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Ac acetyl

AIBN azobisisobutyronitrile

Ar aryl

Bn benzyl

Boc tert-butoxycarbonyl

Bu butyl

Bz benzoyl

Cbz benzyloxycarbonyl

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene
DFT density functional theory
DIPEA N,N-diisopropylethylamine
DMAP 4-(N,N-dimethylamino)pyridine
Et ethyl

EWG electron withdrawing group
HFIP 1,1,1,3,3,3-hexafluoroisopropanol
HOAt 1-hydroxy-7-azabenzotriazole
HOBt 1-hydroxybenzotriazole

LG leaving group

Me methyl

Mes mesityl

NBS N-bromosuccinimide

NCS N-chlorosuccinimide

NHC N-heterocyclic carbene

NHPI N-hydroxyphthalimide

NIS N-iodosuccinimide

Ph phenyl

PPY 4-pyrrolidinopyridine

proton sponge 1,8-bis(dimethylamino)naphthalene
s selectivity factor

TBDPS tert-butyldiphenylsilyl

TBS tert-butyldimethylsilyl

V-40 1,1'-azobis(cyclohexane-1-carbonitrile)
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izl —FEEI LR L L TERELEIND EShIL TS (Figure 1) 8,

singlet carbene n-electron c-electron
donation withdrawal

Figure 1. Stabilization of singlet carbenes.
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Figure 2. General types of N-heterocyclic carbenes.
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Figure 3. Mapping of the steric space around the carbene center.
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Figure 4. Chiral NHC precursors.
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Scheme 1. Discovery of benzoin condensation by Ukai.
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Figure 5. Proposed mechanism of NHC-catalyzed benzoin condensation.
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Scheme 2. Reactions of Breslow intermediate.
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Scheme 3. Resonance structures of Breslow intermediate derived from enal
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Figure 6. Synthesis of y-butyrolactone.
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Figure 7. Cross reactions.
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Acyl Azoliums
R =alkyl or aryl; X =S or NR'; Y =N or CH

Figure 8. Acylazoliums.
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Scheme 4. Synthesis and solvolysis of acylthiazoliums.
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Scheme 5. Hydrolysis of acylazoliums preferred over aminolysis.
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Scheme 6. Reactions of a-oxidized aldehydes to give esters

via acylazoliums by Bode and Rovis.
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Bode (2011)
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Scheme 7. Bode's experiment to detect acylazolium.
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Scheme 8. Studer's oxidative formation of acylazolium

from Breslow intermediate.
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NN e F
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Scheme 9. Amide formation via acylazolium by Rovis and Studer.
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MM K-> TARFEGIEHRE 22T, LT VAR RIET BT T v h
N KD SRR 252 0. ERIEMES UG e n s EHIRE LT,

Thiol-Catalyzed Acyl Radical Cyclization of Alkenals
AIBN

o t-C12H258H /O 0o
CH ome ™ | C —
\—CO,Me _toluene N\ CO,Me CO,Me
80°C,19h 89%
J. Org. Chem. 2005, 70, 681.

Expected Asymmetric Reaction by Carbene Catalysis

+
R1’N\7N‘R2 N

0 R1-N N R2 R1-N o N*R2 0
base t-C12H258'
H e > OH ---------- > L OH - .
X—R H R
N—R N—R

Scheme 10. Expected asymmetric radical cyclization with chiral NHC.
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(Scheme 11), BRILIEAITHB LN DD T IETH -2, BIAERY B M5
BN e, FTNUINARUNT A= LIETFANT I E L
TLEIZ R oz, £IT, FA—NEHAN2WEHZBRFT D2 LI
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ERWDTIVIVTOHNDE LT 4 o ~DAIE G E RS L TWnWb39, £2T
ARG E NS EIT o7, T2 L HHOBRBEKIELGELNT, THE
TT7IRCHI0%NERNB/OIND Z ENmrole, YUIEIEE LIRS T
mholoin, EHIZZOTEAORKIGICHEZFD I HICEREZITH> 2 &I1TL
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=N
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V-40 ¥N
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B
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Tsujimoto, S.; lwahama, T.; Sakaguchi, S.; Ishii, Y. Chem. Commun. 2001, 2352.

Scheme 11. Unexpected amide formation.
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finif#:o> NHC miBER (2a) f77£ F. NHPI, EtsN, (BzO):, &t Ry )
LATNATE R (1a) ® MV Rk E 19 FEINEGER L= 2 A, V= F AT
IR (8a) M 18%INHETH HAL/e (Table 1, entry 1), AEET LT R Th
HNUAT LT E REMOTRIGEIT>T2E 245, 72 FIEELAR»-
72. EtsN Ofo 0 12 EtoNH % V5 L SR TH RIS HETT L, 8a 2% 20%I =
TR O (entry 2), NHPI Z0N% FTUCSUSEATH ENCEN 7% F TR T L7z
(entry 3),

Table 1. Survey of oxidant, additive, and catalyst loadinga.

0/¥N
NN NSe
@ BF4~
2a
0 oxidant, additive 0.2 equiv O
Ph/\)LH ' 2Etezt:\ju|i-|v solvent, rt Ph/\)LNEtZ
1a 3a

entry oxidant/equiv additive 2a/mol % time/h 3a/%yield

1b (Bz0O),/0.6 NHPI 20 19 18

2 (BzO),/0.6 NHPI 20 20 20

3 (Bz0),/0.6 — 20 17 7

4 (BzO),/1 NHPI 20 19 29

5 (BzO),/1 HOBt 20 18 45

6 (BzO),/2 HOBt 20 20 55

7 (3-CICqH,CO,),/2  HOBt 20 20 44

8 (3-CICqH,CO,),/2  HOBt 20 20 40

9 (CeF5CO,),/1 HOBt 20 20 28
10 NIS/1.3 HOBt 20 10 20
11 NBS/1.3 HOBt 20 7 69
12 NCS/1.3 HOBt 20 6 76
13¢ NCS/1.3 HOBt 20 6 96
14° NCS/1.3 HOBt 10 13 92
15¢ NCS/1.3 HOBt 5 13 88
16° NCS/1.3 HOBt 2 13 79

4The solvent was toluene in entries 1-7 and CH,Cl, in entries 8—14.
bunder reflux with Et;N instead of Et,NH. ‘With 1.2 equiv Et;N.
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INHDOREIY ., TI R 3a BWAERT DUSHEMAZ LT O X 9 ICHERIL 72
(Scheme 12), F9°. 747t KM EteNH & (Bz0)2 iI2 X » T F I UEHT
- ANFXRIALENTAZE LD, 41X UBAIIL, Breslow H [
K5 NAERT D, WHNTERERA A OMifEL: AARMLERB LT L
FUTY UL 6N ET D, NHPLIZSREMEE L L CTEE, 6 0 biEtE= A7 1
7% CTELNH DT I MexRiEST 5, =/ — /L LR T LT
ERRT I REGX o728 8 ZORICHEETHITE 5,

Et,NH Q carbene oH
la — py H — = Ph N/> Tzof
4 OBz 5 OBz N-\
R
O R o 9
| NHPI Eto,NH
Ph/\)kﬁN) — Ph/\)J\O—N 2.
N~
6 NN 7 4

Scheme 12. Postulated mechanism.

FREEGRICIE S W TSRO b 21T > 72, £7(Bz0): 2 1 M &
WTCRIGEATIR » T2 & 2 AIERD 29%i2 L7z (entry 4), NHPI Ot
IZRTF RERTIASND 1-8E Ferfd X2y F) 7Y —L (HOBt) MW
% LMD 45%I2m L7z (entry 5), 2a (ZfRZ TE Do NHC #ilkA %z M
WENTHEOW S FERITH/ SN holz GBEAHISHR),

(Bz0) DY &E%A 2 Y EIZHE L TRILEITo72E 2 A, DT IR IEm k
L 55%D 3a 2353 5117- (entry 6), (BzO)s (B Ko [MEDOBEHILZEAT S =
& T o MO O FAUTIR BBt DZh=E D1 &2 BIFF L 72 3R O BRI
HZeo Tz (entries 7-9), & Z TR DEBLANCR XA TN TV RO
el Al & VD 2 E1Z LT NIS 2 W 5 & ICRIZEEH TH - 7223 (entry 10) |
NBS #HW\ 5 LD 69%F Tl E L7z (entry 11), NCS #HW\WA Z LT
DR ENWNIZR D | T6%INRTT I R Hh7z (entry 12), SIS OHELT
&L BITHAET S HCL 24+ 272012 EN 22 TS AT 25, 6
REfE CULERIT 96%I2 F Tl E L7z (entry 13),
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COREE 30 3 TEIELTIZEZ A, 8a ) 2% THELND & & BT a-7
g7 LT e KD 60%INERTH Sz (Scheme 13), HEfL /- a-7 r 2 7 L7
bt F& EtoeNH % 2a, HOBt, X O'EtN fFE T, 7 mm A X R T 6 I
MRS S/ 5 & 8a DS 4RI TH LI, ZIUDDORERIL, ARISHFIZT IV
Te RO a7 aufbd NHCIZ XV B X2 RKEHR DT A bZfRE L
THITL TRV, Breslow THAEOEALITHEE L TWRWNWI LZRLTWND

(Scheme 14), = Z T, %EiZ 1a & NCS % EtoNH 77/£ F Tl L, = 212 2a,
EtsN., &t HOBt # Mz CRnZIT-o72E 24, fliE4 KL T (2-10
mol %) IR I IGHHEIT L2 (entries 14-16),

2a 20 mol % o
o) Et;N, NCS, HOBt 0
+ EtNH ———————> + Ph/\)LH
Ph/\)J\H ? CH,Cl, F’h/\)LNEtz &
1a rt, 30 min 3a32% 60%
(cf. 6 h 96%)
o 2a 20 mol %
Et;N, HOBt o)
+ Et,NH
Ph H ’ CH,Cl, Ph/\)J\NEtZ
Cl teh 32 94%
Scheme 13. Determination of intermediate.
—N
NCS ="
oxidation Q R’N\.{N‘R
—_ Ph H ]
o Cl (0] R
N
— — Ph/\)k(
Ph/\)LH . OH R b, )
N Nep PR N NCS RN
R-""""R / oxidation
= N-N
R

Scheme 14. Plausible substrate of oxidation with NCS.
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5 3 H EE RMEORET

TNLTE RROT I AAZOWTEE —IEDORGET 21T~ 72 (Table 2), E#HME
W7 VT K (1b) ZHAW5 L 8b 28 91%IINKRTESNT- (entry 2), 1%
VHEFFOT AT E R (o) bAKIGICHEHATE, 2a % 5mol %5 & 3¢ @
IR 56%IZIEE - 72H D 10 mol % E THIET 5 & 3¢ 2’ 8T%INE TH LI
72 (entry 3), la &7 U E=TFEMELTHLT XN T I AL LT
E, RV T IR Bd) 2 A9%ERTHE LD L EBIZ, NUVALT IR

(3e) NTPHET 11%INETH O (Scheme 15), Z D 3e [TV X VLT
SUENCS DRISICE VAL DR DA T I ACHRT D EHRLEZ, 2T
URUUNLT I E NCS BWEFELRWE S, L7 e U Uil AR VW T v ailk
ZITHZ L E LT, 1a & NCS % Smol %D L-7' 1 ) UilfFE Ty 7 un A X
VHRESRIE T O FFREIE R L, #2112 2a. EtsN, HOBt, LUV VLT 2 0D
WiREMZ CROESEREEZ A, 3d 2 T1%ICETHE L (entry 4),

Table 2. NHC-catalyzed amidation of aldehides with amines2.

NCS 1 equiv (L-proline 5 mol %);
2a 5 mol %, EtsN 1.2 equiv

JOJ\ - HOBLt 0.2 equiv O]
R H ' 12—; e’\:::iv CH,Cly, rt R1)LNR2R3
1 3
entry 1/R? amine? R?, R® time/h 3/%yield
1¢ 1a/Ph(CH,), Et, Et 13 3a/88
2 1b/Me(CH,)s Et, Et 12 3b/91
39 1c/TBSO(CH,), Et, Et 9 3c/87
4 1a/Ph(CH,), Bn, Bn 20 3d/71
5¢ 1a/Ph(CH,), H, Bn 23 3e/72
6 1a/Ph(CH,), H, OMe 23 3f/81
i 1a/Ph(CH,), H &, CO,t-Bu 19 3g/769

4 Entries 1-3 were conducted without L-proline, while entries 4—-7 were conducted with L-proline.

bUsed 2 equiv in entries 1-3 and 1.5 equiv in entries 4-7. ¢ From Table 1, entry 15 for comparison.
dWith 10 mol% 2a. °BnNH, was added over 3 h. 'HCI salt of R,R;NH was added instead of free amine.
9 Without racemization.
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2a 20 mol %
o NCS, Et;N, HOBt o

O
Bn,NH ——mMmmmm
Ph/\)J\H toe CH,Cl, 1t Ph/\)LNBnZ * Ph/\)LNHBn
49% 11%
L-proline 2a 5 mol %
o 5 mol % Et,N, HOB o
NCS; Bn,NH
Ph/\)kH Ph/\)J\Nan
CH,Cl,, rt

71%

Scheme 15. Improvement by stepwise procedure.

L-7'a U Uil s VS FERZOMOT I kL CH#EARRETH o 72,
la ERUUAT I VORIGTIR, TIvZ2—FEI2NZ 5 & 3e DIGRIT 39% T
otz TIvE JERMMNTTNA D Z & T 3e ODILRIT 72%F CThl L L7z
(entry 5) , &AL L THHATH D Weinreb 7 X RAZE L AL TE,
la & A R T 2 U DOEBRIEND 3f 28 81%IINKRTHEONT- (entry6), 73/
b AN MCEAAE C T == T 9= Bu AT ILEHANWD E, T8k
BRER D TR NTUVT 2 B T6%INETE LN (entry 7), 73/
Feom S o FF~—%HOTRIGEAT 9 & RO BN 22 2208 7 B 72 hs
-72Z &5 (Scheme 16). 7 2 FkiZ Scheme 12 TRL7ZZTDOLH 2T F

TR EZRTEITTL TS Z L 2R LTV A5,

2a 20 mol %
o Ph L-proline, NCS o) Ph
Et;N, HOBt
OB S 0B
Ph H T HN B Ph/\)LNJ/\f( ’
H
e} CH20|2, rt le)
3.0 equiv 75%, 0% ee
(D:L=1:1)

Scheme 16. Attempted kinetic resolution.
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AR REAOBFPOSIIHR D NHC O#) R

NCS Z WA &METT 2 NMEIZB T D HiiE 72 1 VR UHIBR R ORR 21T > 72
TR, 2a ZHND EIRBREWHRBEOND Z LN g0oT, ZOEE, HND
IR FIERRIZARATE LTRSS D s REBZFID AR D D & vy 5 BULERER N L7
BFoTz, BIBMA 22 12182 T 20 ZHWTKISZEITY &, 72 K 3a 2% 67T%IX
RTHOBNDE L HITHNLR R 8a 1N 14%INE T 5 7- (Scheme 17), 2¢
ZHWD &L 3a D 2% MR THLILD L L BHIT 8a i 31%IKETH LN, —FH
T, 2d-fZ W5 L EHERIEEY SO (Figure 9),

/»*N
K/ \/ C6F5
@ BF, 0
2 Ph/\)LNEtZ

3a

96%
0 NCS O/\—N BFs ’
/\)J\ EtsN N N>CeFs 0
Ph H  HoOBt 2b
* g 67%  + Ph/\)kOH

Et,NH CH,Cl, 8a
2eq rt _N BF4” 14%
N NG F,
2c
> 32% 31%

Scheme 17. Reactions using NHC 2a—2c.

=N [\ [\

N_ NI ~N__N% — N _N%
Me— "~z "Me Mes~ "'\~ ""~Mes Mes Mes
- cr cr

2d 2e 2f

Figure 9. NHC precursors.

APOME=F I ERBATHT7 LT RO a-7 rufbd Rovis HOBRE LT
T7IMeE 1Ry MELTERIGETH S (Scheme 18), Rovis 5 DFRMITT 7 1=
RTATE RIZFATHD, LnL, £/ 7unT7 s ROT I RMMETIE
TV R EIAE LT HBMERINERIZ & EE 5720, Rovis b &3R5 1
NUFEER 28 ZH WA Z ENEETH T2,
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O/\:N
“‘%/NVNtCGF5

BF,
0
Et;N, HOBt o
+ ENH —mM
PhAHLH CH,Cly, 1t Ph/\)LNEtz
cl 94%
N BFd
NNTC .
o)
EtzN, HOBt o
Ph/\)LH + ENH ——————»
CH,Cl,, rt F’h/\)LNEtz
cl 37%
Rovis et al. —N BF,4~
N N CeFs
@%OL Et,N, HOB o)
+ ENH ———
" CHCl, 1t PhAHLNEQ

Cl 90%

Scheme 18. Different reactivity of
monochloroaldehyde and dichloroaldehyde.

TR UEBR & LT 2¢ Z AWEMBAIZKE 2 Y\ CTRISZ{T-oTo 8 2
4. 8a DILERIL 83%F T L 8a DILERIL 10% E Tl L7~ (Scheme 19).
SHRAEGIC . AIERIA 2a L0 A U 2 NHCIZAKZIRIMLTEH 7 I RA2ESE L CTAR
L7z,

N BFs&

N+
Mo Noeefs 0 0

2c
o Ph/\)J\NEtZ + Ph/\)kOH
NCS 3a 8a
ph/\)J\H EtN 10% 83%
+ HOBt (0]
EttNH2eq —— GN

+ CH2C|2 . N\7Nt06F5
H,O 2 eq BE.-
4

2a

Scheme 19. Competitive reaction with water.

90% 6%
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Scheme 12 T/RL7Z6DEHIRTIAT YU T ARIEIT I L0 HASLT L
A=)V EBELTRIGT 2 Z ERTTICHEIN TS 82, o TARKISIZE
WTT X FIEFEITEEZ ATV 11 2B L TERT LB b5, EEICT
I N 8a DRI NHPI S HOBt # /1 2 72 17413 L <{K'F L7z (Table 1, entry
3)s

ZZTRU RNYT VAN ATV (11) 12k D EteNH & KOS %
TV 2¢ HRD B NVRUAFHE T T EteNH L KD 86 53MEE L CTRIET 2 D0
ZRREE L72 (Scheme 20), 11 % 6 FEf T TRISIERFIZD > D T LT
FOGEAT-> 7128, 2¢ KV A U5 NHC IZ XD KkoEMLIZB ST, 7R
3a DHANERMNZAER Lz, ZORENS, B/VAR U balk HOBt = A7 /L
MEZRHLTAELDDOTIERLS, 2 HKROT AT VY 7 ARKEEE L TR
JGLTAHELD Z ERH LN EZ -T2 (Scheme 21), D — T, 2a HEKDOT v~
NT YT AMTHOBt EERELTRIGLT X Fa25 2%,

2c¢ 20 mol % o

o N=N Et;N 1.2 equiv
/
,N + Hzo + EtzNH > /\)k
Ph/\)J\O 2equiv 2 equiv CH,Cl, Ph NEt,
1 rt, 10 min 3a
98%

addition over 6 h

Scheme 20. Competitive reaction between H2O and EtoaNH
in the presence of 2¢c-derived NHC.

e} —\ HOBt l\/l Et,NH
\

2a-derived acylazolium

N N
HOBt
C6F5 OH

2c-derived acylazolium

Scheme 21. Structure of acylazolium controlled reaction partner.
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Studer S, T AT VU U APMES L THFERERZT > b3 5D,
NHC 7 —figdi bt & U CEeFRREZH A B mITEHIL L T D625 9 |
EVIOREFHREICESWTRBELTWAS40, §70bb, NHC & MeOH KO
MeNH; & OKBREEBEEROZERDZE O—H e, N—H#EEOMEL T
L, MeOH HAKD T NLZETHREMEDBRENZ ENE, NHC A7 I U &
Db TN VB BERICIEN LT D LB LTWD,

% Z C. NHC—HOBt fiotEEKFE S EE AN O NHC—H0 KFEMEH
GO DFT MR Z1T\V, REROFAM %217 - 72 (Figure 10), NHC—HOBt #i5>
MK BB OEAED C—H A RIE 1.64 A, NHC—H 0 KFEREAE LD C
—H#EAEIZ1.99 A Thv ., F-EAEERIC X 2% E i NHC—HOBt
IEEKRFRESEERDO TN NHC—H20 KFHEAEESARL D $ 8.0 keal/mol
K& <, NHC 1Z HOBt im0 iE L AR EZ TR LT W L3 ghholz, 21
X pKa DENG TREINSEY THhD (HOBt 4.6, H:O 15.7), ¥£7-. NHC &
DIKEREEEEEIRIC L > T HOBt #i50&ED O—H #54 (0.97A) 13 1.06
Az, ko O—HfEES (0.96A) 120.99A IcfE XN TEHEY ., HOBt ® Ak
Bl LTROIEHR LS TS Z EDRBE I Tz,

J

Figure 10. Calculated hydrogen-bond complexs.

L)L, EEW2a HEOT 7V U 7 Ak LCHOBt (3K LD Hi# < X
JET AN, EEL RN 2 RO T I ILT VU v AICK L TIFKRE D BB, 2
., REEFID NHC & oEARE L TR LS NEIGET 5, £ ) Studer D
L TITRATE R, 7oA 7Y U A6 & HOBt & L< 3K E DKRIGDEE
PUER VS NHC IZIEfF L CANED D Z ST O E 2o, ZOFHIC
DOWTIEFAHTH S,
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56 ERFSREZA & DG

Fesa s RIEEA & OROSIT EteNH £ 1.1 Y &2 & L HOBt JE/7(E F TR AT
9 IR L < #FT L7z (Scheme 22), 5 mol %® 2¢ {F4E F /LR 18 8a T
I RN 3a DAERZEMHER DT 8% IR TH LN, XU PNT N a— AT U T
La— b LOBEFERERTHY | la BENZNRET 5= A7V 9 KO 10

~EER IS A S LTz,

NCS 1 equiv, Et,NH 1.1 equiv; 0
2c 5 mol %, EtzN 1.2 equiv
1a + ROH > Ph/\)J\OR
2 equiv CH,Cl,, rt
8h;8a/R=H 85%

6h; 9/R=Bn 87%
6 h: 10/R = allyl 83%

Scheme 22. Reaction of 1a to give carboxylic acid and esters.
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F6H o7 VT e FIEERIYR T X M, =27 Uk, M OB{EEUG

KIS DR S 2RI L CEREEEIRM 2 S %21T > 7 (Scheme 23), 73FW
2 a-dERIE T LT b REM & HEBET VT b R 2 BT 58EE (1d) 123 L
EteNH & L <I3ZKEMAX CTRIGEAITH &, HFEBETNVT & N2 R#ET 5 2
£ a IR T T B REMLOADZEIRIJICT I R 8h & LI /VR g
8d ~EAHLXFu, 8h A 82% UK, 8d A T3%NINHETH LN, L-7ul ik
it & L THWTARDAT I U ERISSED &7 2R 3i AMEFIRRAYIZ 65%
WRTHLN, BEETLVTE REMOT 2 Mulxe< sl &nierotz, £
7oy RIS a-dEDIE T VT e REL L o-0 Ik 7 VT b REML &2 A3 5 5E
(le) IZxt L THRIGZEATD &, a-FERIE T VT & RENLOHBZBIICT I K
3 ~E I N, 1e DS TR o~ T7 V7 & REHLD o (2 THS A 70
{t. (trans only 7° 5 trans.cis 83:17) MR EINT=2, X a-3 7 VT &
RIS b= F I U NAER L2 E 2R LTS, T b birE kL
B EAGIZRBIT 5 F I UOMREFICHR L TRIT L LEZ 2615,

NCS, Et,NH; 2a, Et3N, HOBt: 3h (X = NEt,) 82%
NCS, L-proline; 2a, EtsN, BnNH,, HOBt: 3i (X = NHBn) 65%
NCS, Et,NH; 2¢, Et3N, H,O: 8d (X =0H) 73%

) (0]
NCS, Et,NH;
H 2a, Et;N, HOBt X
H —— H o .
) 6h i i
O trans-1e O 89% (trans:cis 83:17)

Scheme 23. Chemoselective conversion of a-unbranched

aldehydes to amides and carboxylic acids.
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HTH O FL0

DlbEEEon e, EHIFINHC itz L5 1 Ay hTO a-FERIET VT R
D7 I MM, = ATk, KORBILRIG & B LTz, REOGIE=7F I &k
THTNTE RO a-Zmarflhe Rovis OB LT X KMEd 1 Ry MEST
5, Rovis 5OFMEIFTY 7 o7 LT RIZAEDRbOD, £/ 7na 7
T ROT7 I METITHPIWITRIET LG ONR N E WD FIIRRH 5729,
Rovis & & ZEB2 D N UFIFEA 2a ZHHWNA Z EDREETHLHZ LA RV
L7ze a3 7 L7 & RN ORI 72 25 A RE T D i, M OREE
poa-Zan 7T e ROBEEEEZLEL LARWENEETH D, £, NHC D
PUZ K = THRIET 2 SRIZAN O 2R & 48 T X 5 AlpetE 2 o L7,
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F3E FIJ)LNHC EICKAE_HK7ILA—ILDFREFT VILER
I &EHIVR D ERIE D FNEh R

HA1E ORI a— LDORET LI K B EE RSB D B

F T AT ATIEORBITBABRLZICBW T, R EEHFIERED —
DTHDH, TNV TDOAFEE LT, RARICHEET D RFHEH LAY =58
THXTNT—NE, REMBEZH WD VT AT LARRSESST T T
ARG EFIAT 2 AREFGRIE, 78 IRREMNH LA Fh~—%

DHET DI ENER EDR D D,

I ENED —FET o LW F o ENL, DR R 50%IZHIR S5
BCifT, SOS O BB %2 BT 2720 T 99% ee &l 2 5 5405 O B W9 & HList iy
BHWCAFTHIENTELABFAEATHY , TEMNTHLHNLNTWHEHE
BTk AD1OTHD,

T IROE ZRT NaA—VDORET I K DR ENE 1996
SELLRNIBEREOMIES CTh > 72728, 1996 412 Vedejs HIZ K > TH T 727k
AT 4 A D D IERER B 72 e B8O T e S AU TRk 41 (Scheme

24) . FRx 7o AR 2 A2 FED B ST & 724 2.6b,

Vedejs (1996) Me
[:;P—Ph
e 1
OH 16 mol% OH o “Ar
r Ph/ktBu ' )k )k T Ph)\‘Bu ’ Ph By
Ar = m-CICgH;5 conv. —125% 81% ee
s=

Scheme 24. First organocatalytic kinetic resolution of secondary alcohol.

B, FHHE ORI = o F A~ —MOKSEELTH S s
i (selectivity factor) 23S\ 6543 (Figure 11),
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k - -
g o st In[(1-C)(1 - ee)] C : conversion

Kelow In[(1-C)(1 + ee)] ee : enantiomeric excess of recovered SM

Figure 11. Selectivity factor.

X TIVIR AT ¢ 2 RIEMEE L U CTHW 2 R 7 > AL S e BRA 7261 T H
STeH, LT 71 DMAP #FiE k44 7)1 PPY sFi&fk4s, T L N7V
XA L =46 FF)LT I VAT PERIF A& UG & D SREE il
DEEANCHFE S, B2 RP S oNTE 7z (Figure 12), YHAFZE TlIk
BEMRBE A 2 CEMIRAEE 2 W2 RE T VA RIC X B 0 E & el LT
548,

o)
OH (0] Organocatalyst OH QJ\R
(i) + _— > + z
A)\B R™ X A)\B AB
H
4z
Me =N N H oH
N Ph_Fe ph
P—Ph =
Ph Ph |
~
Me Ph N ‘
Vedejs (1996) Fu (1997) Kawabata (1997)

Miller (1998) Birman (2004) Yamada, Takasu (2013)

Figure 12. Organocatalysts for kinetic resolution of secondary alcohols.

— 7T 7V NHC il X 58 —f7 Vv a— L ORET v AbITE s
SALTWVD D, WL — et J OB IRPEIZ R 2 7% L CTUh/e, 2004 412 Rovis
51 NHC filfific X2 2 Y A — 1V ORFIERFMbZ HE L TN DB EE T —
FlDIATEH o> 7= 3% (Scheme 25),
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Rovis (2004) Q:N cr
N__Npy,
BH A4 (o)
o) OH 10 mol% 0
Br 1 eq EtzN
Ho+ Ph)yph Ph)\:/Ph
OH OH

toluene, rt, 12 h

75%, 83% ee

Scheme 25. Desymmetrization of meso-Diol.

2011 FZ Studer HIZ X > T NHC itz X 28 — 7 L 2 — L O Eimn
HFEIDRE SINTZD, = TFA~—ROKNHELTH D s HIZIKTH
HDIZIEE > Tu=49 (Scheme 26),

Studer (2011) N B o

O L | By ‘Bu
N N>pn : ‘
\ :

OTBDPS .
Me._OH 5 mol % o0 Mo : |
DBU 10 mol % ‘ : ‘
o ; / .
(i)— . /\)J\ oxidant 1 equiv Ph/\)Lo O - -
Ph H THF, rt | ©
s=7 ! oxidant
Scheme 26. Kinetic resolution of secondary alcohols by chiral NHC.
IR VE HIZ & » TH k7 L a— L OB EINRE Shuz,

AL FI O Y BEIIIE R TE TWAE L OO, XD STARTRIRMEIC SO S HE
& o7-50 (Scheme 27),

Yashima (2011) 0 N
; N N R, OAc
BF,~ : “__LOAc
N | Ao
10 mol %
Me__ _OH EtzN 0.5 equiv
o oxidant 10 mol %
air
(1) " : C : Im
toluene, rt

oxidant

Scheme 27. Kinetic resolution of secondary alcohols by chiral NHC.
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FREOEATHIE AR E 2 EFEITE 2ECTHE L= AT LG DE D
R Z B LS 7 v — L OMEGRIEFEoBEIORBICR AT & & L
oo THE TR E > TWDVERBIEL L ET HITHD . LFICRT
VESEAGE % N C7= (Scheme 28), 72 b, 7vw7VUWA@w%ﬁwﬁ@
U7 — VAL EM AEERIC L 2T, Tha— L OEFEERENET
N7 T4 TR THZENTEHRLIE, mVE R%T?xwmeﬁﬁ
LHOTIE2WNEFE L, EFITY 7 o~V o OF— L ORI N
DEHmEHILLE LTEHEX S 2 WP, FESEOBILEDIC, T VE
BEFELTHEHATHS trans-1,2-2 7 a7 I)V T oA —) L5 1 2@ IR LT,

j)\H
o) chiral 0 R R4 RS
S O A i SR
cr e J 8
Cl R3 R4 R5
chiral
acylazolium
wH
R
— o7
H-O0 H

Scheme 28. Working hypothesis.

trans-1,2-> 7 v 7 )V 71 D — )V DR EEFRAIEF 57 EIE Schreiner 57287 k
TNXTF RA I — VR 2 D D B a2 d LTV o s, 7 vk
OIFINEL L, TAa— A KE O RT VORI NEN &0 ) FREEZ 7% LT
W7z (Figure 13),
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OH Schreiner (2008)
(i)'(@ Only reported catalyst

“OH MeO,C O 0
trans-cycloalkane-1,2-diols PN N N NHBoc
Bn H H

Useful chiral building blocks c N
No efficient enzyme y \_N

~

Me

Figure 13. trans-Cycloalkane-1,2-diols.
%281  trans-1,2-3 7 v T U U — L OF RO YRR

£, Rovis DA Y VA — /L DIEPMERIE DG % AT trans-1,2-37
7o /Z]“—/l/@i‘é SEN BRI E A, sfElX 21CEE 0 | FHRFMED
LT ENITEEH CE 7202 &N R S 472 (Scheme 29),

WIZ, ¥ 7V NHC gk (12a) & 7 KD trans1,2->7 g ~FHh ¥
A —v (18b) O/ mu ARV ARIKIZY YAV U L&A TSR T 10 5
L7, €20 a-z7unr7 /7 KN (14a) M2 T 8l L7 2 A, =R
77V 15b 75 46%UYZE ., 80% ee THFH A1, 68% ee DT /L2 —/ L 13b % 54%|E]IY
L7z, sfEIX 19 & Bl BV VEIRME T 27 A k31T L7z,

Q:N cr
N_ Nt
2" ~Ph 0
10 mol %
Et3N 1 equiv 0 OH
(+)_ + (j/ conv. =53
B ., s=2
toluene OH ‘OH

rt,12h 53%, 23% ee
—N

TN NP
\  BF,
12a 0]
0O

10 mol %
OH KsPO, 1.1 equiv \\\OJK/\Ph OH
g + H Ph >~ . U conv. =46
., ., =19
‘OH Cl CHCly OH oH °
(+)-13b 14a r8h (+)-15b (£)-13b

46%, 80% ee

Scheme 29. Rovis' conditions.
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H3E TAT e RORBEEORES

w-Z7BEr7ATE R (14a) ITRATa-7BET /LT E K (14b) Z/HN5 &
SGHRE LT ML 72D (54% conv. after 6 h) [FIFEE DOEIRMET (5= 20)
T 156b 2 fF 5472 (Scheme 30), KIZ a-X> YV A NLFFTT/LTE R (14¢)
EHWTRIGZAT 728 25, REFBRA A OBRBEEDN RO OIZ LD 5§
SOGHRE D ET 5 & & BT (51% conv. after 3 h) . IR H M L35 2 &2
ot (s=30),

N N‘Ph
BF4~
12a @)

O 10 mol %
OH K3PO, 1.1 equiv - \\\O)vph OH
(T 101
“OH Cl CHCl, OH “OH
(£)-13b 14a 0.8 equiv rt, 8 h (+)-15b (-)-13b

conv. =46,s=19

2:0

Ph - conv. =54, s =20
14b Br 6h
0
HMPh conv. =51,s=29
14c OBz 3h

Scheme 30. Effect of leaving group.

B S 72 BOSINE & OSRIRPE D | i, RIGOEST & & bIClElEd 228
BFTA T ANTEKRT 2D TIERWNEHERI Lz, 22T 14b IZZER/B A U
AERMUTRIGEITo T8 A, RUGREA 8 B2 5 15 43~ & KIE |2 A
Si7z (Scheme 31), WEAHME Y VK ) U LAZ 1 BETHOWRIML TR T

BEBD Y U L ERESHE IS EToT2HE6SD. &L AROF RN
72 £ T, EBRBIEOHMELRZLLOTEEHWTLEERRA A O RE
SR L L LT,
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N\7N Ph
BF,~
12a O

O 10 mol %
o O)K/\Ph

UOH H)K(\ K3PO,4 1.1 equiv Q ()/OH
+ +
“"OH Br CHCly OH “OH

(+)-13b 14b 6h (+)-15b (-)13b
0.8 equiv conv. =54,s=20
12a 10 mol %
K5PO,4 1.1 equiv
BzOK 1 equiv

> conv. =43,s=29
CHCl3
rt, 15 min

12a 10 mol %
K3PO,4 1.1 equiv
BzOH/K;3PO4 1 equiv

conv. =43, s=29
CHCl;
rt, 15 min

Scheme 31. Benzoate salt enhanced the rate and selectivity.

AR LR BRIRE O R

4-= b JO4-PAFNLT I ) ZRBERE 2NN TREREHER LT E 25,
5 %2 BEBRE OB FHEMEDRN 312 U723 WO RS & STRERIER 7 B35
Z &Moo Tz (Scheme 32) 7, 4-UAFAT R ) EREFBE A VD LK
JEDEEHITOT D 2 R ATRITZE L, sfEIZ 39 F T EL7E, 26 Df
RINORPCTHECTANRUBEA T BNEREE LTERLTWD Z &R S
NIz 4-FV AFNT X ) L EERRE L RRREOEEME 2 A3 2 2 Vs % M
WIS ZEAT S & BOSHEEIZM B35 b OOBPMENME T Lo Z &2 bHiEy)
IHEEEATHIELEETHDL Z ENREINT,
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o
N N\7Nt Ph

BF,

12a
10 mol % (0]

K3POy4 2.1 equiv
N
+

O
OH carboxylic acid 1 equiv
(:r . ) ] O\
",OH Br CHC|3 (o)

rt, time

T
o o
T T

(+)-13b 14b (+)-15b (-)-13b
0.8 equiv
O (@] O /o)
OH OH OH *LOH
02N MezN

pKa =34 pKa=4.2 pKa=5.0 pKa=5.0

20 min 10 min 2 min 5 min
conv. = 34 conv. = 37 conv. =47 conv. =48

s=15 s=30 s=39 s=15

Scheme 32. Effect of basicity and structure of carboxylate.

B, S ZERHTELELTHRL TS sfHiT—ETH V| sz @RMD
FRIR &2 2 Lo NMERHEGR S vz (Table 3).

Table 3. Independence of the s value on the conversion.

O:N‘
2 N\7thh

BF,

12a
2 mol % @)

(e} BzOK 1 equiv
d O)vPh OH

OH KsPO, 1 equi C .
3 4 quiv N
: “'OH Br CHClg, rt OH : “'OH

(£)-13b 14b (+)-15b (-)-13b
0.8 equiv
entry time conversion ester alcohol S
1 15 min 17 93% ee 19% ee 31
2 1h 25 92% ee 31% ee 30
3 25h 35 90% ee 49% ee 30
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BB T R K O O B

X 7/ NHC Of§iEZEEMT 5 & S ICBRMENM E L7 (Scheme 33), A
VR FICRBR A A A LT LU RIBRR (12b) 1R ER AR
W 12a 12T L WER 2 5 272 (40% conv. after 1 min, s=62), 1 v X L F
Fg BIC= F e RaHT 2 0 UHEEME (12¢) 25 &@RMIT S 5izm b
L72 (51% conv. after 1 min, s=85), —Ji. N-7 U —/ i b= b ia2EA
L7 1 R HTERA (12d) Z2 FAV D & SR 3K T L7z (46% conv. after 1 min,

=14), N-7 U —/VEHIEOSLARLN IR K OV FIREEDY NHC OEREIC KR & 7252
Brhz5Z bi3monTniess, KERITERIMLTH LA 7 B EE
fiiT 52 LI2L Y NHC OREEL S HICHETE L2 2R L TWN5,

NHC precursor 10 mol %
K3POy4 2.1 equiv

0

OH 4-Me,NCgH,CO,H 1 equw OH
Ol " " O\ ' O/

“'OH Br CHCl OH “'OH

rt, time
(+)-13b 14b (+)-15b (-)-13b
0.8 equiv

Dm0 N

o
N Npn K/NvN‘Ph . N — O
@ BF,~ @ BF,
12b

2 min 1 min NO, 1 min 1 min
conv. =47 conv. =41 conv. = 51 conv. = 46
s=39 s=63 s=85 s=14

Scheme 33. Modification of chiral NHC.

WEOHFEIZOWTHTHRIZE A, 7a b ARV CEHWSLZ ETT LT
t ROYEZRFTE ., 5WOEIRME T 18b O EI0 8T L= (Table 4),
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Table 4. Effect of base.

O

K/ N‘Ph

@ 12a O

0,
10 mol % O)k/\Ph

O
OH base 1 equiv OH
U + H Ph + g
" Br CHCl; OH

‘OH OH
()-13b 14b . 12h (+)-15b (-)-13b

base 14b conversion (+)-15b (-)-13b s
K,CO4 1.0 equiv 65% 46% ee 86% ee 7
Cs,CO3 1.0 equiv 18% 65% ee 14% ee 5
K3PO, 0.8 equiv 56% 72% ee 92% ee 19
EtzN 1.0 equiv 46% 78% ee 68% ee 17
DIPEA 1.0 equiv 49% 76% ee 75% ee 16
proton sponge 0.8 equiv 53% 78% ee 89% ee 23

W6 H TS RITERER K OV LR o R O il R D M

1V AR BRI A 10 mol % F TP L T H 43 72341 00 TH B T L
7= (Table 5, s=96; entry 1), FiEFA 12¢ 1% 0.1 mol % F THEIATRETH - 7= (s
=115; entry 2) ARIR T/RICZAT 9 L BPUPEIZ S H1Zm E L7223 (s=193 at 0 °C,
s=239 at —20 °C; entries 3 and 4) . SUGSHEEITPAZE IR T L, A2 ¥ &3 5 424
ENRH T,

Table 5. Catalyst loading.

1 BF,~

H LN*
12¢ (0]
roton sponge 1. 2e uiv
OH Q y pong d OJ\/\Ph OH

4-Me,NCgH,CO,H 10 mol %
+ H Ph +
“OH Br CHCly OH “'OH

temperature, time

(£)-13b 14b 0.8 equiv (+)-15b (-)-13b
entry 12¢c/mol % temp time conv. (%) s
1 10 rt 1 min 32 96
2 0.1 rt 4h 28 115
3 0.5 0°C 3h 34 193
4 1 -20°C 48 h 35 239
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BTHE E R IEORES

BE— B EORF21T-7-, 6 BB, TER, KO8 EROY /a7 LY
F—nE RN E ZANT IS B 723l TRE T e #EIT L7z (Table
6, entries 2—4), 5 BERD T 7 0 X X U4 — )L Tl O FE 1T N TEER vk
METFL7ZZH DD (s=18), MEDOMEHR 51 (s=8) KV & EmWIERM:THHI
MHEIT L7 (entry 1), ¥ 7 o~ UFHEAE (18e) b BAFREIMETT b
STz (s =136; entry 5), 7 P UALAI L 72 % 14b A HE & U CROLCHFH 2 3ER
% & RO DN 50% % 2, JeElidh O Y A —/1(-)-18b—e (>99% ee) %
IR FHIZAFTHZ RN TE7- (entries 6-9), V7 v IUALIKREEDEIA Y
D=L, EEMNIC 15 L1383 M 55N D DIIFFETRELTH D,

Table 6. Kinetic resolution of diols.

N

H LN*

12c05mo|% o

OH proton sponge 1 equiv O)J\/\Ph
4-Me,NCgH4CO,H 10 mol %
( +  14b - ( + 13
” i CHCl3

‘OH 0.6 equiv e OH
(£)-13 15
entry 13 time 15 recovered 13 s
1 13a 14 h (-)-15a (-)-13a 18
n=5 39%, 82% ee 60%, 54% ee
2 13b 8h (+)-15b (-)-13b 218
n=6 42%, 98% ee 58%, 70% ee
3 13c 8h (+)-15¢ (-)-13c 149
n=7 43%, 97% ee 55%, 77% ee
4 13d 8h (+)-15d (-)-13d 196
n=8 42%, 98% ee 57%, 69% ee
5 OH 13e 8h (+)-15e (-)-13e 136
U 41%, 97% ee 57%, 69% ee
OH
67 13b 17h (+)-15b (-)-13b
53%, 88% ee 46%, >99% ee
78 13c 12h (+)-15¢ (-)>-13c
53%, 85% ee 46%, >99% ee
84 13d 14 h (+)-15d (-)-13d
52%, 91% ee 48%, >99% ee
9ab 13e 12h (+)-15e (-)-13e

54%, 83% ee 44%, >99% ee
a0.7 equiv of 14b. b5 g of (+)-13e.
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F8HI  Z I 7 NAERTHE~DFEL

AIG% 5g 7T DA —/VCENM L, i D YA —1(-)-13e (>99% ee)
% 2.2 g 147~ (Table 6, entry 9), DD KEERA U 7 U b L, SEKEEE
g TT YV R~EEH LTz (Scheme34), hU 7 =)L RAT7 4 U EHN5D
Eite Boc tRiX1TO &, TEIMAEMER D 2L <Hif TN U PH S
7N OERAEIR 16 23 % b7z,

>99% ee 3) PPh3, H2O NHBoc
4) Boc,0O 69%

1) Tf,0
2) NaN; 72% ~NHBoc  ref 54 o)
(-)13¢ ———> — i NHAc

16 EtO,C NH;-H3PO,
>99% ee Oseltamivir

Scheme 34. Formal synthesis of Oseltamivir from (-)-13e.
WO WEHET X UAFE FCONFE

RN BT T kAl & U TRERICAERR T 27 27 Y ) U hiE, K
KRBEMED @ WVETZREA LV b REMEDIRWEEF KRR 2 EE L TT 2l
T 5 82, Z OBBRRVIRIMEZTED LTEARRE T VW ERIG OB R IL F %
BIRT X, TV —=DIRN DT I AFE FLF 0 EI AT o 72 (Scheme 35),
WKL D p Ko DIEZE[ET D & (BneaNHy*, 7.7; proton sponge: H+, 12.1) 55,
TN UNT I ORETIFERE LR THEL TV LRI TH DL, TR
D 18b ZHWTHFEIZ T2 2 A, T IV ERMLAR WS (43% conv.
after 8 h, s = 218; Table 6, entry 2) & IIEFREEDOFERNE ST (42% conw.
after 8h, s=203), XU UAT I UL EEMIZEI S, 7 I IAKIGIZ
FHETIAFARETH D Z LRI,
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H

O
e
N™ SN
H \:N'\_'_

O.N Ph o
12¢ 0.5 mol %
(0] proton sponge 1 equiv )v
OH 4-Me,NCgH4CO,H 10 mol % .0 Ph OH
g + Bn,NH + H Ph - O\ + U +Bn,NH
“on 1equiv Br CHCl3 OH “OH 99%
. 0°C,8h
(+)-13b 14b 0.6 equiv (+)-15b (-)-13b

42% 58%
98% ee s203 75% ee

Scheme 35. Enantio- and chemoselective O-acylation

in the presence of free amine.

F1OHI IR EROBIMEIZET 5B

ARIOETITHND B VAR o Fg DR PG DB IR I B 525 (54
i), Table 6, entry 2 D5 H % /LR BRI Z I 2 72\ WG & 4T - T Ebig
L7z & 2 A ROGHEE K ONSTARERIUE DS BIFIZAR T L7z (Scheme 36, conv. after
8 h from 42% to 23%; s from 218 to 55), & BT, FTILIRAIVIR U IRIRINFA
DI SIARBLE N A F T VAL DSRIBIRMEIC L 5.2 5 2 L ivgho T,
WA &2 N2 726 & e (s = 205 Scheme 30), ZEFBEIZAZ T RIKD
LIESED OAF N~ TABENZ TN EToToE A, SEOx=F
F A~ =% O TG E IR MEDN [ E L7zolckt L (s =26). RIEZHW
LRI T L (s=18), ZNOHLDRERNPOINVR BRI VAT LIV
NFX VT — FIKRKIED NSRRI LR ET DB THLT Va— DT 2L
{EEEREIZBE B L CWA Z LT 6 TH D,
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o)
_N
“\K];NtPh

< ;> BF,

N02 (@]

proton-sponge

OH o 4-Me,NCgH,COH \\\OJ\/\Ph OH

TN - L (T
"“OH CHCI;, 0 °C OH “OH

0,
without 4-Me,NCgH,CO,H C 43% s 218

21% s 55
0
LN
" N\—NN-Ph
old
KsPO
3 4 o

Ph._ _CO,H
Q R-or (s | oA~pn

OH OH
OMe
(i)_g . H)H/\ph _ O\ . ()/
"'OH Br CHC|3, rt OH "'OH

with (R)-acid s 18
with (S)-acid s 26

Scheme 36. Carboxylate influences enantioselectivity.

L LBRN S, ARISIZIET btz s, NHC OFRA/R T L Ao —h
RO ERKROKISHREIC 7 v h o oBEhBfE» & Ensd (Figure 14), £ 2
THIVERVBERIAIN 26 OB ZEE L TWA N E D M ERGE LT,

O - -
R%,\{ Tautomerization
| 2
N _\

N
o Br /N\ OH |
R! RWN
H Y
Br Br N-N
NHC generation Breslow intermediate
_N BF, Pase =N
[N _N_ N
/N\?Nl N7 Br-
base-H* NHC
OH
o) Acylation RK/\(N
1
R\)kORZ N\+ />
+ , o N=N
base'H*  R°OH RQK(N
- o
ase N=N
acylazolium

Figure 14. Three proton-transfer processes in mechanism.
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B11HET HARUDOREITEBT D VR ORI R

TNV B EHI L VAT VAR CEREN I E LT NHC O 4E 4R
LTCWBHE D D EFI~7z (Scheme 37), F4E L7z 1 /L2 1E S & EREMITIK
JET D ERMBNTNDS6, HIL_UFIERME 1 BB ORI 1 Y& v
N AESE, 10 pRICHFEORE L HWTHIELZE Z A, VU @mBuY
U L&D EHIREDIERIL 10%, ZEFRRE D VI ) v LAE 1 HET O
WD LRI 57%, BEEHRE 7o h AR U 1 YE&T OHWD LR
1L 56%, 71 b AR TEHAND EPEEIT 90% TH -7z,

7a R ARY (phKy 1.9) EREBEOEEMEZETHICHENDLT, U
VEEH Y UL (pKy 1.3) ICKDHNANRUDAEDHRNEENDOIL, U EES Y
U LADEY v u RV ASOERIENMEN =0 s Bbhb, ZEEERLE Y VR
VAL LIET e hCARC D EHAGTERIT, WTHOSRE HEenII L
BER L EENE L CLEERRA 4 (pK, 9.8) NEL., £ UL EFRERA
2 EHTBRAR DY S I R N EAT D O TRIFRE OWR THIIRANE S - b
DEZEZOND, 0EB., FEEEOT I NALD Feibi S TIX A VAR B imFN xt
LCBEE (10 &) OFa o ARVIBEIETLIOT, 7u b ARV Y
2RO INRUPFEAE L VR VBN IE NHC O3 4AEDOREICIZTFE L Tune
WZ EDRB BN E RS T,

=N BF, =N
/N\f Ny /N\/N\
H

RCOZ__) RCOzH
% —N O/\:N without base 0%
K/N N* base 1 equiv K/N N K3PO, 10%
S Ph gy ——— STy Ph K5PO,/BzOH 57%
BF, 10 equiv CDC|3' S proton-sponge/BzOH  56%
basedons ' 10 min proton-sponge 90%

Scheme 37. NHC generation is not promoted.
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%1 28 Breslow HFRIAAERIZISIT D B VR U BEDOTRINZNE

Rovis Hid, I 7 a7 — FOWINZ X % Stetter USOMEHIX, BT 27—k
IS HZEFMEARIZ LD Breslow FRIAD LR % )\ BERERBINGE & 1 D /KFBENIC
FoTRET L7200 TH D LEELTW557 (Scheme 38), =2 T, HIAKR»
fe D54 5 E BREBBIREEZ 8L D[RR 72 K R BB ORI DA HE 2 FREE L 72,
T 726, Breslow HRKZANKT HKBBENFEHTH L LEBINTND
537 M Stetter SURTIBUNT AV AR & ERININAI O #E TROSHE Z el L7258,

ANRCFEREKR DT 0 R ARCVIETR, ¥V7mrr A2 T A OGF
W Stetter S Z1TV 5 DBITISZAFIET D & 44%IHED B 35 6T,
DR E VR EEE 10 mol %R L TiTo7z & 2 A, IZIEFRRRE (45%)
DULET B DM 5, DVRCBEOPINC L 2 KSR ITBE s e o7z,
PLEX O VAR VR Breslow HEIRER~DKFEBE ZEHE L TV W2 &
D BNE RS T,

y
H R </ N-N+ oH /
R)Q\/N > ), H -0 Ph — R/S/N
N % ; rRX T 7)/ N %
R N O --- H ~ N
=N BF4
N_ N
O COyEt G O  CO,Et
| f 3 mol %
proton-sponge 1 equiv
O CH,Cl, o]
A 0°C, 5min B

without 10 mol % 4-Me,NCgH,CO,H  SM 51%, TM 44%
with 10 mol % 4-Me,NCgH,CO,H SM 50%, TM 45%

Proposed Promotion of Proton Transfer by Catecholate

S
/ R/< _?_

Rovis, T. et al. J. Am. Chem. Soc. 2011, 133, 10402.

H-0

Scheme 38. Formation of Breslow intermediate is not promoted.
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1 3HI EBIRREIZET D B

PLEDFER NS DIVAR U BBREIZT v a— DT U ALBEBE~DRIEI1Z L - T
SO E e N A2 7] E S ETWA I ERHL N2, 22T, ZThbH
DiEREZ L EICHEESNDLEBIRED DFT #5H %217 - 72 (Figure 15,
B3LYP/6-31G** level), #1/VARF 77— b3 —fHE A L TEA L, C-0
MEEERT 2 KBEEZN T v F AL 5 ERFFC, A —1Db 5 F DK
BENINVAXT T — b EKFER-EETRL, BBREZZELL TS

(0--H-0=1.853 A),

KERES RT—8 M E2H I B2WTITEIKOE ) AFNL2—T V1T 2 HWTK
JhEATHo T & 2 A, FIRT 24 KFEEH LT i< #7837, BElo 17
D 82%EIIV X7~ (Scheme 39).,

Fio, 0T F U F A —E 52 5BBIREBICOWTH R L~L o DFT &
A TOHBETRLE— 2 L= 25 EBiER L < —H L (MG =255
kcal/mol, corresponding to s= 73 at 25 °C), ZDET NVDOEEYEDHED D HIL
oo EHOMBIRY Z ORI NHC 2 A5 R H RIS OERPEDO [ BT, 1
RHE L T— b7 =AU N & U CHNCER T 5 2 L 2R T4
TOHITH D59,

B, PIOOIEERHRTIX, oA —VDORFOKBENDF A MO NI T
S VENLEFREAERT A2 AR L=, SO EENSII I LR F
S— FNOBERTL N TV — LI E OFEAEAN TR ST,

(0]
Ph—"H.
KQ\JO%
: |'H-0
Ph \Me &

N/E:\F?AO
H

)

Figure 15. Perspective view of the calculated transition state for the

fastreacting enantiomer of 13b. (All C-H protons were deleted for its clarity.)
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12a 10 mol % (0]

K3PO, 2.1 equiv
4PO, oA~

OH 4-Me,NCgH,CO,H 1 equiv
SHEN" LT
“‘oMe 0.8 equiv CHCly ““OMe

rt, 24 h
(£)17 0%

Scheme 39. Importance of the adjacent hydrogen-bond donor.

B AW VR RIIC & D RSO RO B

TIVIR EEML O UINT & B KOS DS  trans-1,2-> 7 2 7 )V 71 ¥ F— /LT
B2 D) E D MEREELT- (Scheme 40), X2 YT La—LDT Ak
EATOWANR B OR I LD RSEEDEWEZ KR L2 A, XD
T ATV 8 BRI 31%IRIG SN, HIVRCBBOWRIMZ L 2 K
1T 80%IN=RE TR STz, ZORERNS VAR BRI X 2 OSSR
trans-1,2-> 7 a7 )Vl v — VP I b R TH D Z E N o T,

W2ETHB LT 2 MEMISIC A VAR VR 2R L= & 2 A ROGEEH
N6 BEEIN D 30 Iy~ EEM SN, T AT VU U AL D ZDOKIGIT HOBt
EET AT NV ERBATE0T, HOBt OT7 UL H BIVR RN ER TH
HZEERTHRERTH D,

_N CIF
N N*ph
2 mol %
O 4-Me,NCgH,CO,H 10 mol % o
proton-sponge 1.5 equiv
Ph H + BnoH - N
Br CHCl,, 1t Ph OBn
1.5 equiv 1 equiv 8h 31%
with 4-Me,NCgH,CO,H 10 mol % 2 h, 80%
o}
Y
ot T
N\7N\C6F5
BF,~
NHC+HBF4 20 mol %
0 HOBt 20 mol %
AHL Et3N 1.2 equiv (0]
Ph H + EtNH -
& CH,Cl,, rt Ph/\)kNEtz
1 eqUiV 2 eqUiV 6 h, 94%

with 4-Me,NCgH,CO,H 10 mol % 0.5 h, 95%

Scheme 40. Rate enhancement by carboxylate salt.
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1S T /T NNa— )L EKRORET VALK

EFITE 1 SEOEBIREETLNE LWOTHIVUS., 4 5 KkEEEL%E 5
DKFERES N —, BT I 7 K| :;_%?ﬁ&z‘(}iﬁi\%:ﬁof%%b\i&ﬁ#ﬂﬁf‘
RET VLB EITT 2O TIERWn LB Lz (Figure 16),

0 0]
Ph—*H Ph—H
0.0~/ 0.0~/
“H-0 “H-NR
Ph, +\Me Ph. +\Me
NS0 NN S0

Figure 16. Working hypothesis.

FEC2-T X v a7 T ) — BRI RSICHE LI EE Th -7, 6
BREONT BERO N-Cbz-2-7 X /v 7 a7 ) —VERND EWTiuh BRAT
TR M T B3 1T L 7= (Table 7, entries 1 and 2), 7 > /L{bA| 14b % B
& U CRSR I Z IER T 5 & IS DOEHERD 50% a4, HFRICHND 6 B
BRBMONTERD2-7X )7 a7 )V ) —/ViFERN1F 507z (entries 3 and 4)
IHIT, TOFEFA YA =020 DIFAPMEIZHEMHATRETH Y | iR T
IR E AT o T HEHNTHIL (99% ee) D 21 73 98% IR T 5 7= (Scheme 41),

Table 7. Kinetic resolution of amino alcohols.

0 o)
protgﬁcsgc.nsng:eoz /eoquiv M
OH 4-Me,NCgH,CO,H 10 mol % .0 Ph
(« + 14b ( + 18
“NHCbz 0.6 equiv CHCI, NHCbz
()18 0°C 19
entry 18 time 19 recovered 18 s
12 18b 8h (+)-19b (-)-18b 117
n=6 48%, 95% ee 52%, 92% ee
2b 18¢c 18 h (+)-19¢ (+)-18¢ 82
n=7 46%, 94% ee 53%, 80% ee
3b 18b 12h (+)-19b (-)-18b
53%, 90% ee 46%, >99% ee
4° 18c 24 h (+)-19¢ (+)-18¢c

55%, 79% ee 45%, >99% ee
0.6 equiv of 14b. 0.7 equiv of 14b. 0.9 equiv of 14b.
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12¢ 0.5 mol %

NHCbZ proton-sponge 1.5 equiv NHCbz
HO ~ OH 4-Me,NCgH4COoH 10 mol % HO - 0 Ph
[CAR O
1.5 equiv CHCl3 o}
20 r,10h 21

98%, 99% ee

Scheme 41. Desymmetrization of meso-amino diol.

F16HI FLoH

EHTA F ER R = e B A LT 0 NHC il 2 v ok
FRED R —BE A AT 28 0T L 20— )L O & SEARTERR A 72 0 B
OYEN N OARF IR 2 BR%E LT, Z Oife THILR VBRI INANC X » T
SR R ONEERIRENZE LM ET2 22 R0VHL, DARFTT— FR
C-0 A TRELEIZ B W C— B RAEE . UL TIERH L TWA Z E 2 LM L
Too NI VD SOSRICEB DT T 5 T LR EINFIA UIE UIE it aE 2
HREELHAMEE L UCERT2 2N mbnTnd60, Ji4 NHC filllt 4 H
WD ARE B W TIEEOTINFI N E A2 A3 2% NHC L HfFcx | b
ML U CHERET D Z E RV S22y 59, — 5 THEEEMED NHC (2 2 CHE
DA 2 b & UCER ST o T ieno iz, HFEET 2 v avdk
TEFREZ TR E DA 7 L AIE IR W T H 5,
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F4E —tO4 U528 NHC i ICKBFFAUYS URBR
UARERTYE—RE

1 MU TV U UF L NHC O NT U — VEBILOSTR N OVE 120 5

FU 7Y U UF NHC O N7 U — VBEHILO SRR OVE2 585 NHC @
RO R E 5B % 5.2 5 2 E R TITHE ST 5 53, #il 21X, Rovis &
1353 FW Stetter BUGIZ X D A FIERFMEEUSITIHBNT N-T U — /L& LTE
FEERAA NV T 2= VEEZET LA Z W2 O o F @Rk
DRIUCEETHY, B R XX 70t e 7 o= VA HT 5t B %
WD L MERE LK T T2 2 L7261 (Scheme 42),

Rovis (2005)
o)

20 mol % catalyst e
20 mol % KHMDS
- . H
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Me” O~\_O  23°C,5min Me™ 4

(0]
GN R catalyst vyield (%) ee (%)
" N~—N_NR

.
~ 4-MeOCgH, A 92 88
BF,~ CeFs B 92 31

Scheme 42. Desymmetrization of cyclohexadienon.

—77 Bode b, 7H¥ T ® Diels—Alder FIGIZHBW T, 5L 4- 2 hF
T = VEEAT MM C WD E RIS ESEITLZRVDIZR L, mEml
AVFNEEAETHMED 205 EOSIFNERISETL, M=t orFF
BRETHIYINEOND Z & 2855 L7z 5% (Scheme 43),

Bode (2006)
0 10 mol % catalyst O CO.Et
ArO,S. 10 mol % DIPEA 2
’ N ORI MO,
+
| H)\/\Ph toluene/THF “
CO,Et i, 15 h Ph

o)
/\=N . R catalyst yield (%) ee (%)
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cr 4-MGOC6H4 C 0
Mes D 20 99

Scheme 43. Azadiene Diels—Alder reaction.
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T BARBIET AT E REF RO+ Y A UBILRISIZEBW T,
7z = VEEAT LM E 2 W HERIGRIC, BRI A T VA
27 = =V EREAT DM 2 O T E AR F RIS E NS VR R © 7o D3,
B ARETHOEEWN 35-EA RN 7L A0 AF LT 2= )LEEHT A G
EROWD TR AR FINEOM T 2 e SELEENRGLND Z &
Z R L7 53 (Scheme 44),

Suzuki (2007)
* 15 mol % catalyst

(o]
o _M_Pn 10mol % EtN
@ tol rt o
oluene,
I o OH
O R catalyst vyield (%) ee (%)

o
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NNR  pn E 39 92

o CeFs F 93 68

3,5-CF3),CeHs G 87 94

Scheme 44. Benzoin cyclization of keto-aldehyde.
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% 28 Stetter Kt

2 mol %D H /L HiERA Z VT 22 D43+ Stetter FUG&#1TV 4 BEfE T
FOG%EAEIE L7z (Scheme 45), = b v &2 63 2 FiBR{A 12h 2 2 & BRILIK
23 8 89% NN THGIL, = b XDV EIBEAE 128 (52%IN=K) & A TRIG

TR DSBS 47z,

H

1
N N
R 47 C6F5
? CO,Me 2 mol % (0] C|202Me
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o totlu2rr11e o
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Scheme 45. Rate enhancement by the nitro substitution.
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Scheme 46. Effect of M-Ar group by Smith.
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HB3E HERTNTE ROREFREX VA VK in

A B ERE B FFO N R R E N T R X7 VT e R 24 AL DORHK
BN YA RIS EAT 1.5 B OEHR 2 ik L7z, = b ARl
AIBRIA 12e 2 V235613 66%I0=R, 83% ee, = b riL%aH 7 HHIBRA 12h %
AW 81T 85%IR, 94% ee TRV A VAR 25 M5 B, & % [FEH%
BN L7z (Scheme 47), NSEFEEDNE & —F o F A @wPED R EN R 5=
frA 8 NHC IR A VRIS O ENTH D Z RSN

7=,
: LN+

BF,”  C4Fs
10 mol %
j\ NaOAc 1 equiv - Ph)krph 122R=H  66%, 83% ee
= 0, 0,
Ph “H oon I' 12hR=NO; 85% 94%ee
24 rt,1.5h 25

Scheme 47. Asymmetric benzoin reaction.
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Figure 17. Iminium-r interaction.
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2011 4FiZ Connon XX Yang HIZ X VIEMIRT VT e REFEBET VT R
& DAZFENR A VRIS HRE S~ (Scheme 48) '°, NHC 0Z# o7 )
— VOB IR FRIWEICE L 52 B R NHC 2 V2 L&
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R725 Breslow RE{AAERT 2 Oz il 2 720124/ MLIZEHREL A A
LCWa, —Ji, Yang HIHLERIUEL [ ESEHE0ICTE FT AT FE
KBRFAOCTN D, WFROGRIITE O THRARIER 1 #IF o8 Sh T
2

Connon (2011) —N BF4
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Rb,CO3 8 mol % w /\/OKHH/Q
_— +
Ph Ph
/\)L THF, 1t, 40 h
OH Br (0] Br
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Yang (2011) —N BF4
NN CFs
O 10 mol %
(@) 032003 10 mol %
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Cl
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Scheme 48. Reported cross benzoin reaction.
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Scheme 49. Effects of NHC precursors on cross benzoin reaction.
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General

All melting points are uncorrected. NMR (500 MHz for 'H and 125 MHz for "°C)
was measured in CDCIl; unless otherwise mentioned. Chemical shifts and coupling
constants are presented in ppm relative to tetramethylsilane and Hz, respectively. °C
peak multiplicity assignments were made based on DEPT data. IR spectroscopy of oil
and solid samples were measured as neat liquid films and KBr pellets, respectively. The
wave-numbers of maximum absorption peaks of IR spectroscopy were presented in
cm . Abbreviations are as follows: s, singlet; d, doublet; t, triplet; q, quartet; m,

multiplet; br, broad.

2
0
H
H
0

4-Formylbenzenepropanal (1d)

A solution of methyl 4-(methoxycarbonyl)benzenepropanoate (5.00 g, 22.5 mmol) in
THF (30 mL) was added dropwise to a slurry of LiAlHy4 (2.14 g, 56.3 mmol) in THF (50
mL) at 0 °C. When the addition was complete, the cooling bath was removed, and the
mixture was stirred at rt. After 15 min, the mixture was cooled to 0 °C, and the reaction
was carefully quenched with H,O (2.1 mL), 15% NaOH (2.1 mL), and H,O (6.4 mL).
After 40 min, the mixture was filtered through Celite (EtOAc wash), dried over Na;SOs,
and concentrated in vacuo to give 4-(hydroxymethyl)benzenepropanol (3.48 g, 93%) as
colorless oil: '"H NMR: 1.68 (brs, 2H), 1.85-1.91 (m, 2H), 2.70 (t, J = 7.8, 2H), 3.66 (t,
J=6.3, 2H), 4.65 (s, 2H), 7.19 (d, J = 8.0, 2H), 7.28 (d, J = 8.0, 2H). °C NMR: 31.7
(CH»), 34.2 (CH»), 62.2 (CH), 65.2 (CH»), 127.2 (CH), 128.6 (CH), 138.4 (C), 141.3
(O). IR: 3341, 2932, 2870, 1420, 1042. MS m/z: 166 (M"). HRMS—EI (m/z): (M") calcd
for C1oH 140, 166.0994; found, 166.0993.
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trans-4-Formylcyclohexanepropanal (le): A mixture of 4-carboxybenzenpropanoic
acid (2.50 g, 12.8 mmol) and 5% Rh/C (500 mg) in EtOH (100 mL) was stirred under
H, (5 atm) in a sealed tube at 70 °C for 16 h. After cooled, the mixture was filtered
through Celite, and the residue was washed with hot EtOH. Concentration of the
combined filtrate and washings in vacuo gave a 1:2 trans,cis-mixture of
4-carboxycyclohexanepropanoic acid (2.57 g, 99%). The mixture was dissolved in 6 N
NaOH (24 mL), stirred in a sealed tube at 200 °C for 41 h, and acidified (pH 1) by 10%
HCI. The resulting precipitates were collected by filtration, washed with cold EtOH, and
dried at 60 °C at 8 mmHg to give trans-4-carboxycyclohexanepropanoic acid (2.05 g,
80% vyield, a single diastercomer) as white solids of mp 117-120 °C: 'H NMR
(CDs;0OD): 0.94-1.02 (m, 2H), 1.24-1.28 (m, 1H), 1.35-1.43 (m, 2H), 1.52 (q, J = 7.5,
2H), 1.82-1.85 (m, 2H), 1.96-1.99 (m, 2H), 2.17-2.24 (m, 1H), 2.31 (t, J = 7.5, 2H),
4.93 (br s, 2H). >C NMR (CD;0D): 30.2 (CH,), 32.5 (CH,), 33.1 (CH,), 33.3 (CH>),
37.9 (CH), 44.5 (CH), 177.8 (C), 180.0 (C). IR: 2940, 1705. FABMS m/z: 199 (M — H).
HRMS-FAB (m/z): [M — H] calcd for C10H;504, 199.0970; found, 199.0970.

The dicarboxylic acid (2.50 g, 12.5 mmol) in THF (20 mL) was added dropwise to a
slurry of LiAlHy4 (1.19 g, 31.3 mmol) in THF (80 mL) at 0 °C, and the cooling bath was
removed. After 3 h, satd potassium sodium tartrate (200 mL) was added at 0 °C. The
mixture was stirred for 12 h at rt and extracted with CHCl;. The organic layer was
washed with brine, dried over Na,SO4, and concentrated in vacuo. The resulting residue
was purified by column chromatography (hexane/EtOAc 1:3) to give
trans-4-(hydroxymethyl)cyclohexanepropanol (1.84 g, 85% yield) as colorless oil: 'H
NMR: 0.91-0.96 (m, 4H), 1.18-1.45 (m, 6H), 1.55-1.61 (m, 2H), 1.78-1.80 (m, 4H),
3.45 (d, J = 6.6, 2H), 3.63 (t, J = 6.9, 2H). *C NMR: 29.4 (CH,), 30.1 (CH,), 32.6
(CH»), 33.2 (CH), 37.6 (CH), 40.6 (CH), 63.3 (CH,), 68.6 (CH>). IR: 3333, 2855, 1450,
1057. MS m/z: 172 (M+). Anal. Calcd for CioH00,: C, 69.72; H, 11.70. Found: C,
69.44; H, 11.92.

The diol (1.72 g, 10.0 mmol), TEMPO (94 mg, 0.6 mmol), and KBr (2.6 g, 22 mmol)
were added to a two-phase mixture of CH,Cl, (100 mL) and H,O (40 mL) at 0 °C. A
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12% NaOCI solution (12.4 mL) was added dropwise over 30 min under vigorous
stirring. After 15 min, MeOH (8 mL) was added, and the whole was stirred at rt for 20
min and extracted with CH,Cl,. The organic layer was washed with brine, dried over
Na,S04, and concentrated in vacuo. The resulting residue was purified by column
chromatography (hexane/EtOAc 10:1) to give the titled compound (1.17 g, 70% yield)
as colorless oil: "H NMR: 0.91-1.00 (m, 2H), 1.17-1.27 (m, 3H), 1.54 (q, /=78, 2H),
1.83-1.86 (m, 2H), 1.96-1.99 (m, 2H), 2.12-2.19 (m, 1H), 2.44 (dt, J = 7.8, 1.7, 2H),
9.59 (d, J = 1.4, 1H), 9.75 (t, J = 1.7, 1H). °C NMR: 25.6 (CH,), 28.8 (CH>), 31.5
(CH), 36.5 (CH), 41.3 (CHy), 50.1 (CH), 202.5 (CH), 204.4 (CH). IR: 2855, 1720,
1450. MS m/z: 168 (M +). Anal. Calcd for CoH60,: C, 71.39; H, 9.59. Found: C, 71.28;
H, 9.49.

Wy
N N"CqFs

BF,~
Triazolium Tetrafluoroborate (2b): 3-Morphlinone was prepared according to the
procedure reported in patent:° ° To a solution of ethanol amine (6.0 ml, 0.10 mol) in
i-PrOH (100 mL), was portionwise added small pieces of sodium (2.3 g, 0.10 mol). The
mixture was heated at 50 °C for 5 h, and the resulting yellow solution was cooled in an
ice-water bath. Ethyl chloroacetate (9.6 mL, 0.090 mol) was dropwise added at 06 °C,
and the resulting yellow suspension was heated at 80 °C for 2 h. Insoluble materials
were removed by paper filtration and washed with i-PrOH. The combined filtrate and
washings were concentrated in vacuo, and the resulting brown solids were recrystallized

from i-PrOH/EtOAc to afford 3-morpholinone (3.5 g, 34%) as colorless needles of mp
106-107 °C.

To a solution of the above morpholinone (1.0 g, 10 mmol) in CH,Cl, (200 mL), was
added trimethyloxonium tetrafluoroborate (1.5 g, 10 mmol), and the mixture was stirred
for 9 h at rt. Then, pentafluorophenylhydrazine (2.0 g, 10 mmol) was added, and the
mixture was stirred for another 9 h. The mixture was concentrated in vacuo, and the
residue was dissolved in chlorobenzene (100 mL) followed by addition of triethyl
orthoformate (13.3 mL, 40 mmol). The mixture was heated at 130 °C for 12 h. Then,
additional triethyl orthoformate (13.3 mL, 40 mmol) was added and stirring at 130 °C

was continued. After 12 h, toluene (100 mL) was added at rt, and the resulting brown
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solids were collected by filtration. Recrystallization from EtOH gave the titled
compound (686 mg, 18%) as pale brown solids of mp 179-181 °C: 'H NMR
(acetone-dg): 4.38 (t, J = 5.2, 2H), 4.77 (t, J = 5.2, 2H), 5.28 (s, 2H), 10.4 (s, 2H). °C
NMR (acetone-de): 46.8 (CH,), 62.3 (CHy), 63.4 (CH,), 112.1 (m, C), 139.1 (m, C),
144.0 (m, C), 144.6 (m, C), 147.1 (CH), 152.5 (C). IR: 3140, 2955, 1597, 1528, 1450,
1072. FABMS m/z: 292 (M — BF,;). HRMS-FAB (m/z): [M — BF4]" caled for
C11H5FsN30, 292.0504; found, 292.0510.

Conversion of Aldehyde to Amide, Carboxylic Acid, and Ester The Typical

Procedure without L-proline.

0

Ph/\)J\NEtz

N,N-Diethyl-3-phenylpropanamide (3a): To a stirred ice-cooled solution of
hydrocinnamaldehyde (1a) (134 mg, 1.0 mmol) in CH,Cl, (2 mL), were added Et,NH
(0.21 mL, 2.0 mmol) and NCS (134 mg, 1.0 mmol), and the cooling bath was removed.
After 0.5 h, the aldehyde was no longer detected by TLC monitoring. To the mixture,
were added HOBt (27 mg, 0.20 mmol) and a premixed solution of triazolium salt 2a (24
mg, 0.050 mmol) and Et;N (0.17 mL, 1.2 mmol) in CH,Cl, (8 mL). After 12 h, the
mixture was concentrated in vacuo, and the resulting residue was purified by column
chromatography (hexane/EtOAc 2:1) to give the titled compound (180 mg, 88% yield)
as colorless oil: "H and *C NMR, IR, and MS were identical to those reported. 64

o

\/\/\)J\NEJ[Z

N,N-Diethylheptanamide (3b): Following the procedure without L-proline, the titled
compound was obtained in 91% yield (168 mg) as colorless oil: MS m/z: 185 (M"), 156,
142, 128, 100. 'H and "*C NMR, and IR were identical to those reported.’® °

o)

TBSO\/\)J\NE,IZ

4-(tert-Butyldimethylsiloxy)-/V,/V-diethylheptanamide (3c¢): Following the procedure

without L-proline, using 0.10 mmol 2a, the titled compound was obtained in 87% yield
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(240 mg) as colorless oil: "H NMR: 0.05 (s, 6H), 0.89 (s, 9H), 1.11 (t, J= 7.2, 3H), 1.17
(t,J=7.2,3H), 1.84-1.88 (m, 2H), 2.39 (t,J=7.5, 2H), 3.32 (q, J = 7.2, 2H), 3.37 (q, J
= 7.2, 2H), 3.66 (t,J = 6.0, 2H). °C NMR: —5.4 (CH3), 13.1 (CH3), 14.3 (CH3), 18.2 (C),
25.9 (CH3), 28.5 (CHy), 29.2 (CHa), 40.0 (CH»), 41.9 (CH»), 62.2 (CH»), 172.0 (C). IR:
2932, 2862, 1643, 1103. MS m/z: 273 (M), 217 (M" — C4Hg). HRMS—-FAB (m/z): [M +
H]" caled for C14H3,NO,Si, 274.2202; found, 274.2199.

The Typical Procedure with L-proline.

0
Ph/\)LNBnZ

N,N-Dibenzyl-3-phenylpropanamide (3d): To a stirred ice-cooled solution of
hydrocinnamalde-hyde (1a) (134 mg, 1.0 mmol) in CH,Cl, (2 mL), were added
L-proline (5 mg, 0.05 mmol) and NCS (134 mg, 1.0 mmol), and the cooling bath was
removed. After 9 h, the aldehyde was no longer detected by TLC monitoring. To the
mixture, were added HOBt (27 mg, 0.2 mmol), a premixed solution of triazolium salt 2a
(24 mg, 0.050 mmol) and Et;N (0.17 mL, 1.2 mmol) in CH,CI, (8 mL), and Bn,NH
(0.29 mL, 1.5 mmol). After 11 h, the mixture was concentrated in vacuo, and the
resulting residue was purified by column chromatography (hexane/EtOAc 5:1) to give
the titled compound (234 mg, 71% yield) as white solids of mp 103-105 °C : 'H and
BC NMR, IR, and MS were identical to those reported. ® °

0]

Ph/\)J\NHBn

N-Benzyl-3-phenylpropanamide (3e): Following the procedure with L-proline, except
that BnNH, in place of Bn,NH was added over 3 h, purification by column
chromatography (hexane/EtOAc 4:3) gave the titled compound (172 mg, 72% yield) as
light yellow solids of mp 79-81 °C : IR: 3287, 1636, 1543. MS m/z: 239 (M), 148, 105,
91. "H and *C NMR were identical to those reported.® ”
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N-Methoxy-N-methyl-3-phenylpropanamide (3f): Following the procedure with
L-proline, except that N,O-dimethylhydroxylamine hydrochloride (147 mg, 1.5 mmol)
was used in place of Bn,NH, purification by column chromatography (hexane/EtOAc
4:1) gave the titled compound (157 mg, 81% yield) as colorless oil: IR: 2939, 1666,
1450, 733. MS m/z: 193 (M), 133, 105. 'H and *C NMR were identical to those
reported.’® ®

O Bn

PhA)LHJ\COZt-Bu

tert-Butyl (S)-3-Phenyl-2-(3-phenylpropanamido)propanoate (3g): Following the
procedure with L-proline, except that L-phenylalanine tert-butyl ester hydrochloride
(387 mg, 1.5 mmol) was added in place of Bn,NH, purification by column
chromatography (hexane/EtOAc 5:1) gave the titled compound (270 mg, 76% yield)
with >99% ee as colorless oil: [a]p> +70.9 (¢ 1.02, CHCL;). '"H NMR: 1.39 (s, 9H), 2.45
(ddd, J=17.1, 7.5, 16.1, 1H), 2.53 (ddd, J = 6.3, 7.1, 16.1, 1H), 2.90-3.00 (m, 2H), 3.01
(dd, J=6.5, 13.7, 1H), 3.06 (dd, J = 5.2, 13.7, 1H), 4.76 (ddd, J = 5.2, 6.5, 7.5, 1H),
5.85 (d, J = 7.5, 1H), 7.00-7.02 (m, 2H), 7.19-7.32 (m, 8H). °C NMR: 27.9 (CHa),
31.4 (CH,), 38.0 (CH»), 38.2 (CH,), 53.3 (CH), 82.3 (C), 126.2 (CH), 126.8 (CH), 128.2
(CH), 128.3 (CH), 128.5 (CH), 129.5 (CH), 136.0 (C), 140.7 (C), 170.6 (C), 171.3 (C).
IR: 3302, 1736, 1651, 1535. MS m/z: 353 (M), 280. HRMS-FAB (m/z): [M + H]
calcd for CpHysNO;, 354.2069; found, 354.2068. Enantiopurity was confirmed by
HPLC.

(0]

NEt,
H

o)
N,N-Diethyl-3-(4-formylphenyl)propanamide (3h): Following the procedure without
L-proline in 0.50 mmol scale using 10 mol % 2a, purification by column
chromatography by column chromatography (hexane/EtOAc 2:1) to give the titled
compound (96 mg, 82% yield) as pale yellow oil: '"H NMR: 1.10 (t, J= 7.2, 3H), 1.11 (t,

60



J=17.2,3H),2.63 (t,J=8.0, 2H), 3.08 (t, J= 7.8, 2H), 3.24 (q, J = 7.2, 2H), 3.38 (q, J =
7.2, 2H), 7.40 (d, J = 8.0, 2H), 7.81 (d, J = 8.0, 2H), 9.98 (s, 1H). *C NMR: 13.1 (CH3),
14.3 (CH3), 31.6 (CH,), 34.3 (CH,), 40.3 (CH,), 41.9 (CH,), 129.2 (CH), 130.0 (CH),
134.7 (C), 149.1 (C), 170.5 (C), 191,9 (CH). IR: 2978, 2932, 1697, 1636, 1435. MS
m/z: 233 (M), 204, 133. HRMS—FAB (m/z): [M + H]" calcd for C14H,0NO,, 234.1494;
found, 234.1494.

O

NHBn
H

0

N-Benzyl-3-(4-formylphenyl)propanamide (3i): Following the procedure with
L-proline in 0.70 mmol scale using 10 mol % 2a, except that 2 equiv BnNH; in place of
Bn;NH was added over 3 h, purification by column chromatography (hexane/EtOAc
1:1) gave the titled compound (121 mg, 65% yield) as light yellow oil: "H NMR: 2.54 (t,
J=17.71,2H),3.08 (t, J="7.7, 2H), 4.40 (d, J = 5.8, 2H), 5.70 (s, 1H), 7.15 (d, J = 7.5,
2H), 7.26-7.30 (m, 3H), 7.36 (d, J = 8.0, 2H), 7.78 (d, J = 8.0, 2H), 9.96 (s, 1H). *C
NMR: 31.7 (CHy), 37.7 (CH»), 43.6 (CH,), 127.6 (CH), 127.7 (CH), 128.7 (CH), 129.1
(CH), 130.1 (CH), 134.8 (C), 138.0 (C), 148.2 (C), 171.1 (C), 191.9 (CH). IR: 2924,
1697, 1651, 1072. MS m/z: 267 (M"), 148, 106, 91. HRMS—FAB (m/z): [M + H]" calcd
for C7HsNO», 268.1338; found, 268.1331.

0]

H U\)‘\NEE
o
\“\

0

trans- and cis-N,N-Diethyl-3-(4-formylcyclohexyl)propanamide (3j): Following the
procedure without L-proline using 20 mol % 2a, purification by column
chromatography (CHCIl;) gave an 83:17 diastereomer mixture of the titled compound
(213 mg, 89% yield) as pale yellow oil: 'H NMR (trans): 0.95-1.04 (m, 2H), 1.10 (t, J
= 7.2, 3H), 1.21-1.29 (m, 3H), 1.51-1.65 (m, 2H), 1.86-1.89 (m, 2H), 1.96-1.99 (m,
2H), 2.17 (tt, J=12.2, 3.4, 1H), 2.30 (t, /= 7.9, 2H), 3.29 (t, J = 7.2, 2H), 3.36 (t, J =
7.2, 2H), 9.60 (s, 1H). (cis): 0.95-1.04 (m, 2H), 1.09 (t, J = 7.2, 3H), 1.15 (t, J = 7.2,
3H), 1.37 (m, 1H), 1.51-1.65 (m, 6H), 2.07-2.11 (m, 2H), 2.26 (t, /= 7.9, 2H), 2.38 (m,
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1H), 3.27 (t, J = 7.2, 2H), 3.35 (t, J = 7.2, 2H), 9.68 (s, 1H). °C NMR (trans): 13.1
(CHs), 14.4 (CHs), 25.8 (CH,), 30.5 (CH,), 31.7 (CH,), 32.4 (CH,), 36.9 (CH), 40.06
(CH,), 41.9 (CH,), 50.4 (CH), 172.1 (CH), 204.7 (CH). (cis): 13.1 (CH3), 14.4 (CH3),
23.9 (CH,), 29.3 (CH,), 31.4 (CH,), 32.1 (CH,), 36.0 (CH), 40.02 (CH,), 41.9 (CH,),
47.3 (CHy), 172.2 (C), 205.6 (CH). IR: 2924, 2855, 1720, 1636, 1450. MS m/z: 239
(M), 210, 115. HRMS-FAB (m/z): [M + H] calcd for Ci4HxNO,, 240.1964; found,
240.1966.

0

Ph/\)I\OH

Hydrocinnamic Acid (8a): To a stirred ice-cooled solution of hydrocinnamaldehyde
(1a) (134 mg, 1.0 mmol) in CH,Cl, (42 mL), were added Et,NH (0.11 mL, 1.1 mmol)
and NCS (134 mg, 1.0 mmol), and the cooling bath was removed. After 0.5 h, the
aldehyde was no longer detected by TLC monitoring. To the mixture, were added H,O
(0.04 mL, 2 mmol) and a premixed solution of triazolium salt 2¢ (19 mg, 0.050 mmol)
and Et;N (0.17 mL, 1.2 mmol) in CH,Cl, (8 mL). After 7 h, the mixture was
concentrated in vacuo, and the resulting residue, whose "H NMR showed no trace of 3a,
was dissolved in EtOAc (10 mL) and extracted with 10% Na,CO; (10 mL). The
aqueous layer was acidified to pH 1 by 10% HCI and extracted with CHCls. The organic
layer was washed with brine, dried over Na,SOs, and concentrated in vacuo to give the
titled compound (127 mg, 85% yield) as white solids of mp 45-47 °C: 'H and °C NMR,
IR, and MS were identical to those reported.”® " °

0

YQMOH
H

o)
4-Formylbenzenepropanoic Acid (8d): The above procedure was followed using 10
mol % 2¢ to give the titled compound (130 mg, 73% yield) as white solids of mp
134-136 °C: C NMR: 30.8 (CH,), 35.0 (CH,), 129.0 (CH), 130.1 (CH), 134.8 (C),
147.7 (C), 177.2 (C), 192.0 (CH). IR: 3433, 2932, 1697, 1605, 1057. MS m/z: 178 (M").
'H NMR was identical to those reported.”
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Benzyl Hydrocinnamate (9): To a stirred ice-cooled solution of hydrocinnamaldehyde
(1a) (134 mg, 1.0 mmol) in CH,Cl, (2 mL), were added Et;NH (0.11 mL, 1.1 mmol)
and NCS (134 mg, 1.0 mmol), and the cooling bath was removed. After 0.5 h, the
aldehyde was no longer detected by TLC monitoring. To the mixture, were added BnOH
(0.21 mL, 2.0 mmol) and a premixed solution of triazolium salt 2¢ (19 mg, 0.050 mmol)
and Et;N (0.17 mL, 1.2 mmol) in CH,Cl, (8 mL). After 5 h, the mixture was
concentrated in vacuo, and the resulting residue was purified by column
chromatography (hexane/EtOAc 20:1) to give the titled compound (210 mg, 87% yield)
as colorless oil: 'H and "*C NMR, IR, and MS were identical to those reported. o

Allyl hydrocinnamate (10): The above procedure was followed to give the titled

compound (157 mg, 83% yield) as colorless oil: 'H and °C NMR, IR, and MS were

identical to those reported.”’
3
Preparation of Catalysts and Substrates.

0]
\ O\\,/: <\ o
<\ O HNOj3; 1.1 equiv ~—NH
—NH ‘
H2$O4/H20/M9N02
0°C,2h, 70%

(4aR,9a8)-6-Nitro-4,4a,9,9a-tetrahydroindeno|2,1-b][1,4]oxazin-3(2H)-one (S1): To
a cooled mixture of HNO; (0.3 mL, 3 mmol ) and water (0.6 mL), H,SO4 (3.8 mL) was

added, and the mixture was added dropwise to a suspension of
(4aR,9a8)-4,4a,9,9a-tetrahydroindeno[2,1-b][1,4] oxazin-3(2H)-one (568 mg, 3.0
mmol)”? in MeNO, (5.3 mL) at 0 °C. The mixture was stirred for 2 h at 0 °C and
poured onto an ice—water (60 mL). The white suspension was stirred for 1 h, filtered,

and washed with water and EtOAc to give the titled compound (490 mg, 70%) as white
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solids of mp 240 °C (decomp.): [a]*p +22.4 (¢ 0.241, CHCl;). 'H NMR (acetone-dg):
3.11 (d, J = 18.0, 1H), 3.38 (dd, J = 18.0, 4.5, 1H), 3.93 (d, J = 16.0, 1H), 4.09 (d, J =
16.0, 1H), 4.69 (dd, J = 4.5, 4.0, 1H), 4.97 (t, J = 4.0, 1H), 7.57 (d, J = 8.0, 1H), 8.08
(br's, 1H), 8.16 (dd, J = 8.0, 2.0, 1H), 8.36 (s, 1H). °C NMR (acetone-dg): 38.4 (CH,),
59.1 (CH), 67.2 (CH,), 77.3 (CH), 120.2 (CH), 124.1 (CH), 126.7 (CH), 145.3 (C),
148.7 (C), 149.0 (C), 168.0 (C). IR: 1732, 1512, 1335, 1242. EIMS m/z: 234 (M"), 206,
191, 176, 161, 115. HRMS-FAB (m/z): [M + H]" caled for C;;H;1N,Oy, 235.0719;
found, 235.0723.

o) OwiN
&}o Me;OBF, 1.1 equiv. PhNHNH, 1.0 equiv  (EtO);CH 5.0 equiv \ N\yNtPh
CH,Cly CH,Cl, PhCI/MeOH BF,
rt, 10 h r, 4 h 110 °C, 18 h
Br 31% (3 steps)

Br
(5a8,10bR)-9-Bromo-2-phenyl-4,5a,6,10b-tetrahydroindeno|2,1-b][1,2,4]triazolo[4,
3-d]|1,4]oxazin-2-ium Tetrafluoroborate (12b): To a solution of
(4aR,9aS)-6-bromo-4,4a,9,9a-tetrahydroindeno [2,1-b][1,4]oxazin-2(3H)-one ' > (269
mg, 1.0 mmol) in CH,Cl, (10 mL) was added Me;OBF,4 (156 mg, 1.1 mmol), and the
mixture was stirred for 10 h at rt. PhANHNH; (0.10 mL, 1.0 mmol) was then added, and
the mixture was stirred for another 4 h. The mixture was concentrated in vacuo, and the
residue was dissolved in PhClI (10 mL) followed by addition of (EtO);CH (0.83 mL, 5.0
mmol). The mixture was heated at 110 °C for 18 h. The whole mixture was directly
purified by column chromatography (hexane/EtOAc 1:1 to 0:1) to give the title
compound (140 mg, 31%) as white solids of mp 235 °C (decomp.): [a]*p =202 (¢ 0.535,
MeCN). 'H NMR (acetone-d6): 3.25 (d, J=17.0, 1H), 3.51 (dd, J = 17.0, 5.0, 1H), 5.14
(m, 1H), 5.22 (d, J = 16.0, 1H), 5.35 (d, J = 16.0, 1H), 6.26 (m, 1H), 7.41 (d, J = 8.5,
1H), 7.57 (d, J= 8.5, 1H), 7.70-7.76 (m, 3H), 7.92 (s, 1H), 8.04 (d, J= 8.5, 2H), 11.2 (s,
1H). *C NMR (acetone-d6): 37.6 (CH,), 60.9 (CH,), 62.5 (CH), 78.5 (CH), 121.0 (C),
122.3 (CH), 128.2 (CH), 128.7 (CH), 131.0 (CH), 131.8 (CH), 133.2 (CH), 136.4 (C),
139.1 (C), 141.2 (C), 141.7 (CH), 151.2 (C). IR: 3032, 2920, 1584, 1090. FABMS m/z:
370 (M + 2 — BFy), 368 (M — BF,;). HRMS-FAB (m/z): [M — BF4]" caled for
Ci3H,5BrN30, 368.0393; found, 368.0396.
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O\B: { =N
””g\NH O MezOBF4 1.1 equiv. PhANHNH, 1.0 equiv  (EtO)3;CH 5.0 equiv \ N\pNtPh
CH,Cly CH,Cl, PhCI/MeOH BF4
rt, 4 h rt, 4 h 110°C, 10 h
0,
NO, 71% (3 steps) NO,

(5aS,10bR)-9-Nitro-2-phenyl-4,5a,6,10b-tetrahydroindeno[2,1-b][1,2,4]triazolo[4,3-

d][1,4]oxazin-2-ium Tetrafluoroborate (12c): To a solution of S1 (235 mg, 1.0 mmol)
in CH,Cl, (40 mL) was added Me;OBF4 (156 mg, 1.1 mmol), and the mixture was
stirred for 4 h at rt. Then, PANHNH; (0.10 mL, 1.0 mmol) was added, and the mixture
was stirred for another 4 h. The mixture was concentrated in vacuo, and the residue was
dissolved in MeOH (2 mL) and PhCI (10 mL) followed by addition of (EtO);CH (0.83

mL, 5.0 mmol). The mixture was heated at 110 °C for 10 h. Toluene (20 mL) was added,
and the mixture was stirred for 1 h, filtered, and washed with EtOAc (2 mL) and MeOH
(0.2 mL) to give the titled compound (298 mg, 71%) as white solids of mp 218 °C
(decomp.): [a]*b —262 (c 0.525 CHCl3). 'H NMR (acetone-de): 3.42 (d, J = 18.0, 1H),
3.71 (dd, J = 18.0, 4.5, 1H), 5.23-5.27 (m, 2H), 5.37 (d, J = 16.0, 1H), 6.38 (m, 1H),
7.70-7.75 (m, 4H), 8.04 (d, J = 8.5, 2H), 8.30 (d, /= 8.0, 1H), 8.55 (s, 1H), 11.3 (s, 1H).
BC NMR (acetone-dg): 38.1 (CH,), 61.0 (CH,), 62.3 (CH), 78.6 (CH), 121.2 (CH),
122.2 (CH), 125.7 (CH), 127.5 (CH), 131.1 (CH), 131.9 (CH), 136.4 (C), 138.5 (C),
142.0 (CH), 148.6 (C), 149.8 (C), 151.1 (C). IR: 1045, 910, 733. EIMS m/z: 335 (M —
BF,)", 334, 288, 216, 118. HRMS-FAB (m/z): [M — BF4]" calcd for C;sH;sN4Os,
335.1139; found, 335.1140.

10% Pd/C CbzCl 1.5 equiv

UOH H, NaOH 1.0 equiv Q/OH
"'N; MeOH CH,Cly/H,0 "'NHCbz

rt, 18 h rt, 12 h, 61 % (2 steps)

Benzyl (trans-2-Hydroxycycloheptyl)carbamate ((%)-18¢): A  mixture of
trans-2-azidocycloheptanol (466 mg, 3.0 mmol) and 10% Pd/C (200 mg, 0.20 mmol) in
MeOH (15 mL) was stirred for 18 h at rt under H, atmosphere. The mixture was filtered
through Celite, and the residue was washed with MeOH. Combined filtrates were
concentrated in vacuo to give colorless oil, which was dissolved in CH,Cl, (6 mL). To
the solution, H,O (6 mL), NaOH (120 mg, 3.0 mmol), and CbzCl (0.64 mL, 4.5 mmol)
were added, and the mixture was stirred for 12 h at rt. The aqueous layer was separated

and extracted with CHCIs, and the combined organic layers were washed with brine,
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dried over Na,SOj, and concentrated. Column chromatography (hexane/EtOAc = 4/1 to
2/1) gave the title compound (485 mg, 61%) as white solids of mp 111-114 °C: 'H
NMR: 1.47-1.83 (m, 10H), 3.18 (s, 1H), 3.56 (br s, 2H), 4.93 (s, 1H), 5.11 (s, 2H),
7.31-7.38 (m, 5H). °C NMR: 22.6 (CH,), 24.3 (CH,), 27.9 (CH,), 31.5 (CH,), 33.7
(CH,), 60.1 (CH), 67.0 (CH>), 78.0 (CH), 128.17 (CH), 128.21 (CH), 128.6 (CH), 136.2
(C), 157.2 (C). IR: 3279, 2928, 2859, 1694. FABMS m/z: 264 (M + H). HRMS-FAB
(m/z): [M + H]" calcd for C15sH2NO3, 264.1600; found, 264.1609.

NO, CbzClI 1.0 equiv NHCbz
F OH Z£n20equiv. NaOH 45 equiv :

HO HO__~ OH
U AcOH/H,O  CH4,Cly/H,0 U
rt, 4 h, 31% (2 steps)

rt, 36 h

Benzyl N-((1r,2R,6S)-2,6-Dihydroxycyclohexyl)carbamate (20): A mixture of
(1R,2r,35)-2- nitrocyclohexane-1,3-diol (810 mg, 5 mmol) and Zn powder (6.54 g, 100
mmol) in AcOH (40 mL) and water (8 mL) was stirred for 36 h at rt. The mixture was
filtered through Celite, and the residue was washed with EtOH. The combined filtrates
were concentrated, and the residual water was removed by five-time azeotropic
distillation with toluene. The resulting white solid was dissolved in CH,Cl, (50 mL),
and H,O (50 mL), NaOH (9 g, 0.2 mol), and CbzCl (0.71 mL, 5.0 mmol) were added to
the solution at 0 °C. The mixture was stirred for 4 h at rt. The aqueous layer was
separated and extracted with CHCl3, and the combined organic layers were washed with
brine, dried over Na,SO4, and concentrated. Column chromatography (hexane/EtOAc =
2/1 to 0/1) gave the title compound (412 mg, 31%) as white solids of mp 165-167 °C:
'H NMR: 1.25-1.41 (m, 3H), 1.75 (m, 1H), 2.01-2.05 (m, 2H), 2.66 (s, 2H), 3.29 (m,
1H), 3.40-3.46 (m, 2H), 5.07 (s, 1H), 5.13 (s, 2H), 7.33-7.37 (m, 5H). °C NMR: 19.8
(CH»), 33.6 (CH,), 64.2 (CH), 67.4 (CHy), 72.5 (CH), 128.2 (CH), 128.3 (CH), 128.6
(CH), 136.0 (C), 158.5 (C). IR: 3449, 2932, 2855, 1663. FABMS m/z: 266 (M + H).
HRMS-FAB (m/z): [M + H]" calcd for C4H20NOy, 266.1392; found, 266.1393.
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Typical Procedure to Determine Selectivity.

o}

=N
N N\7N1Ph
BF,
NO,

12¢ 0.5 mol % (0]

proton-sponge 1 equiv
o)J\/\ Ph OH

0
OH 4-Me,NCgH4CO5H 10 mol %
“'OH Br CHCl, OH “'OH

(+)-13a 14a 0°C.8h (+)-15a (-)13a
0.6 equiv 42%, 98% ee 58%, 67% ee

conv. =42, s =218
(1S5,25)-2-Hydroxycyclohexyl 3-Phenylpropanoate ((+)-15b): A solution of 12¢ (0.6
mg, 1 pmol, 0.005 equiv), 4-Me,NC¢H4CO,H (4.2 mg, 0.025 mmol, 0.1 equiv),
1,8-bis(dimethylamino)naphthalene (54 mg, 0.25 mmol, 1.0 equiv), and (£)-13b (29 mg,
0.25 mmol) in CHCI; (2.5 mL) was stirred for 10 min at rt and cooled to 0 °C. To the
mixture, 14b (29 pL, 0.15 mmol, 0.6 equiv) was added, and the mixture was stirred for
8 h at 0 °C. The whole mixture was directly purified by column chromatography
(hexane/EtOAc 3:1 to 0:1) to give recovered 13b with 70% ee (17 mg, 58% yield,;
[a]*b —27.6 (¢ 1.04, CHCL3)) as white solids and the title compound with 98% ee (26
mg, 42% yield) as colorless oil: [0]*p +55.2 (¢ 1.25, CHCL3). "H NMR: 1.19-1.35 (m,
4H), 1.67-1.72 (m, 2H), 1.82 (bs, 1H), 1.96-2.02 (m, 2H), 2.68 (t, J = 8.0, 2H), 2.97 (t,
J=28.0,2H), 3.48 (dt, /= 5.0, 10.0, 1H), 4.54 (dt, J= 5.0, 10.0, 1H), 7.20-7.31 (m, SH).
BC NMR: 23.7 (CH,), 23.9 (CH,), 29.9 (CH,), 31.1 (CH,), 32.8 (CH,), 36.1 (CH>),
72.6 (CH), 78.3 (CH), 126.4 (CH), 128.2 (CH), 128.5 (CH), 140.3 (C), 173.0 (C). IR:
3445, 2940, 1732. EIMS m/z: 248 (M"). HRMS-FAB (m/z): [M + H]" calcd for
CisH2103, 249.1491; found, 249.1493. The ee was determined by HPLC analysis
(Daicel Chiralcel OD-3; hexane/i-PrOH 9:1; 1 mL/min; 254 nm; minor 10.6 min, major

15.6 min). The absolute configuration was based on that of the recovered 13b.
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(1S,25)-2-Hydroxycyclopentyl 3-Phenylpropanoate ((-)-15a): The typical procedure
except that (+)-13a (26 mg, 0.25 mmol) was used in place of (+)-13b gave recovered
13a with 54% ee (16 mg, 60% yield; [a]*’p —8.4 (¢ 1.05, CHCls)) as white solids and
the title compound with 82% ee (23 mg, 39% yield) as colorless oil: [a]®p 7.0 (¢
0.940, CHCl3). 'H NMR: 1.57-1.77 (m, 5H), 1.97 (m, 1 H), 2.08 (m, 1H), 2.65 (t, J =
7.7, 2H), 2.95 (t, J = 7.7, 2H), 4.00 (m, 1H), 4.77 (m, 1H), 7.19-7.31 (m, 5H). °C
NMR: 21.5 (CH»), 29.9 (CH>), 30.9 (CH»), 32.4 (CH>), 35.9 (CH,), 78.1 (CH), 83.9
(CH), 126.3 (CH), 128.2 (CH), 128.5 (CH), 140.2 (C), 174.0 (C). IR: 3437, 2963, 1717.
FABMS m/z: 235 (M + H). HRMS-FAB (m/z): [M + H]" caled for C14H;903, 235.1334;
found, 235.1327. The ee was determined by HPLC analysis (Daicel Chiralcel OD-3;

hexane/i-PrOH 9:1; 1 mL/min; 254 nm; minor 10.4 min, major 21.5 min). The absolute

configuration was based on that of the recovered 13a.

OJ\A Ph

CL,

(1S5,25)-2-Hydroxycycloheptyl 3-Phenylpropanoate ((+)-15¢): The typical procedure
except that (+)-13c¢ (33 mg, 0.25 mmol) was used in place of (£)-13b gave recovered
13¢ with 77% ee (18 mg, 55% yield; [a]*p —6.8 (¢ 0.375, CHCI3)) as colorless oil and
the title compound with 97% ee (28 mg, 43% yield) as colorless oil: [a]*p +18.6 (c
1.34, CHCl3). "H NMR: 1.44-1.84 (m, 11H), 2.68 (t, J = 8.0, 2H), 2.97 (t, J = 8.0, 2H),
3.65 (dt, J = 3.0, 7.0, 1H), 4.66 (dt, J = 3.0, 7.0, 1H), 7.20-7.32 (m, 5 H). C NMR:
22.7 (CHy), 22.9 (CH»), 28.0 (CHy), 30.2 (CH), 31.0 (CH>), 32.5 (CH»), 36.1 (CH),
75.7 (CH), 82.0 (CH), 126.4 (CH), 128.2 (CH), 128.5 (CH), 140.2 (C), 173.3 (C). IR:
3437, 2932, 1728. FABMS m/z: 263 (M + H). HRMS-FAB (m/z): [M + H]" calcd for
Ci6H2303, 263.1647; found, 263.1647. The ee was determined by HPLC analysis
(Daicel Chiralpak AD-3; hexane/i-PrOH 9:1; 1 mL/min; 254 nm; minor 16.6 min, major

20.0 min). The absolute configuration was based on that of the recovered 13c.
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(1S,25)-2-Hydroxycyclooctyl 3-Phenylpropanoate ((+)-15d): The typical procedure
except that (+)-13d (37 mg, 0.25 mmol) was used in place of (+)-13b gave recovered
13d with 69% ee (21 mg, 57% yield; [a]*’p —13.5 (¢ 1.68, CHCl3)) as colorless oil and
the title compound with 98% ee (29 mg, 42% yield) as colorless oil: [a]*p +45.5 (c
1.48, CHCl3). "H NMR: 1.39-1.85 (m, 13H), 2.68 (t, J= 7.5, 2H), 2.97 (t, J = 7.5, 2H),
3.75 (m, 1H), 4.79 (m, 1H), 7.20~7.32 (m, 5H). >C NMR: 23.3 (CH,), 24.6 (CH,), 25.4
(CH»), 26.0 (CH>), 29.7 (CH), 30.5 (CH»), 31.0 (CH>), 36.1 (CH,), 73.7 (CH), 80.4
(CH), 126.4 (CH), 128.2 (CH), 128.6 (CH), 147.9 (C), 173.0 (C). IR: 3464, 2928, 1728.
FABMS m/z: 277 (M + H). HRMS—-FAB (m/z): [M + H]" calcd for C;7H,503, 277.1804;
found, 277.1799. The ee was determined by HPLC analysis (Daicel Chiralpak AD-3;
hexane/i-PrOH 9:1; 1 mL/min; 254 nm; minor 16.7 min, major 19.9 min). The absolute

configuration was based on that of the recovered 13d.

o)J\/\ Ph

W

(1S5,65)-6-Hydroxycyclohex-3-en-1-yl 3-Phenylpropanoate ((+)-15e): The typical
procedure except that (£)-13e (29 mg, 0.25 mmol) was used in place of (+)-13b gave
recovered 13e with 69% ee (16 mg, 57% vyield; [a]*p —71.5 (¢ 0.658, CHCls)) as white
solids and the title compound with 97% ee (25 mg, 41% yield) as colorless oil: [a]*D
+153 (c 1.15, CHCls). '"H NMR: 1.83 (bs, 1H), 1.98-2.14 (m, 2H), 2.46-2.57 (m, 2H),
2.70 (t, J=17.5, 2H), 2.98 (t, J = 7.5, 2H), 3.82 (m, 1H), 4.84 (m, 1H), 5.50-5.57 (m,
2H), 7.21-7.32 (m, 5H). *C NMR: 30.2 (CH,), 31.0 (CH,), 32.8 (CH>), 35.9 (CH,),
68.8 (CH), 74.4 (CH), 123.7 (CH), 124.3 (CH), 126.4 (CH), 128.2 (CH), 128.5 (CH),
140.2 (C), 172.8 (C). IR: 3580, 3028, 1728, 1150. FABMS m/z: 247 (M + H).
HRMS-FAB (m/z): [M + H]+ calcd for CisH1903, 247.1334; found, 247.1328. The ee
was determined by HPLC analysis (Daicel Chiralpak AD-3; hexane/i-PrOH, 9:1; 1
mL/min; 254 nm; minor 11.5 min, major 14.4 min). The absolute configuration was

based on that of the recovered 13e.
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o)v Ph

: NHCbz

(1S5,25)-2-(Benzyloxycarbonylamino)cyclohexyl 3-Phenylpropanoate ((+)-19b): The
typical procedure except that (+)-18b (63 mg, 0.25 mmol) was used in place of (+)-13b
and purification by column chromatography (hexane/EtOAc 10:1 to 0:1) gave recovered
18b with 92% ee (33 mg, 52% vyield; [a]*p —0.6 (¢ 1.65, CHCls)) as white solids and
the title compound with 95% ee (46 mg, 48% yield) as white solids of mp 91-93 °C:
[0]*b +9.9 (¢ 1.08, CHCl3). 'H NMR: 1.19-1.43 (m, 4H), 1.69-1.75 (m, 2H), 1.92 (m,
1H), 2.09 (m, 1H), 2.53-2.56 (m, 2H), 2.88 (t, J = 7.7, 2H), 3.60 (m, 1H), 4.61 (dt, J =
4.6, 10.6, 1H), 4.75 (d, J = 2.9, 1H), 5.06 (s, 2H), 7.15-7.32 (m, 10H). *C NMR: 23.9
(CH»), 24.2 (CH>), 30.8 (CHy), 30.9 (CH»), 32.3 (CH>), 35.9 (CH,), 54.3 (CH), 66.5
(CH,), 74.7 (CH), 126.2 (CH), 128.0 (CH), 128.2 (CH), 128.3 (CH), 128.4 (CH x 2),
136.5 (C), 140.3 (C), 155.8 (C), 173.2 (C). IR: 3337, 2924, 1724, 1682. FABMS m/z:
382 (M + H). HRMS-FAB (m/z): [M + H]" calcd for C,3HxNO,, 382.2018; found,
382.2019. The ee was determined by HPLC analysis (Daicel Chiralcel OD-3;
hexane/i-PrOH 7:1; 1 mL/min; 254 nm; minor 14.8 min, major 18.9 min). The absolute

configuration was based on that of the recovered 18b.

OJ\/\ Ph

QNHCbZ

(1S,25)-2-(Benzyloxycarbonylamino)cycloheptyl 3-Phenylpropanoate ((+)-19¢): The
typical procedure except that (+)-18¢ (66 mg, 0.25 mmol) was used in place of (+)-13b
and 0.175 mmol of 14b was utilized gave recovered 18¢ with 80% ee (35 mg, 53%
yield,; [a]*p +10.5 (¢ 1.75, CHCl5)) as white solids and the title compound with 94% ee
(46 mg, 46% yield) as white solids of mp 71-73 °C: [0]*p +3.1 (¢ 1.15, CHCL). 'H
NMR: 1.48-1.88 (m, 10H), 2.54 (t, J = 7.8, 2H), 2.88 (t, J = 7.8, 2H), 3.77 (m, 1H),
4.77 (m, 1H), 4.85 (m, 1H), 5.06 (s, 2H), 7.15-7.20 (m, 3H), 7.25-7.33 (m, 7H). °C
NMR: 22.4 (CH), 23.9 (CH), 27.6 (CH,), 30.9 (CH,), 31.1 (CH,), 31.7 (CH>), 35.9
(CH), 56.6 (CH), 66.5 (CH»), 77.4 (CH), 126.2 (CH), 128.0 (CH x 2), 128.2 (CH),
128.4 (CH), 128.5 (CH), 136.5 (C), 140.4 (C), 155.7 (C), 172.9 (C). IR: 3360, 2936,
1712. FABMS m/z: 396 (M + H). HRMS-FAB (m/z): [M + H]" calcd for Cp4H3NOy,
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396.2175; found, 396.2178. The ee was determined by HPLC analysis (Daicel
Chiralpak AD-3; hexane/i-PrOH 9:1; 1 mL/min; 254 nm; minor 19.5 min, major 31.9

min). The absolute configuration was based on that of the recovered 18ec.

Typical Procedure to Obtain Optically Pure Alcohols.

=N
N N\7NtPh
BF,~
0,
12¢ 0.5 mol %
proton-sponge 1 equiv

o}
OH 4-Me,NCgH,CO,H 10 mol % OH
“"OH Br CHCl3 “"OH

(+)-13e 14b 0°C,12h (-)>-13e
0.7 equiv 44%, >99% ee

L

(1R,2R)-Cyclohex-4-ene-1,2-diol ((-)-13e): A solution of 12¢ (93 mg, 0.22 mmol,
0.005 equiv), 4-Mea2NCeH4COH (730 mg, 4.4 mmol, 0.10 equiv),
1,8-bis(dimethylamino)naphthalene (9.4 g, 44 mmol, 1.0 equiv), and (£)-13e (5.0 g, 44
mmol) in CHCI3 (440 mL) was stirred for 10 min at rt. To the mixture cooled at 0 °C,
14b (6.6 g, 31 mmol, 0.7 equiv) was added, and the mixture was stirred for 15 h at 0 °C.
The whole mixture was directly purified by column chromatography (hexane/EtOAc
3:1 to 0:1) using SiO, (100 g) mixed with Amberlyst A-26 and DOWEX 50Wx8
200-400 (5 g each) to give the title compound with >99% ee (2.2 g, 44% yield) as white
solids of mp 105-108 °C: [0]*b =105 (¢ 0.695, CHCls). The ee was determined by
chiral GC analysis (beta dex 120, 30 m x 0.25 mm x 0.25 pum: 100 °C to 160 °C at 3
°C/min; minor 18.4 min, major 18.8 min). The absolute configuration was determined
by comparing the specific rotation with that reported for the antipode: [a]**p +99.0 (¢
1.0, CHCLy).

o
"'OH

(1R,2R)-Cyclohexane-1,2-diol ((-)-13b): The typical procedure except that (+)-13b (29

mg, 0.25 mmol) was used in place of (+)-13e gave the title compound with >99% ee (13
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mg, 46% yield) as white solids of mp 104108 °C: [a]*’p —38.8 (¢ 0.625, CHCl3). The
ee was determined by chiral GC analysis (beta dex 120, 30 m x 0.25 mm x 0.25 pm:
100 °C to 160 °C at 3 °C/min; minor 17.8 min, major 18.1 min). The absolute
configuration was determined by comparing the specific rotation to that reported for the
antipode: [a]*p +40.8 (¢ 0.55, CHCls).

Q/OH
"'OH

(1R,2R)-Cycloheptane-1,2-diol ((-)-13¢): The typical procedure except that (+)-13c
(33 mg, 0.25 mmol) was used in place of (+)-13e gave the title compound with >99% ee
(15 mg, 46% yield) as colorless oil: [a]”p —5.1 (¢ 0.700, CHCls). The ee was
determined by chiral GC analysis (beta dex 120, 30 m x 0.25 mm x 0.25 pm: 100 °C to
170 °C at 3 °C/min and 170 °C for 20 min; minor 22.7 min, major 22.9 min). The
absolute configuration was determined by comparing the specific rotation to that
reported for the antipode: [0]*p +10.1 (¢ 0.81, CHCL,).

OOH
"OH

(1R,2R)-Cyclooctane-1,2-diol ((-)-13d): The typical procedure except that (+)-13d (37
mg, 0.25 mmol) was used in place of (+)-13e gave the title compound with >99% ee (18
mg, 48% yield) as colorless oil: [a]*p —20.7 (¢ 0.855, CHCl3). The ee was determined
by chiral GC analysis (beta dex 120, 30 m x 0.25 mm x 0.25um: 100 °C to 170 °C at 3
°C/min and 170 °C for 20 min; minor 27.6 min, major 27.8 min). The absolute
configuration was determined by comparing the specific rotation with that reported for
the antipode: [a]*p +15.3 (¢ 1.20, CHC).

OOH
"“"NHCbz

Benzyl ((1R,2R)-2-Hydroxycyclohexyl)carbamate ((-)-18b): The typical procedure
except that (£)-18b (63 mg, 0.25 mmol) was used in place of (+)-13e gave the title
compound with >99% ee (29 mg, 46% yield) as white solids of mp 106-110 °C: [a]*p
—0.7 (¢ 0.770, CHCI3). The ee was determined by HPLC analysis (Daicel Chiralcel
OD-3; hexane/i-PrOH 7:1; 1 mL/min; 254 nm; minor 12.2 min, major 14.4 min). The
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absolute configuration was determined by comparing the specific rotation with that

reported for the antipode: [0]p +1.8 (¢ 0.5, CHCL,).

UOH
"’"NHCbz

Benzyl ((1R,2R)-2-Hydroxycycloheptyl)carbamate ((+)-18¢): The typical procedure
except that (+)-7¢ (66 mg, 0.25 mmol) was used in place of (£)-2e gave the title
compound with >99% ee (29 mg, 45% yield) as white solids of mp 101-103 °C: [a]*p
+13.4 (c 0.835, CHCI3). The ee was determined by HPLC analysis (Daicel Chiralcel
OD-3; hexane/i-PrOH 9:1; 1 mL/min; 254 nm; minor 15.2 min, major 21.6 min). The
absolute configuration was determined after hydrogenolysis under the standard
conditions (1 atm Hj, 5 mol % Pd/C, EtOH, rt, 3 h) by the specific rotation of the
resulting trans-2-aminocycloheptanol, [a]*°b —18 (¢ 0.37, MeOH).

Formal Synthesis of Oseltamivir.

1) Tf,0, pyridine
OOH CH,Cl,, —20 °C, 6 h QNs
“OH 2)NaN3, DMF, -10°C, 10 h Ns
72% (2 steps)
(4S5,55)-4,5-Diazidocyclohex-1-ene: To a solution of (-)-13e (100 mg, 0.88 mmol) and
pyridine (0.28 mL, 3.50 mmol, 4 equiv) in CH,Cl, (9 mL) cooled at —20 °C, Tf,0 (0.44

mL, 2.63 mmol, 3 equiv) was added slowly, and the mixture was stirred at —20 °C for 6
h. After addition of water, the aqueous layer was separated and extracted with CHCls.
The combined organic layers were washed with brine, dried over Na,SO,, and
concentrated. The resulting orange solids was dissolved in DMF (4 mL), and the
solution was cooled at —10 °C. NaN3 (2.63 mmol, 3 equiv) was added, and the mixture
was stirred for 10 h. The mixture was diluted with Et,O, washed with water and brine,
dried over Na,SOj, and concentrated. The resulting yellow oil was purified by column
chromatography (hexane/EtOAc 20:1) to give the title compound (104 mg, 72%) as
colorless oil: [a]*p —41.8 (¢ 0.975, CHCl3). 'H and °C NMR, and IR were identical to
those reported. ” *
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1) PPhy, MeCN, 50 °C, 4 h
QNs then H,0, 40 °C, 2 h @:NHBOO
N3 2) BOC20, NEt3, CH2C|2, rt, 2h NHBoc

69% (2 steps)

(4S,55)-4,5-Bis(tert-butoxycarbonylamino)cyclohex-1-ene (16): To a solution of the
above diazide (19.3 mg, 0.118 mmol) in CH3CN (1.1 mL), PPh; (64.8 mg, 0.247 mmol)
was added, and the mixture was stirred at 50 °C. After 4 h, water (0.5 mL) was added,
and the mixture was stirred at 40 °C for further 2 h. CH3CN was removed under reduced
pressure, and water was removed by azeotropic evaporation with toluene (three times).
To the residue, CH,Cl, (0.8 mL), NEt; (0.08 mL, 0.354 mmol), and Boc,O (0.08 mL,
0.354 mmol) were added, and the mixture was stirred at rt for 2 h. Concentration and
column chromatography (hexane/EtOAc 20:1 to 5:1) gave the title compound (25.5 mg,
69%) as colorless solids of mp 137-139 °C: [a]*'p —34.3 (¢ 1.13, CHCL;); lit.** [a]*'p
—34.5 (¢ 1.100, CHCl;). FABMS m/z: 313 (M + H). 'H and °C NMR, and IR were

identical to those reported in the literature. >*

Kinetic Resolution of Alcohol in the Presence of Free Amine.

0,

LN+
12c 0.5 mol %
(e} proton sponge 1 equiv
OH 4-MesNCeHACOH 10 mol % Ph
+ BnoNH + H Ph + BnyNH
“oH 1 equiv Br CHCly OH 99%
_ 0°C,8h
(+)13b 14b 0.6 equiv (+)-15b (-)-13a

42%, 98% ee 58%, 75% ee
conv. =43, s=203
without Bn,NH conv. =42, s =218

A solution of 12¢ (0.6 mg, 1 umol, 0.005 equiv), 4-Me;NCsH4CO,H (4.2 mg, 0.025
mmol, 0.10 equiv), 1,8-bis(dimethylamino)naphthalene (54 mg, 0.25 mmol, 1.0 equiv),
Bn,NH (48 uL, 0.25 mmol, 1.0 equiv), and (+)-13b (29 mg, 0.25 mmol) in CHCI3 (2.5
mL) was stirred for 10 min at rt and cooled to 0 °C. To the mixture, 14b (29 uL, 0.15
mmol, 0.60 equiv) was added, and the mixture was stirred for 8 h at 0 °C. The whole
mixture was directly applied on a silica gel column and purified (hexane/EtOAc 3:1 to
0:1) to give (+)-15b with 98% ee (26 mg, 42% yield) as colorless oil and recovered
(-)-13b with 75% ee (17 mg, 58% yield) as white solids. Unreacted Bn,NH was
quantitatively recovered (49 mg, 99%).
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Desymmetrization of (1r,2R,35)-2-(Benzyloxycarbonylamino)cyclohexane-1,3-diol

(20).
O:N
o \ N\7N1Ph
BF,
NO,
12¢ 0.5 mol %
NHCbz o proton-sponge 1 equiv NHCbz
HO. ~_ _OH 4-Me,NCgH4CO,H 10 mol % HO ~ 0 Ph
+ H)K(\Ph D
Br CHC|3 O
20 14b . 10h 21
1.5 equiv 98%, 99% ee

A solution of 12¢ (0.6 mg, 1 umol, 0.005 equiv), 4-Me;NCsH4CO,H (4.2 mg, 0.025
mmol, 0.10 equiv), 1,8-bis(dimethylamino)naphthalene (81 mg, 0.38 mmol, 1.5 equiv),
and 20 (67 mg, 0.25 mmol) in CHCI3 (5 mL) was stirred for 10 min at rt. To the mixture,
14b (62 pL, 0.38 mmol, 1.5 equiv) was added and the mixture was stirred for 10 h. The
whole mixture was directly applied on a silica gel column and purified (hexane/EtOAc
2:1to 0:1) to give the title compound with 99% ee (97 mg, 98% yield) as white solids of
mp 124-125 °C: [0]*p —4.6 (¢ 0.790, CHCl3). '"H NMR: 1.22-1.39 (m, 3H), 1.72-2.04
(m, 3H), 2.52 (s, 2H), 2.85 (t, J = 7.8, 2H), 3.04 (s, 1H), 3.40 (s, 1H), 3.52 (m, 1H), 4.66
(s, 1H), 5.04-5.11 (m, 3H), 7.12-7.31 (m, 10H). *C NMR: 19.8 (CH,), 30.5 (CH,),
30.8 (CHy), 33.1 (CH>), 35.7 (CHy), 61.4 (CH), 67.0 (CHy), 72.7 (CH), 73.1 (CH),
126.2 (CH), 128.0 (CH), 128.1 (CH), 128.2 (CH), 128.4 (CH), 128.5 (CH), 136.2 (C),
140.2 (C), 157.6 (C), 173.2 (C). IR: 3321, 2951, 2862, 1724, 1694. FABMS m/z: 398
(M + H). HRMS-FAB (m/z): [M + H]" caled for C,3HyNOs, 398.1967; found,
398.1971. The ee was determined by HPLC analysis (Daicel Chiralpak AD-3;
hexane/i-PrOH 9:1; 1 mL/min; 254 nm; minor 26.0 min, major 28.6 min). The absolute

configuration was tentatively assigned.
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Reactions with O-Methylmandelate

? N\Ph
10 mol %

(R)-O-methyl mandelate 1 equiv

o)
OH ; OH
(j/ + HJ\/\Ph K3PO4 2.1 equiv Q (j/ conv. 47
“"OH Br CHCl, OH ‘OH s 18
(+)-13b 14b 0.8 equiv . 12h (+)-15b _)13b

79% ee 0% ee

A solution of 12a (9.5 mg, 0.025 mmol, 0.1 equiv), (R)-O-methylmandelic acid (42 mg,
0.25 mmol, 1.0 equiv), KsPO4 (111 mg, 0.525 mmol, 2.1 equiv), and (+)-13b (29 mg,
0.25 mmol) in CHCI; (2.5 mL) was stirred for 10 min at rt. To the mixture, 14b (0.04
mL, 0.2 mmol, 0.8 equiv) was added, and the mixture was stirred for 12 h. The whole
mixture was directly purified by column chromatography (hexane/EtOAc 3:1 to 0:1) to
give recovered (—)-13b with 70% ee and (+)-15b with 79% ee.

'O

N Nv/NtPh

BF47

10 mol %
(S)-O-methyl mandelate 1 equiv
K3POy4 2.1 equiv

0
OH
g + HJ\(\Ph
"'OH Br CHCl;

(+)-13b 14b 0.8 equiv . 12h

o]

OJ\A Ph

OH
Q + (j/ conv. 47
OH ‘O s26

(+)-15b (-)-13b
84% ee 75% ee

The above procedure using (S)-O-methylmandelic acid in place of the (R)-enantiomer

gave recovered (—)-13b with 75% ee and (+)-15b with 84% ee.
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54 5
Preparation of Catalyst 12h.

0 0
C\Fo 1) Me;O*BF, O:N R F
""N~NH  2) CgFsNHNH, 3) CH(OEt), "N N\&N*\@\
N N B F
@ CH,Cly, 1t PhCI @ BFa ¢ f
NO, 12h

NO, S1

To stirred suspension of S1 (234 mg, 1.0 mmol) in CH,Cl, (40 mL), of
trimethyloxonium tetrafluoroborate (148 mg, 1.0 mmol) was added at room temperature.
After 14 h under argon atmosphere, to the resulting solution, pentafluorophenyl
hydrazine (198 mg, 1.0 mmol) was added. After 6.5 h, the reaction mixture was
concentrated in vacuo. To the residue, chlorobenzene (10 mL) and triethylorthoformate
(0.9 ml, 5.0 equiv) were added, and the mixture was stirred under reflux for 5 h. The
reaction mixture was cooled to room temperature and concentrated in vacuo. The
residue was dissolved in refluxing EtOAc (0.2 mL), and solids were precipitated by the
addition of hexane (1.0 mL). The solids were collected by filtration and washed three
times with hexane/EtOAc (5:1), 2 mL each to give 12h as pale brown solids (244 mg,
45%) of mp 139-141°C: [a]*’p —116.29 (¢ 0.515, MeCN). 'H NMR: & 3.32 (d, 17.8 Hz,
1H), 3.51 (dd, J=17.8, 4.3 Hz, 1H), 5.11 (s, 2H), 5.17 (dd, J=4.3, 4.0 Hz, 1H), 6.35 (d,
J=4.0 Hz, 1H), 7.49 (d, /= 8.6 Hz, 1H), 8.17 (dd, /= 8.6, 1.5 Hz, 1H), 8.29 (d,J=1.5
Hz, 1H), 10.8 (s, 1H). °C NMR: & 152.2, 149.7, 148.4, 147.3, 144.6 (m), 143.8 (m),
139.2 (m), 112.2 (m) 138.1, 127.5, 125.7, 121.0, 78.4, 62.8, 61.0, 38.1. IR: 1721, 1705,
1678, 1593, 1551, 1528, 1474, 1354, 1277, 1238, 1161, 1099, 1076, 1061, 1003, 918,
864, 818, 768, 741 cm™'. FABMS m/z: 425 [M — BF,]", 306, 288, 247, 220, 153, 135.;
HRMS-FAB m/z: [M — BF,]" calcd for CigH;oF4N403: 425.0668. Found, 425.0686.
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Intramolecular Stetter reaction.

H LN+
. coMe N, EE;‘% CeFs O COgMe
= 2 mol % KHMDS 122R=H  52%, 95% ee
©\) J) - ©\)ﬁ 12h R=NO, 89%, 96% ee
0 toluene 0
22 rt, 4 h 23

A flame dried round bottom flask was charged with 12e (1.2 mg, 0.02 equiv) and
toluene (7 mL). To this stirred solution, were added KHMDS (5 pL, 0.5 M in toluene,
0.02 equiv) and, aflter 10 min, 22 (26 mg, 0.12 mmol, 1.0 equiv) at room temperature.
After 4 h, the reaction mixture was placed directly onto a silica gel column, and purified
by flash column chromatography (hexane/EtOAc 10:1 to 4:1) to give 23 with 95% ee as
colorless oil (13 mg, 52% yield). The spectral data were identical to those reported. ” °

The same procedure using 12h in place of 12e gave 23 with 96% ee (24 mg, 89% yield).

Benzoin reaction.

;< LN+

BF,”  CqFs
10 mol % 10
)OL NaOAc 1 equiv Ph)kl/ph 12R=H  66%, 83% ee
- o o
P H ron T 12hR=NO, 85%, 04% ee
24 rt, 1.5 h 25

A flame dried test tube was charged with 12e (4.7 mg 0.10 equiv) and isopropanol (0.1
mL). To this stirred solution were added NaOAc (8 mg, 0.1 mmol, 1 eq) and, after 10
min, benzaldehyde 24 (21 pL, 0.20 mmol, 2 equiv) at room temperature. After 1.5 h, the
reaction mixture was placed directly onto a silica gel column, and purified by flash
column chromatography (hexane/EtOAc 9:1) to give 25 with 83% ee as colorless oil (14
mg, 66% yield). The spectral data were identical to those reported.’ °

The same procedure using 12h in place of 12e gave 25 with 94% ee (18 mg, 85% yield).
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Cross Benzoin reaction.

oO~N_ny N F
@ BF, F

F
NO,
12h 10 mol % 0 0
(0] )O]\ NaOAc 1 equiv Ph
+ PhA)J\l/ + Ph)kl/y

F’h/\)LH Ph” ~H CH,Cl,, MS4A OH OH
1 equiv 1 equiv ., 10h 26 27

26: 58%, 42% ee

26:27 = 15:1

Ph

A flame dried test tube was charged with 12h (5.1 mg 0.10 equiv), MS4A (20 mg), and
CH,CI; (0.4 mL). To this stirred suspension were added 3-phenylpropanol (13uL, 0.10
mmol, 1.0 equiv), benzaldehyde (11 pL, 0.10 mmol, 1.0 equiv), and NaOAc (8 mg, 0.10

mmol, 1.0 equiv) at room temperature. After 10 h, the reaction mixture was

concentrated in vacuo and purified by flash column chromatography (hexane/EtOAc

10:1) to give 26 with 42% ee as pale yellow oil (14 mg, 58% yield). The spectral data

were identical to those reported.'
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DFT &H&

DFT calculations of NHC complexes:

All the calculations were performed using Gaussian 03W program’ * at B3LYP/6-311+G(d,p)
level of theory with tight SCF convergence and ultrafine integration grids. Basis set
superposition error (BSSE) was corrected using counterpoise corrections. Difference of the

stability between complexes (AAG) was calculated by the following equation:

AAG = AGnnc-not — AGnuc-o
= (Gnuc-Hot T Egsse (vue-tHoy — Gnuae — Grhor) — (Grac-nzo + Esse (vae- H20) — Gnie — Grzo)
= Gnuc-not T Essse (vuc-toy — Grot — Gnuc-m20 — Epsse (vue- m20) + Gmo
=-677.601914 + 0.001261613 + 317.444376 + 436.599820 — 0.000816811 — 76.455479 au
=-0.012752 au
=-8.00199 kcal/mol

where AG, G, and Epssg stand for stability in free energy, free energy, and BSSE energy,
respectively, and subscripts NHC-HOt, NHC-H,O, NHC, HOt, and H,O stand for a complex of
1,3,4-trimethyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene with 1-hydroxy-1H-1,2,3-triazole, a
complex of 1,3,4-trimethyl-4,5-dihydro-1H-1,2 4-triazol-5-ylidene with water,
1,3,4-trimethyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene, 1-hydroxy-1H-1,2,3-triazole, and water,

respectively.

Complex of 1,3,4-trimethyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene with
1-hydroxy-1H-1,2,3-triazole (NHC-HOt).

Zero-point vibrational energy 538774.3 (Joules/Mol)
128.77014 (Kcal/Mol)

Zero-point correction = 0.205208 (Hartree/Particle)

Thermal correction to Energy = 0.219661

Thermal correction to Enthalpy = 0.220606

Thermal correction to Gibbs Free Energy = 0.161216

Sum of electronic and zero-point Energies = —-677.557922
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Sum of electronic and thermal Energies = —677.543468
Sum of electronic and thermal Enthalpies = -677.542524

Sum of electronic and thermal Free Energies = —-677.601914

Energies (RB + HF — LYP) = —-677.763129820
Counterpoise: BSSE energy = 0.001261612823

Counterpoise: corrected energy = —677.761868206540

 C-H: 1.64 A
A C-0:270 A

{;{N O-H:106A
J
Atomic Coordinates (Angstroms)

Type X Y Z
N 3.05966600 0.68830400 —0.39794700
N 1.87297800 1.31624800 —0.09655600
C 0.88904300 0.49151600 0.28513800
N 1.49239200 —0.73186800 0.21843600
C 2.80109800 —0.57450700 —0.19520800
C 1.79636100 2.76356600 —0.21519000
H 0.79187100 3.07227500 0.06640500
H 2.00283800 3.06203500 —1.24397500
H 2.52725100 3.22816700 0.44808300
C 0.84655700 —2.00128800 0.55616500
H 1.26065400 -2.40152600 1.48429800
H 1.00102900 —2.72201900 —0.24836600
H —0.22134000 —1.82319800 0.67310800
C 3.77314100 —1.68530000 —0.38594600
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H 4.73199500 —-1.27076000 —0.69351600
H 3.43071100 —2.38353100 —1.15502100
H 3.91481800 —2.25156700 0.53875900
H —0.63008600 0.86578700 0.76293600
0] —1.60785300 1.12878200 1.08396700
N —2.46400100 0.37734700 0.35556000
N —2.39334200 —0.95736600 0.34977000
C —3.49156400 0.83384200 —0.39160100
H —-3.70289000 1.88326200 —0.49244600
N -3.36906600 —1.38962600 —0.41889000
C —4.06653300 —0.32259800 —0.88021800
H —4.92304600 —0.44183400 —1.52345600
Complex of 1,3,4-trimethyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene and water

(NHC-H,0).

Zero-point vibrational energy 437403.2 (Joules/Mol)
104.54188 (Kcal/Mol)
Zero-point correction = 0.166598 (Hartree/Particle)
Thermal correction to Energy = 0.178354
Thermal correction to Enthalpy = 0.179299
Thermal correction to Gibbs Free Energy = 0.128461
Sum of electronic and zero-point Energies = —436.561682
Sum of electronic and thermal Energies = —436.549926
Sum of electronic and thermal Enthalpies =—-436.548982
Sum of electronic and thermal Free Energies = —436.599820
Energies (RB + HF — LYP) =—-436.728280424
Counterpoise: BSSE energy = 0.000816811349
Counterpoise: corrected energy = —436.727463612794
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i, C-H

.., C-H: 1.99 4 )
e C-0:294 A
O-H:099 A ?
§/

A

Atomic Coordinates (Angstroms)

Type X Y Z
N —1.46879800 0.98553200 -0.00868500
N —0.14297400 1.37023900 0.00593600
C 0.74360800 0.36223800 0.02188500
N —0.08883600 —0.72890400 0.01725900
C —1.40779400 —0.31657400 —0.00206900
C 0.16545700 2.78933500 —0.00149400
H 1.24805700 2.89425900 —0.00092800
H —0.25561500 3.26895100 0.88396300
H —0.25190500 3.25728600 —0.89472300
C 0.37379200 —2.11429800 0.02221400
H 0.03750200 —2.63292700 —0.87842600
H —0.00542400 —2.64056800 0.90118600
H 1.46173900 —2.10594000 0.04743700
C —2.58653300 —1.22630100 —0.01363900
H —3.49798200 —0.63040800 —0.02973500
H —2.60293400 —1.86712000 0.87280300
H —2.57782600 —1.87652900 —0.89327800
H 2.66469100 —0.14654600 —0.03402800
O 3.47767400 —0.70147400 —0.08764300
H 4.13137000 —0.26313500 0.46392100
N —1.46879800 0.98553200 -0.00868500
N —0.14297400 1.37023900 0.00593600
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C 0.74360800 0.36223800 0.02188500
N —0.08883600 —0.72890400 0.01725900
C —1.40779400 —0.31657400 —0.00206900
C 0.16545700 2.78933500 —0.00149400
1-Hydroxy-1H-1,2,3-triazole (HOt).
Zero-point vibrational energy 162864.7 (Joules/Mol)
38.92560 (Kcal/Mol)
Zero-point correction = 0.062032 (Hartree/Particle)
Thermal correction to Energy = 0.066948
Thermal correction to Enthalpy = 0.067892
Thermal correction to Gibbs Free Energy = 0.033874
Sum of electronic and zero-point Energies = —-317.405819
Sum of electronic and thermal Energies =-317.400904
Sum of electronic and thermal Enthalpies =-317.399960
Sum of electronic and thermal Free Energies =—-317.433977
Energies (RB + HF — LYP) =-317.467851392
O-H:097 A
Atomic Coordinates (Angstroms)
Type X Y Z
H -2.21611600 —0.81674700 0.00078000
O —1.96471100 0.12095900 —0.00007600
N —0.59650600 0.06531500 0.00001200
N 0.03377200 —1.10333200 —0.00002200
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C 0.23682600 1.12316400 —0.00007000
H —0.11034300 2.14069900 0.00002100
N 1.24805700 2.89425900 —0.00092800
C 1.31920600 —0.83120200 —0.00007700
H 1.47870100 0.51425300 0.00011100
C 2.45568200 0.96841600 0.00017000

Water (H,0).

Zero—point vibrational energy 55966.2 (Joules/Mol)

13.37625 (Kcal/Mol)

Zero—point correction = 0.021316 (Hartree/Particle)

Thermal correction to Energy = 0.024152

Thermal correction to Enthalpy = 0.025096

Thermal correction to Gibbs Free Energy = 0.003015

Sum of electronic and zero—point Energies = —76.426132

Sum of electronic and thermal Energies = -76.423297

Sum of electronic and thermal Enthalpies = —76.422353

Sum of electronic and thermal Free Energies = —76.444433

Energies (RB + HF — LYP) =-76.4474485616

| 0m0964
J
Atomic Coordinates (Angstroms)
Type X Y Z

H 0.75705200 —0.47472800 0.00000000
O 0.00000000 0.11868300 0.00000000
H —0.75705200 —0.47473300 0.00000000
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DFT Calculations of the Proposed Transition State Model (Figure 15):

All the calculations were performed using Gaussian 09W programi1 at
B3LYP/6-31G(d,p) level of theory. The transition state geometries were verified by
vibrational frequency analysis. The difference of the activation energy (AAGy) between
the fast- and slow-reacting enantiomers of 13b was calculated by the following

equation:

AAG; = AGsiowrs— AGraseas
=-1893.654262 — (—1893.658318) au
=0.004056 au
= 2.545 kcal/mol

The Transition State of the Fast-Reacting Enantiomer (FAST-TS).

Zero-point vibrational energy 1661244.0 (Joules/Mol)
397.04684 (Kcal/Mol)

Zero-point correction = 0.632734 (Hartree/Particle)

Thermal correction to Energy = 0.668844

Thermal correction to Enthalpy = 0.669788

Thermal correction to Gibbs Free Energy = 0.561593

Sum of electronic and zero-point Energies = —-1893.587176

Sum of electronic and thermal Energies = —-1893.551067

Sum of electronic and thermal Enthalpies =—-1893.550123

Sum of electronic and thermal Free Energies =—1893.658318

Energies (RB3LYP) =—-1894.21991067
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Atomic Coordinates (Angstroms)
Type X Y Z
N —0.59441300 —1.95418000 —0.24410700
C 0.44584200 —1.16121500 —0.56873500
N 1.06326400 —0.95934000 0.62721200
C 0.33399700 —1.58701000 1.60979300
N —0.68851500 —2.22321300 1.11533300
C 0.86460400 0.00087300 —2.03916900
o 2.08498000 0.10631900 —2.16914800
C 2.31425800 —0.22270500 0.90653800
H 2.24835500 0.72661500 0.37424800
O 0.14746200 1.19677700 —1.41280900
C 0.87111000 2.44263700 —1.46984200
o -2.31219200 1.07151500 —0.54148000
C —2.42222500 1.03985700 0.77942200
o —1.46810000 1.12014400 1.55397400
C 0.51111800 3.29196300 —0.24190300
C —0.02114100 —0.47496500 -3.18137000
H 0.33283300 —1.44107400 —3.54603500
H 0.07810400 0.25473800 -3.99065900
H —1.07374300 —0.54858200 —2.90374000
H —1.34642900 1.14111900 —0.83901200
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—0.57244900
1.93833800
0.57183500
0.87351300

—0.51325200
1.30090500
1.03760600
1.25793700
0.97565400
2.38440700
2.33313100
0.97590400

—0.08433500
1.55154300
0.84061700
0.10254100

—-1.51517600

-3.30093900

—2.88638300

—1.02702300

—-1.92680400

-3.77709000

—3.24332400
0.04318700

—1.55225700

—4.84523300

-3.99955000

-3.82560700

—6.42949100

—4.05701100

—4.90612500

—6.20406000
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3.50025300
2.20152300
3.18926500
2.56310200
3.34269100
4.54131200
5.07790000
4.62864800
5.21771200
4.36447700
4.42285400
5.39600000
5.68477100
6.32881300
2.63379600
2.02906700
—2.62452900
—-3.98366700
—2.45361100
—3.48355000
—4.15556900
—3.13815000
—1.79380600
—-3.62325300
—4.82152400
—-3.00670500
—4.51232600
0.89247900
0.62536300
0.83060800
0.82298000
0.68967200

—0.27086000
—1.42734500
—2.77579800
-3.62184900
—2.85818800
—2.82454800
—-3.74356800
—0.29140600

0.58774300
—2.86672200
—0.20121600
—-1.59071200
—-1.61934700
—-1.60864000

0.97346300

1.17755600
—1.11440800
—2.75189200
—0.92223400
—2.09967800
—2.92611700
—-1.74767100
—0.14070800
—2.20615600
-3.69712700
—1.60591800
-3.39316100

1.26319500

2.23875700

2.64394300

0.37173400

0.86180600
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—-5.35492700
—-3.20801600
—4.71843900
—7.04013900
—-5.53097600
—7.44206900
2.44739100
0.67508500
0.47759900
3.96072500
4.22511000
4.26858300
3.60220800
4.54540400
5.82623200
6.56049200
3.92747300
3.21274200
5.21043000
5.48146300
6.15075000
7.14319800
0.03469200
1.87178500
2.04445000
—0.59441300
0.44584200
1.06326400
0.33399700
—0.68851500
0.86460400
2.08498000
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0.69629800
0.89191000
0.87925000
0.63907900
0.64816000
0.52203100
0.05215900
—1.40051200
—2.31590400
0.18802400
—0.09820500
1.23121900
—0.95918300
—0.71106200
—1.24965800
—-1.06431500
—1.72524000
—1.85590300
—2.27468600
—2.87974800
—2.04279600
—2.47782600
—0.59759700
0.93551200
—1.08968500
—1.95418000
—-1.16121500
—0.95934000
—-1.58701000
—2.22321300
0.00087300
0.10631900

3.12923300
3.31566300
0.69431900
0.17071500
4.19956800
2.61802800
243216900
3.05466100
3.61682100
2.65050300
3.67258700
2.50369800
0.57805100
1.58269500
1.49421700
227373100
—0.53709100
—1.34156400
—0.61787100
—1.47819900

0.38999400

0.31243300

3.45525900

2.73351900

3.20051100
—0.24410700
—0.56873500

0.62721200

1.60979300

1.11533300
—2.03916900
—2.16914800



C 2.31425800 —0.22270500 0.90653800
H 2.24835500 0.72661500 0.37424800
O 0.14746200 1.19677700 —1.41280900
C 0.87111000 2.44263700 —1.46984200

The Transition State of the Slow-Reacting Enantiomer (SLOW-TS).

Zero-point vibrational energy 1661745.8 (Joules/Mol)
397.16678 (Kcal/Mol)

Zero-point correction = 0.632926 (Hartree/Particle)

Thermal correction to Energy = 0.669007

Thermal correction to Enthalpy = 0.669951

Thermal correction to Gibbs Free Energy = 0.561793

Sum of electronic and zero-point Energies = -1893.583129

Sum of electronic and thermal Energies = —1893.547048

Sum of electronic and thermal Enthalpies =—-1893.546104

Sum of electronic and thermal Free Energies = —1893.654262

Energies (RB3LYP) =-1894.21991067
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Atomic Coordinates (Angstroms)

Type X Y Z
N —0.06075700 —1.12791000 2.03720500
C 0.26485000 —1.17890000 0.73044900
N 1.49571600 —0.58831000 0.69969000
C 1.82942200 —0.19824400 1.97699500
N 0.90259300 —0.52348600 2.83049800
C —0.60119600 —1.71595500 —0.96708900
o 0.24360900 —-1.62635600 —1.86066800
C 2.38708000 —0.34510900 —0.45459100
H 1.74591100 —0.03360900 —1.28173300
o —1.60941600 —0.61655100 —-0.90607700
C —2.79170800 —0.78239400 —1.72333500
o —0.35871100 1.69929300 —0.89478600
C —0.88095100 2.53610900 —0.00249600
O —1.90020800 2.30791600 0.64245500
C —2.48625100 —0.91442700 —-3.22208400
H —1.81668000 —1.75950000 —-3.40038400
C —1.21494400 -3.06385300 —0.60177900
H —0.40847300 —-3.75896400 —0.35897900
H —1.73776600 —3.46326400 —1.47685300
H —1.90868600 -3.00733900 0.23756700
H —0.88524300 0.83711900 —0.93774300
H —1.93710100 —0.02057100 -3.54646100
H —3.32428400 —1.67657900 —1.37002200
C —-3.70640900 0.42702700 —1.45969100
H —3.17919000 1.32607200 —1.81884000
C —-5.00871200 0.27948700 —2.25393400
H —-5.63338100 1.15673000 —2.05599100
C —-3.78686900 —1.05848800 —4.02777800
H —3.55584200 —1.12456500 -5.09716300
H —5.55423900 —0.58891400 —1.86041900
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—4.27836800
—4.74981100
—4.31528100
—-5.69677800
—4.02101100
—3.33525800
—1.24021500
—-3.49514100
—2.50269800
—1.08706400
—2.22247800
-3.62996500
—2.61066600
—0.09266500
—2.11082900
—4.61144700
—4.37675500
—0.10751700
1.28614000
—0.49900400
0.98215500
1.67500300
0.19852400
—1.34956300
1.26590400
2.51471900
—0.10561200
1.82800200
3.04739300
3.53714800
3.42576900
2.73324900

—2.00429600
0.10670500
1.03287000

—0.04678700
0.56852300
1.14471500

—-1.61629200

—2.53856400

—1.30935100

—2.36333200

—2.82291100

—1.78397300

—0.70915500

—2.56945700

—-3.40547600

—1.53999000

—2.89919800
3.80293400
6.19820000
4.70230100
4.11187900
5.30818100
5.89425800
4.44709200
3.41947100
5.54898300
6.58776200
7.12934300
0.63134300
0.30135800
0.75324400
1.67926500

—-3.75853600
—-3.75719900
—4.15862100
—4.28769000
—0.08444500
0.30167200
2.69442800
4.02744400
2.18966400
3.86449000
4.52884500
2.86167400
1.29518200
4.24379300
5.43822100
2.46774300
4.54886200
0.15685700
0.51370900
1.15717100
—0.66980600
—0.49030700
1.33650600
1.77973600
—1.45427700
—1.13543100
2.11470500
0.65224400
2.24925400
3.16848900
—0.09783400
2.38830900
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2.99687400
3.98419400
4.57054300
5.51628000
4.37733200
3.27474000
4.52258800
5.50664000
6.47750900
2.98963400
2.00951500
5.23092300
5.99212900
3.98290400
3.77875600
—0.06075700
0.26485000
1.49571600
1.82942200
0.90259300
—0.60119600
0.24360900
2.38708000
1.74591100
—-1.60941600
—2.79170800

1.76365800

0.51547300

0.50479200

0.87463200

1.03541600
—-1.50006700
—0.99628300
—1.84911300
—-1.46226200
—2.85666200
—-3.23629400
-3.21636200
—-3.89588700
-3.71492700
—4.77835100
—1.12791000
—1.17890000
—0.58831000
—0.19824400
—0.52348600
—1.71595500
—-1.62635600
—0.34510900
—0.03360900
—0.61655100
—0.78239400

—0.14322900

1.20011500
—1.08906200
—0.68293500
—2.03067600
—0.89257200
—1.28089800
—1.77227900
—2.07019800
—-1.00003200
—0.73876800
—1.86380400
—2.23623000
—1.48030700
—-1.56350500

2.03720500

0.73044900

0.69969000

1.97699500

2.83049800
—0.96708900
—1.86066800
—0.45459100
—1.28173300
—0.90607700
—1.72333500
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