= 12.7 Hz, 2H), 1.43 (s, 10H)
®¥C NMR (100 MHz, CDG)) & 174.67, 155.49, 78.93, 51.06,
48.43, 38.86, 37.18, 35.64, 32.17, 29.06, 28.40681HRMS
(ESI; m/z) [M+H] calecd for G4H,gN3O; 286.2131, found
286.2144.

For the enantiome24b; a white solid; 90% yield;o %, -2.9°
(c 1.0, MeOH); HRMS (ESI; m/z) [M+N3] calcd for
Cy14H27N305Na 308.1950, found 308.1962.
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