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Ac acetyl

acac acetylacetonate

aq. agueous

Ar argon

BINAP 2,2 -bis(diphenylphosphino)-1,1’ -binaphty!
BINOL 2,2 -dihydroxy-1,1’ -binaphthyl

Bipy 2,2 -bipyridyl

Bn benzyl

bnd* bicyclo[3.3.1]nona-2,6-diene

bod* bicycle[2.2.2]octa-2,5-diene

BOM benzyloxymethyl

BOX bis(oxazoline)

i-Bu i-butyl

t-Bu t-butyl

CD circular dichroism

DCE 1,2-dichloroethane

DIBAL-H diisobutylaluminium hydride

DIC diisopropyl carbodiimide

DMAP 4-(dimethylamino)pyridine

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

dppe 1,2-bis(diphenylphosphino)ethane

ee enantiomeric excess

equiv. equivalent

ESI-MS electrospray ionization mass spectrometry
Et ethyl

FAB-MS fast atom bombardment mass spectrometry
Hfacac hexafluoroacetylacetonate

FT-IR Fourier transfer infrared spectroscopy
HPLC high performance liquid chromatography
L ligand

Me methyl

MOA methyl orthoacetate

nbd* bicycle[2.2.1]hepta-2,5-diene



NMR

Phth
PIFA
i-Pr
Py

rt
SPRIXs
TBME
TEA
THF
TLC
T™MG
™S
Ts

uv

nuclear magnetic resonance
phenyl

protecting group

phthal oyl

phenyliodonium bis(trifluoroacetate)
i-propyl

pyridine

room temperature

spiro bis(isoxazoline) ligands
t-butyl methyl ether
triethylamine
tetrahydrofuran

thin layer chromatography
1,1,3,3-tetramethylguanidine
trimethylsilane
p-toluenesulfonyl

ultraviolet



SPRIXs

SPRIXs

(CD

Pd-SPRIXs

Pd-SPRIXS
Pd(11/1V)

Pd(11/1V)

Experimental Section

X

SPRIXs

SPRIXs
)

SPRIXs

2-13

14-25

26-46

47-62

63-64

65

66-79

80-83



W. S. Knowles K. B. Sharpless
2001



1966

Scheme 1-1

Scheme 1-1. First Catalytic Asymmetric Reaction
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Figure 1-4. Structure of H-SPRIXs 1a determined by X-ray crystallographic analysis
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Scheme 1-9. Synthesis of Hybrid Spiro (isoxazole-isoxazoline) Ligands
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Scheme 1-10. Synthesis of Key Compound for Hybrid Spiro (isoxazole-isoxazoline) Ligands
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Scheme 1-12. Pd(ll) Catalyzed Enantioselective Oxidative Cyclization of 28
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SPRIXs
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Figure 2-1. Platinum(ll) and Palladium(ll) Chloride Dimers
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Scheme 2-1. Practial Resolution of Racemic Tertiary Phosphines with (R,R)-30
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butanone- Et,O (RR)- 34
dppe ()
(R quinap 33 Scheme 2-2

-14 -



1+ E:
Ph,
P
R,R)-30 O ~
(RR) Q . _N/Pd\N .
MeOH, KPFg p Me, Me
PFg
(R,S)-34 (R R)-34
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Scheme 2-3 (M*,S,S)-SPRIX 1 (RR)-30
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(M",S',S)-SPRIXs 1

Scheme 2-3. Working Hypothesis for Optical Resolution of Racemic R-SPRIXs 1 with (R,R)-30
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Pd SPRIXs

(RR)-30 2%) Wacker
(M*,S",S")-i-Pr-SPRIX
1d Scheme 2-4 MeOH  (RR)-30 2 (M*,S',S)-i-Pr-SPRIX
d 2 NH,PF, PF¢
Pd (RM",S',S)-35 87%
(RM",S',S)-35  CH,ClL,-Et,0 dppe

37% ee (P,RR)-i-Pr-SPRIX 1d
37% ee

Scheme 2-4. Complex Formation of rac-i-Pr-SPRIX 1d with(R,R)-30 and Ligand Exchange Reaction

Cl,
Pd Pd .
M o N/ \CI \N " iPr [-PrH _|+
€ Mes Mes e
H H 0.5 equiv. (R,R)-30 4 equiv. NH4PFg .
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; MeCOH H>O —~N~*
ipr” o-N N-~g" “FPr e 7 | N

87% Me"

(M*,S* S*)-i-Pr-SPRIX (1d) i-Pr

/ i-Pr PFe"
(R,M* S* S*)-35

recrystallization (once)

1 equiv.dppe
CH,Cl,
Me" quant.
(P,R,R)-1d
(R,P,R,R)-35 37% ee
2
i-Pr-SPRIX 1d Scheme
2-5 (RM',S,S)-35 (crystal 1)
(filtrate 1) crystal 1 (crystal 2) (filtrate
2) dppe i-Pr-SPRIX 1d
60% ee (P,RR)-i-Pr-SPRIX 1d from crystal 2 11%ee (M, SS-i-Pr-SPRIX 1d from
filtrate 2 filtrate 1
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i-Pr-SPRIX 1d 24% ee

(M,SS)-i-Pr-SPRIX 1d from crystal 3 66% ee  (M,SS)-i-Pr-SPRIX 1d from filtrate 3
2 (P,RR)-i-Pr-SPRIX 1d
31% ee 60% ee (M,SS)-i-Pr-SPRIX
1d

(P,RR)-i-Pr-SPRIX 1d
Scheme 2-5. Complex Formation of rac-i-Pr-SPRIX 1d with (R,R)-30 and Ligand Exchange Reaction

Cl,
Pd_ Pd
<N CI N

i-Pry 4
-P
Me l\/le2 I\/Ie2 Me T
H H. 0.5 equiv. (R,R)-30 4 equiv. NH4PFg
P < MeOH ] HO Pd
7 ~ - e 2 4 SETNT
PN Mgt e 87% Me™ e, H
(M*,S*,8%)-i-Pr-SPRIX 1d iPr i-Pr PFg"
(R,M*,S*,8%)-35
Crystal 1 Filtrate 1
0, 0,
424.74 mg (63%) 1st Recrystallization 23719 Tg (35%)
\ 2nd Recrystallization \ \ 2nd Recrystallization \
Crystal 2 Filtrate 2 Crystal 3 Filtrate 3
215.7 mg (51%) 198.0 mg (47%) 146.9 mg (62%) 82.0 mg (35%)
1 equiv.dppe 1 equiv.dppe
CH,Cl,, 2 h CH,Cl,, 2 h
(P,R,R)-1d M, S,S)-1d M, S,S)-1d M,S,S)-1d
100.3 mg (96%) 95.1 mg (99%) 70.6 mg (99%) 37.7 mg (95%)
60% ee 11% ee 24% ee 66% ee
(M,S9-i-Pr-SPRIX 1d (P,RR)-i-Pr-SPRIX 1d (RP,RR)-35
(RM,S9)-35 'H NMR Figure 2-2
benzyl
(RP,RR)-35 3.7 ppm (RM,S59-35 4.7 ppm
5
Scheme 2-6 dppe
24 ¢ i-Pr-SPRIX 1d 99% ee (P,RR)-i-Pr-SPRIX 1d
765 mg (5§9-30 (M,S9)-i-Pr-SPRIX

1d
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(R,P,RR)-35 (RM,S,S)-35

Figure 2-2. "H NMR Analysis of Pd Complex (R,P,R,R)-35 and (R,M,S,S)-35

Scheme 2-6. Optical Resolution of rac-i-Pr-SPRIX 1d with (R,R)-30

Cl,
Pd Pd
Me TN Cl Ny iPr. [ TTH -
€ M62 M62 e
H H. 0.5 equiv. (R,R)-30 4 equiv. NH4PFg
i-Pr | | i-Pr
MeOH H,0 . Pd—pn=

ipr” o-N N-~g" "i-Pr 86% Me”

(M*,S*,S)-i-Pr-SPRIX 1d i-Pr

i-Pr PFg
(2.4 g, 6.4 mmol) ‘
/ (R,M*,5*,5%)-35

recrystallization (5 times) 1:1-diastereomeric mixture

/ (13% of rac-1d was recovered)

1 equiv.dppe
CH.Cl,
Me" 2h
quant. (P.RR)-1d
>99% ee
(R,P,R,R)-35 (765 mg, 2.0 mmol)
(31% from rac-1d)
Pd (RP,RR)-35 CH,Cl,-DCE-hexane
X
(RP,RR)-35 ORTEP Figure 2-3
(RR)-30 benzyl R (RR)-30
i-Pr-SPRIX 1d (-)-(P,RR)

i-Pr-SPRIX 1d
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i-Pr
P
Pd’
Me' N, \’\‘l/ iy R
e M62 . H
Pl P pRg
(RP.R,R)-35

Crystal Data for (R,P,R,R)-35
monoclinic

Space Group P2; (#4)
a=16.094(5 A
b=89053) A
c=12.3873)A
p=9432(2)°
V'=1770.2(9) A3

Z=2

Dealc = 1.453 g/em?
R=0.0563, Rw =0.084

Figure 2-3. ORTEP Drawing of (R,P,R,R)-35 (All hydrogen atoms and PFg anion are omitted for clarity)
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CD SPRIXs
(RR)-30
i-Pr-SPRIX 1d (P,RR) i-Pr-SPRIX 1d Pd
(RP,RR-35 X i-Pr-SPRIX 1d
H-SPRIX 1a X
Me-SPRIX 1b  Et-SPRIX 1c i-Bu-SPRIX le
HPLC Daicel  Chiralpak AD HPLC
1 (PRR) 2™ (M,SS)
i-Pr-SPRIX 1d SPRIXs
CD
CD 2
(M*,S',S)-SPRIXs
2
(M*,S',S)-SPRIXs CD i-Pr-SPRIX 1d CD
P M
(P,R,R)-i-Pr-SPRIX 1d
uv CD Figure 2-4
150
R—pR i
. H ., .\\H'
100 - 200 l.-PI’ T l_—F’r i
/ FPr”5-N N~g" ~-Pr
50 (P,R,R)-1d |
g /\ (1st enantiomer) J
S CcD ‘©
mE 0 : <
= \\/ 5
S 180
<4 S0 227 235 1 60
140
-100 F
120
uv
-150 0
190 240 290 340 390
Wavelength (nm)

Figure 2-4. CD and UV spectra of (P,R,R)-i-Pr-SPRIX 1d in CH3CN
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uv n-mt 227 nm CD

Cotton 235 nm Cotton
200 nm Cotton
(M,§9)-i-Pr-SPRIX 1d UV CD Figure
2-5
150
100 |
235 i
50 ~ M,S,S)-1d
rg (2nd enantiomer) i
E \/ w
S 1 80
4 50 |
N 227 1 60
200 &
1 40
-100 |
1 20
uv
-150 0
190 240 290 340 390
Wavelength (nm)
Figure 2-5. CD and UV spectra of (M, S,S)-i-Pr-SPRIX 1d in CH3CN
(M,§9-i-Pr-SPRIX 1d UV (P,RR)-i-Pr-SPRIX 1d
CD 235 nm Cotton 200 nm
Cotton
X (P,RR)-H-SPRIX la
uv CD Figure 2-6
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200
R R i
100 o-N N-g
~ (P.RR)-1a i
g 50 | (1st enantiomer) |
(")E @
S 50 | \/ 1 80
<
225 1 60
-100 N \232
1 40
-150 | 20
uv
-200 0
190 240 290 340 390
Wavelength (nm)
Figure 2-6. CD and UV spectra of (P,R,R)-H-SPRIX 1a in CH3CN
(PRR)-H-SPRIX la UV i-Pr-SPRIX 1d
CD 232 nm Cotton 195 nm Cotton
(P,RR)-i-Pr-SPRIX 1d
(M*,S',S)-SPRIXs CD Cotton Cotton
SPRIX (P.,RR) Cotton Cotton
SPRIX (M,SS HPLC I
(P,RR) 2nd M,S9
Me-SPRIX 1b Et-SPRIX 1c i-Bu-SPRIX 1d HPLC I
uv CD
Figure 2-7~2-9
200
rR—F R i
150 | H . |WH
Me | I Me |
100 /201 Me O’N N\O Me |
o (P,R,R)-1b
5 50 (1st enantiomer) R
5 cD 5
mE 0 <
s 50 | \/ leo
4 228 235 1| 60
-100
1 40
-150 | | 20
uv
-200 0
190 240 290 340 390
Wavelength (nm)

Figure 2-7. CD and UV spectra of (P,R,R)-Me-SPRIX 1b in CH3CN
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200
R P R i
150 H ~H
Et T Et
- ]
100 | /201 Et” 5-N N-5 Et |
< (P,R,R)-1c
5 50 (1st enantiomer) i
s 50 | \/ 18 °
4 228 ™23 1 60
-100 | ~
1 40
-150 1 20
uv
-200 0
190 240 290 340 390
Wavelength (nm)
Figure 2-8. CD and UV spectra of (P,R,R)-Et-SPRIX 1c¢ in CH3CN
200
150 i
201
100 | Y
< (P,R,R)-1e
E 50 (1st enantiomer)
g 1 80 N
o 50 |
< ~ 1{ 60
100 | 231 239
1 40
-150 1 20
uv
-200 0
190 240 290 340 390
Wavelength (nm)
Figure 2-9. CD and UV spectra of (P,R,R)-i-Bu-SPRIX 1e in CH3CN
Me-SPRIX 1b Et-SPRIX 1c i-Bu-SPRIX 1d uv i-Pr-SPRIX 1d
CD Cotton
Cotton (P,RR)-i-Pr-SPRIX 1d
Me-SPRIX 1b  Et-SPRIX 1c i-Bu-SPRIX 1le HPLC 1™
(P.RR)
(M*,S",S)-SPRIXs CD
SPRIXs
CD



Wacker i-Pr-SPRIX 1d

(RR-30 (M’,S,S)-i-Pr-SPRIX 1d Pd
(RM,SS)-35 (RPRR)-35
(RPRR)-35 dppe
(PRR)-i-Pr-SPRIX 1d (RPRR)-35 X
(RR)-30 i-Pr-SPRIX
()-(PRR) i-Pr-SPRIX 1d

i A PF,
Pr [ FPry e Ir\\l/le I’\\I/Ie Me °
i-Pr O/N N\O i-Pr . 2 2 (R.M,S,5)-35 recrystallization
1) 0.5 equiv. (R,R)-30, MeOH (5 times)
+ : + _—
' 2) 4 equiv. NH4PFg, H,O 37%

86% (dr = 1:1)

(M*,S%,8%)-i-Pr-SPRIX 1d
(2.4 g, 6.4 mmol)

(R,P,R,R)-35
(P,R,R)-1d
>99% ee
(765 mg, 2.0 mmol)
(31% from (M*,S*,S%-1d)
i-Pr-SPRIX 1d SPRIXs
(P.RR) (M,S9 i-Pr-SPRIX 1d (P.RR) H-SPRIX 1la
uv CD
(M*,S',S)-SPRIXs CD Cotton
Cotton SPRIX (P,RR) Cotton
Cotton SPRIX (M,S59
Me-SPRIX 1b Et-SPRIX 1c i-Bu-SPRIX le
HPLC 1* (P.RR)
SPRIXs
CD
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o, - Scheme 3-1 3V
Scheme 3-1.
Me
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Ph™ "N~ “Ph
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. >~ CO,Me
THF, -78 °C 2
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BnO
78%
>99% de
B- Scheme
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up to 99.6% ee
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1980 L. S. Hegedus 33)
Scheme
3.3 M
Scheme 3-3. Pd(ll) Catalyzed Intramolecular Oxidative Aminocarbonylation
_ 10 mol % PdCl, BN, o~ 10 mol % PdCl, Bn,
3 equiv. CuCl,, CO (1 atm) j‘\ 3 equiv. CuCly, CO (1 atm) 42‘
NH MeOH, rt, 24 h N O“ >NH MeOH, 0°C,24 h,thenrt1h O7 N
Ts 97% +S COsMe hPr 97% r‘r—Pr CO,Me
amide urea
=
(\/ 10 mol % PdCl, o) P 10 mol % PdCl,
NH 3 equiv. CuCly, CO (1 atm) O/\f (\/ 3 equiv. CuCly, CO (1 atm)
N__N
A MeOH, rt, 24 h Y Me NH MeOH, rt, 24 h N
| |
07 "NH 79% o CO,Me 88% o mS0Me
Me
urea carbamate
P 25 mol % PdCl,
j\/\/ 2.3 equiv. CuCl,, CO (1 atm) i
0% >NH NaOAc, MOA, MeOH, 30 °C,2h O7 N
Ts 78% .;_S CO,Me
carbamate
ferruginine
anatoxin
carvine  epicarvine Scheme 3-4
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Scheme 3-4. Pd(ll)-Catalyzed Intramolecular Oxidative Aminocarbonylation

MeOQC\NH MeOLC v
10 mol % PdCl, MACEEN N
3 equiv. CuCl,, CO (1 atm) m
MeOH, rt ‘ _
49% :
carbamate MeO,C MeO,C
rac-farruginine
Ph

Ph — 10 mol % PdCl,
W 3 equiv. Cu(OAc)>-2H,0, CO (1 atm)

O\NH 3 equiv. TMG, MeOH, rt N
| |
Boc 79% Boc CO2Me

hydroxylamine

/ 10 mol % PdCl,
/E\/ 3 equiv. CuClp, CO (1 atm) /(j
> +
CsHy1 NH 2 equiv. NaOAc, dioxane, 40 °C ~ CgHq4 N CgHyq4 N !
K/ 55% (2.2 : 1) K’ o K— >Qo
o o

OH
aminoalcohol rac-2-epicarvine

rac-carvine

36)

SPRIXs 2 Pd
Scheme 3-5

Pd-SPRIXs
37)

Scheme 3-5. Pd(I)-SPRIX Catalyzed Enantioselective Aminocarbonylation of Alkenylamide 36

= 10 mol % Pd(OCOCFs3),
22 mol % (M, S,S)-1a, CO (1 atm) "
2 equiv. p-benzoquinone N

NH
Ts MeOH 1 CO2Me
36 37
25°C, 3.5h, 80%,31% ee
0°C, 30h, 87%,39% ee
4 equiv. p-benzoquinone -20 °C, 170 h, 53%, 52% ee
36 10 mol % Pd(OCOCEF;3), 22 mol %
(M,S,9-H-SPRIX 1la p-
5-exo B- 37
80% 31% ee 0°C
39 52%ee

-20°C
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Scheme 3-6.

Pd-L* \\
36 - 37
p-benzoquinone A\
MeOH
O
OO PPh» OO \]
L*: L*: I'—Pr,a N N "/i_Pr
PPh 3
™ L
8 (R)-BINAP 9 (S, S)-i-Pr-BOXAX 10
O
O @)
N N
R R R
(S,9)-11a: R = t-Bu (S)-12a: R = t-Bu
(S,9)-11b: R = Ph (S)-12b: R = Bn
817a—b)
(R)-BINAP 9'¥ (S9-i-Pr-BOXAX 10'7¢"
(S9-11a""* 11p"" (9-12a 12b*” Pd(OCOCF;),
Scheme 3-6

Scheme 3-7. Pd(Il)-SPRIX Catalyzed Enantioselective Aminocarbonylation of Alkenylurea 38a

=
J(v 10 mol % Pd(OCOCFs),
22 mol % (M,S,S)-1a, CO (1 atm)

%\ 2 equiv. p-benzoquinone
NH MeOH

38a 39a

25°C, 1.5h, quant., 25% ee
0°C, 30h, quant., 40% ee
4 equiv. p-benzoquinone -20 °C, 170 h, 61%, 54% ee

38a
39%a 25% ee -20 °C 39 54% ee
Scheme 3-7
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Scheme 3-8. Pd(II)-SPRIX Catalyzed Enantioselective Aminocarbonylation

s O
* W
N N

N T
|
Ts CO,Me o
up to 52% ee up to 54% ee
Ts.
N
: A
'Tl :
Ts CO:Me MeO,C
up to 47% ee up to 12% ee
* o) *
) o
Ts CO,Me 1s CO2Me
up to 25% ee up to 38% ee
8- - [3.2.1] B-
Scheme 3-8 ¥
Pd-SPRIXs
B_
SPRIXs
SPRIXs
SPRIXs
SPRIXs
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Pd-SPRIX

Scheme 3-9

Scheme 3-9. Working Hypothesis

*CN\Pd"/X N X
N-T X *C pd"”
s

=
_____ PdSPRIX cat. :
N n
Ts

I SPRIX

N
aminopalladation ﬁ\x/\pdh/ >*
——————————————— o %k \

-HX N

NH Ts
alkenylamide 'i's X
I 1|
_....Co *
7”|7\/7|976|-7|7”* ,Tl CO,Me
Ts 2
p-amino acid derivative
36
Table 3-1 10 mol % Pd(OCOCFs3), 22 mol % (M,S59-1a
Pd 2 equiv. p-benzoquinone MeOH 25°C
80% 31% ee B- 37 entry 1
Pd SPRIX 1:1 M, S95-1a 11 mol %
0.5 36 37 20% ee entry 2
Pd black M,S95-1a 12 mol % SPRIX Pd
22mol % (M,S59-1a Pd
entries 3 and 4 Pd(hfacac), [PA(CH3CN)4](BF4),
37
(M,S95-1d entries 5-7 Pd(OCOCFs),  Pd(hfacac),
[Pd(CH3CN)4](BFa4),
TLC
45% ee 37
i-propyl (M,S9-1d BFs Pd
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Table 3-1. Effect of Pd salt and Substituents on Isoxazoline Rings on the Reaction of Alkenylamide 36

P 10 mol % Pd salt
22 mol % Ligand, CO (1 atm)
R O/N N\O R

NH 2 equiv. p-benzoquinone

+S MeOH (0.10 M), 25 °C I CO,Me R-SPRIX 1

36 37 M,S,S)-1a:R=H

(M,S,S)-1d: R = i-Pr
Entry Ligand Pd salt Time (h) Yield (%)? Ee (%)P

1 (M, S,S)-1a Pd(OCOCF;), 3.5 80 31
2° (M, S,S)-1a Pd(OCOCF;), 0.5 70 20
3 (M, S,S)-1a Pd(hfacac), 3.5 86 29
4 (M, S,S)-1a [PA(CHCN)4]1(BF4)» 24 31 23
5 M, S,S)-1d Pd(OCOCF;), 24 62 23
6 M, S,S)-1d Pd(hfacac), 24 86 1
7 M, S,S)-1d [PA(CHCN)4]1(BF4)» 8 27 45

2 |solated yield. ® Determined by HPLC (Daicel Chiralpak AS). ¢ 12 mol % of (M,S,S)-1a was used.

[PA(CH3CN)4](BF4). (PRR)-1d
Table 3-2 38a
10 mol % [Pd(CH3CN)4](BFa4), 11 mol % (PRR)-1d
Pd 2 equiv. p-benzoquinone MeOH 0 °C
3 97% 64% ee 3%
entry 1 (M,S95-1a 11 mol % Pd black
Table 3-1, entry 2 (PRR)-1d
entries 2 and 3 [PA(CH3CN)4](BF4), (PRR)-1d
22 33mol% 38a
(PRR)-1d 11 mol %
66% ee Pd (PRR)-1d 1:1
11 mol % (PRR)-1d
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Table 3-2. Effect of Amount of (P,R,R)-1d on the Aminocarbonylation of Alkenylurea 38a

=
J(v 10 mol % [Pd(CH3CN)41(BF 4)»
X mol % (P,R,R)-1d, CO (1 atm)

NH
4'\ 2 equiv. p-benzoquinone
@) NH MeOH (0.10 M), 0 °C
'i's (P,R,R)-1d
38a 39a
Entry X (mol %) Pd: (P,R R)-1d Time (h) Yield (%)@ Ee (%)lO
1 11 1:1.1 3 94 66
2 22 1:22 45 85 66
3 33 1:33 9 83 66
2 |solated yield. b Determined by HPLC (Daicel Chiralpak AD-H).
SPRIX Table 3-3
39%a (PRR)-1d
39%a
entries 1-4 (PRR)-1e
45% ee entry 5 SPRIX
Pd
(PRR)-1a Pd black
(PRR)-1d

Table 3-3. Effect of Substituents of Isoxazoline Rings on the Aminocarbonylatio of 38a

10 mol % [Pd(CH3CN)4](BF 4)5

. wH
484 11 mol % R-SPRIX 1,CO (1 atm) - 394 RH | ’ | R
o eanne oM Mo R
’ (P,R,R)-R-SPRIX 1
Entry R-SPRIX 1 Time (h) Yield (%) Ee (%)°
1 (P,R,R-1a:R=H 48 41 8
2 (P,R,R)-1b: R = Me 1.5 quant. 15
3 (P,R,R)-1c: R = Et 1.5 quant. 25
4 (P,R,R)-1d: R = i-Pr 3 97 64 |
5 (P,R,R)-1e: R = i-Bu 12 94 45

@ |solated yield. b Determined by HPLC (Daicel Chiralpak AD-H).
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Table 3-4 toluene CH,Cl,

39%a entries 1 and 2
CH;CN  THF 29
47% ee entries 3 and 4 EtOH MeOH
65% ee 39%a entries 5 and 6
MeOH MeOH

Table 3-4. Effect of the Reaction Solvent on the Aminocarbonylation of 38a at 0 °C

10 mol % [Pd(CH3CN)41(BF 4)»
11 mol % (P,R,R)-1d, CO (1 atm)

38a 39a
2 equiv. p-benzoquinone
(0.10 M), 0 °C (P.RR)-1d
Entry Time (h) Yield (%)2  Ee (%)°
1 toluene 12 trace 31
2 CH,Cl» 12 24 12
3 CH3CN 12 40 29
4 THF 12 34 47
5 EtOH 12 64 65
6 MeOH 3 97 64
@ |solated yield. b Determined by HPLC (Daicel Chiralpak AD-H).
Table 3-5 0°C
-20 -40 °C -40 °C 88% ee
39%a entries 1-3 -50 °C 91% ee
210 39%a 10%
entry 4 p-benzoquinone
p-benzoquinone
-40 °C
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Table 3-5. Effect of the Reaction Temperature on the Aminocarbonylation of 38a

10 mol % [Pd(CH3CN)4](BF 4)- H /1 H
11 mol % (P,R,R)-1d, CO (1 atm) iPr ” i-Pr
38a 39a | | )
p-benzoquinone, MeOH FPr” %g-N N~g" “i-Pr
Temp (P.R,R)-1d
Entry p-BQ? Conc.P Temp  Time Yield® Eed
(equiv) (M) 0 %) (%)
1 2.0 0.100 0 3 97 64
2 2.0 0.050 20 36 98 75
3 4.0 0.020 -40 165 89 88
4 4.0 0.020 50 210 <10 91

@ p-BQ; p-benzoquinone. b Conc.; concentration of 38a. © Isolated yield.
d Determined by HPLC (Daicel Chiralpak AD-H).

38a 10 mol %
[PA(CH3CN)4](BF4), 11 mol % (M,S9-1d 4 p-benzoquinone MeOH
0.020 M -40 °C
Table 3-6 -20°C MeOH  0.050
M Table 3-5, entry 2
38b entries 2 and
3 38c 38d
38a entries 1, 4 and 5 38b
2
38e 25 °C
entry 6 2 entries 7-9
2,2- 38a
2 38h -20 °C
168 39h 28% 38f 38g
2 Pd
38h
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Table 3-6. Scope and Limitations of the Aminocarbonylation Catalyzed by Pd-SPRIX Catalyst?

R
R‘\(\% 10 mol % [Pd(CH3CN),](BF 4)»
NH 11 mol % (M, S,S)-1d, CO (1 atm)
p-benzoquinone, MeOH
0™ "NH O M,S,S)-1d
PG 39
38
Entry Substrate Temp (°C)  Time (h) Product Yield (%)° Ee (%)°
1 R = Me, PG = Ts 38a -40 165 39a 83 88
2 R = Me, PG = 0-CH;CzH,SO, 38b  -40 260 39b 48 89 ()¢
3 38b -20 46 39b 85 79 (S)¢
4 R = Me, PG = CgH5SO, 38¢ -40 165 39c 89 87
5 R = Me, PG = p-CICzH,SO, 38d -40 165 39d 76 86
6 R = Me, PG = Bn 38e 25 2 39%e ND® -
7 R = -CH,(CH,)sCH,-, PG = Ts 38f  -20 46 39f 97 52
8 R = CO,Et, PG = Ts 38g -20 168 39¢g 50 51
9 R=H, PG = Ts 38h -20 168 39h 28 61

@ Condition: At -40 °C, 4.0 equiv. of p-benzoquinone was used in MeOH (0.020 M). At-20 °C, 4.0
equiv. of p-benzoquinone was used in MeOH (0.050 M). At 25 °C, 2.0 equiv. of p-benzoquinone was
used in MeOH (0.10 M).P Isolated yield. ¢ Determined by HPLC (Daicel Chiralpak AD-H). YAbsolute
configuration of 39b was determined by X-ray analysis. ¢Yield and ee were not determined because of

formation of complex mixture.

99% ee 39b

Flack parameter

EtOAc/hexane

(M,S5-1d

Figure 3-1. ORTEP Drawing of 39b (Flack parameter = -0.00(0)).
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Crystal Data for 39b
orthorhombic

Space Group P212;2; (#19)
a=8.1003) A
b=8.1893) A
c=24.650(8) A
J=1635.0(10) A3

Z=4

Deale = 1.367 g/em?
R=0.034, Rw=0.049



Pd-SPRIX 40°
0 °C 41 86% 30% ee
Scheme 3-10

Scheme 3-10. Enantioselective Aminocarbonylation of Alkenylsulfamide 40 Catalyzed by Pd-SPRIX Catalyst

=
A(\/ 10 mol % [Pd(CH3CN)41(BF 4)»
11 mol % (M,S,S)-1d, CO (1 atm)

NH
O:é 2 equiv. p-benzoquinone
O// \I}IH MeOH (0.10 M), 0 °C
23h
Bn M,S,S)-1d
40 a1

86%, 30% ee
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Pd Pd(OCOCF3), e ::
Pd 4 2
8 (R)-BINAP 9
[Pd(CH:CN)4](BF4), <r7><WJ }CT
Pd R R Ph
(5,5)-11a: R = tBu (S)-12b
38a (5,5)-11b: R = Ph
MeOH 25°C 24 17-20)
SPRIXs Pd
box 'H NMR
Scheme 3-11  CD,CL, 25°C (PRR)-1d Pd(OCOCF5),
box (SS-1la
(PRR)-1d Pd (PRR)-1d  (§9-1la
(PRR-1d (S9-11a
Pd- Pd-
Pd-
SPRIXs

Scheme 3-11. Coordination Ability of (P,R,R)-1d vs. (S,S)--Bu-box 11a

iPer Pr
i-Pr -N N-~g" “i-Pr
(P,R,R)-1d

SPRIXs

Pd(OCOCF3)»
(1 equiv.)

CD20I2 25°C il

i-Pr N N‘O

F2cOCS OCOCFs

clear yellow solution

43a-b
Table 3-7
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tB} tBu
(S,S)-11a (1 equiv.)

CD,Cl,, 25 °C
72h

H
i-Pr ‘ |
iPr Ng-N N-g
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Ly
i-Pr. N N"ipr
W

(S,S)-i-Pr-BOXAX 10

N
N N

(-)-sparteine 42

Pd-(PRR)-1d

Pd Lewis
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H

i-Pr
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Table 3-7. Effect of Ligand Skeleton on the Aminocarbonylation of 38a

10 mol % [Pd(CH3CN)41(BF 4)» R | k |

11 mol % CO (1 atm -
38a ° COatm) .4, R o-N N-g' R
2 equiv. p-benzoquinone

MeOH (0.10 M), 0 °C

(P,R,R)-1c: R = Et
(P,R,R)-1d: R = i-Pr

Entry Time (h) Yield (%)@  Ee (%)° R R
1 (PRR)Ac 1 quant. 25 R oJN N|\o R
2 (P,R,R)-1d 3.5 97 64 43a' R = Et
3 43a 48 53 ) 43b: R = i-Pr
4 43b 48 57 -

5 (R)-44 48 trace ND°®
6 none 24 trace -

2 |solated yield. b Determined by HPLC (Daicel Chiralpak AD-H).
¢ Not determined.

43a-b Pd black
48 38a 39 SPRIX (PRR)-1c
(PRR)-1d entries 1-4
(R)-44 Pd black 39
entry 5 Pd black
39a entry 6 (PRR)-1c (PRR)-1d
Pd black SPRIX
Pd
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Pd-SPRIX X
Pd

[Pd(CH;CN),](BF,), (M',S,S)-1d Pd-SPRIX Scheme 3-12

Scheme 3-12. Preparation of [Pd{(M*,S*,S™)-1d},](BF 4)-

S 1 2+
Hi.. \ H.
! B y i-Pr | | i-Pr
ipr i-Pr o /N\O P
Pd(CH3CN),](BF + IPr7o-N N-g" "iPr Pd
[PA(CHLCN)4IBF4)z © CH,Cl, (0.025 M), 25 °C N\

(M*,S%,8%)-1d 2 h, 94%

iPr O-N N-O _iPr

1.0 equiv. 2.0 equiv. i-Pr ! l /" i-Pr
H \ "H ;
o 2BF4

[P{(M",S*,S™)-1d},](BF 4)2

CH,Cl,  [Pd(CH3;CN)4](BF4), 2 (M*,S',S)-1d
Et,0 Pd
Pd [PA{(M",S',S")-1d},](BF4), 'H, *C NMR
FAB
Et,0 Pd
(M*S',S)-1d X Figure 3-2
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Torsion angle of imine moiety
trans (O-N-C1-C3): 171.48(18) °
cis (O-N-C1-C2): 1.0(2) °

Torsion angle of imine moiety

[PA{(M*,S*,S*)-1d}2](BF4)2

trans (O-N-C1’-C3’ and Pd-N-C1°-C2’): 157-165 °

Crystal Data for (M*,5*,5%)-1d
orthorhombic

Space Group Pcen (#56)
a=6.99(6) A
b=26305(4) A
c=11.977(6) A
V'=122042) A3

Z=4

Deale = 1.129 g/em?

R =0.0652, Rw = 0.0852
Goodness of fit=1.109

Crystal Data for [Pd{(M*,$*,5*)-1d},](BF ),
monoclinic

Space Group C2/c (#15)
a=21.325(9) A
b=15977(H A
¢=613003) A
£=96.74(3) °
V'=20742(14) A3
Z=16

Deale = 1.318 g/em®
R=0.0944, Rw =0.0974
Goodness of fit=1.157

Figure 3-2. X-ray Crystallographic Analysis of (M*,S* $*)-1d and [Pd{(M*,S* S*)-1d},](BF 4)» (BF 4 anions

and all hydrogen atoms are omitted for clarity)

Pd [Pd{(M".S’S)-1d}>](BF4).

[PA{(M",S',S)-1d}2](BF4), 1

(M*,S,S)-1d Pd 2
14 °
Pd{(M*,S",S")-1d} (OCOCF3),'®
[Pd{(M",S,S)-1d},](BFa),
Pd (M*,S',S)-1d
28.60(8)
[Pd{(M",S,S)-1d},](BFa),
SPRIX
[Pd{(M",S,S)-1d},](BFa),
<7 °
SPRIXs
[Pd{(M",S,S)-1d},](BFa);
1 (M*,S,S)-1d  Pd

-41 -

Pd

(M",S,S)-1d

o

Pd

trans: 157-165 °, cis:

Pd{(M",S,S)-1d}(OCOCF3),

Pd-SPRIXs Lewis



Scheme 3-13 Pd

M,S$9-1d Pd (M,S9-1d
[Pd{(M.S9)-1d},](BF.) Pd
(M,S9-1d 38a
Pd I Pd -
38a 5-exo-trig
[
[l [
B- 39a 0
Pd  p-benzoquinone 2 Pd

Scheme 3-13. Plausible Mechanism of Pd(ll)-SPRIX Catalyzed Enantioselective Oxidative Intramolecular Aminocarbonylation

N
* C Spgt ) *
N~ NN 2BF, =
o:®=o Ha vl - x C o \H
BQ N Ts
38a
2L, 2HBF,, -
N L
o pa
N~ SL O 2BFf -2k
2
. H—N/Ts
N Catalytic Cycle
0
* Pd co
N pdl

*
N\ (MS8)-1d
N N

N =0
o0 HN
N \/ </
2BF,
I
° * n I+
+
N
m I * C Spgt < co T aminopalladation
N P HN/ S

\
o
- HN
Tg T o - L - HEBF,,
N v —
39 N 3 CO insertion N" o
x < pd'
NS L BFs BF,
I 11

L = CO, CH,CN, MeOH
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[PA{(M",S,S)-1d}2](BFs), X
Pd (M,SS i-Pr-SPRIX 1d Pd

(M,S9-1d C2

Figure 3-3a I

38a 38a
2 Pd
Re S 39a
Figure 3-3b

(a) (b)

Re face attack

Figure 3-3. (a) X-ray structure of [Pd{(M*,S*,S¥)-1d},](BF 4)» from the viewpoint of metal side (one molecule of
(M*,S*,S-1d, BF4 anions, and all hydrogen atoms are omitted for clarity.) (b) a plausible stereochemical pathway.
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i-propyl

[PA(CH3CN)4](BF4)2 Pd-(M,S9-1d

R
=
RJ(\/ 10 mol % [Pd(CH3CN)4](BF 4)2 R O
11 mol % (M, S, S)-1d, CO (1 atm) W
NH - > R NN
%\ p-benzoquinone MeOH \ﬂ/ PG
o) ITIH o)
PG

R = H, Me, -CH5(CHo)3CHx-, CO,Et
PG = TS, O—CH3CGH4802, 06H5SOQ, p—C|CsH4SOQ

SPRIXs

SPRIXs

- 44 -

up to 89% ee

Pd-
Pd

(M,3S-1d  Pd

SPRIXs
Hol N H.
i-Pr | | i-Pr
iFPr” 9-N N~ “i-Pr
(M,S,S)-1d
Pd black
SPRIXs

[PA{(M",S',S)-1d}2](BFs)2 X
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Pd-SPRIXs

PA(II/TV)
Pd(0/11) PA(II/TV)
40 Pd(0/1D)
Pd(II) PhI(OAc), II1
Pd(IV)
B- Pd(II) 45
Scheme 4-1 B- Pd(II) 45
B-H Pd(IV) 46
B-H
Scheme 4-1. Pd-Catalyzed Oefin Aminoacetoxylation with PhI(OAc),
ZR'  pdlcat. | _x NRz  PhI(OAc); pco_ ?Ac/x NR; NR;
L AN - L/P?'V . o Ao
NRH a5 L 46
Aminopalladation Oxidation Reductive
! ! Elimination
L. ligand * [S-H Elimination * [S-H Elimination
NR, NR,
)\R1 }\R1
2005 Sorensen Pd(OAc),
PhI(OAc), - 47
Scheme 4-2 *V
Pd(II) PhI(OAc), Pd(IV)
C-OAc
Scheme 4-2. Pd-Catalyzed Intramolecular Aminoacetoxylation of Olefins with PhI(OAc)>
)
ows Spantaor: L
@) 1 equiv. BuyNOAc
CH3CN
7h,25°C OAc
47 48
92% (9.5:1dr)
Muiiiz Pd(OAc), PhI(OAc), 49
Scheme 4-3  *?
Pd(II)
Pd(IV)
50
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Scheme 4-3. Pd-Catalyzed Intramolecular Diamination of Olefins with PhI(OAc)»

o) 5 mol % Pd(OAc),
L 2.2 equiv. Phl(OAC),
N~ “NHT >
(\/H\/ ® 1 equiv. Me,NCI/NaOAc
= CHJCl,
12h,25°C
49 ’
Stahl 51 52
Scheme 4-4 +
53

o)

N

50
89%

Scheme 4-4. Pd-Catalyzed Intermolecular Aminoacetoxylation of Olefins with PhI(OAc),/Phthalimide

NPhth
MeO MeO OAc
o 0 10 mol % PdCI,(CH3CN)» :
2 equiv. PhI(OAc
.\ NH q (OAc), .
DCE
24 h, 70 °C
Br © Br
51 52 53
89% (> 20:1 dr)
M. S. Sanford 52 54
55 Scheme 4-5 *¥
Scheme 4-5. Pd-Catalyzed Intramolecular Aminooxygenation of Alkens
10 mol % Pd(OAc), 0
~ OH o 20 mol % AgBF
NH 2 equiv. Phl(OAc), /|
+ T ‘.
CH4CN, 60 °C NPhth
O
54 52 55
77% (10:1 dr)
B- Pd(1I) Sanford
Tse PA(II/IV) Scheme 4-6
and 4-7 ¥ 56 57
PA(II/TV)
Lu Pd(II)

Scheme 4-8 49
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Scheme 4-6. Sanford's Pd(ll/IV)-Catalyzed Reactions of Enynes

10 mol % Pd(OAc),

Ph 11 mol % Bipy Ph
| ‘ 1.1 equiv. Phl(OAc), — —
f AcOH, 80 °C © \ N/
5h 0™ g N N
o0 Bipy
56 57
79%
Scheme 4-7. Tse's Pd(ll/IV)-Catalyzed Reactions of Enynes
Ph o
10 mol % Pd(OAc), Ph
| ‘ 2 equiv. Phl(OAc),
f ACOH, rt ©
O
0“0 60 h o)
56 57
79%
Scheme 4-8. Lu's Enyne Cyclization
R R
5.0 mol % Pd(OAc),
6.0 mol % Bi —
| ‘ _ OAc o BIpy AcO A
AcOH, 60 °C
0”0 0™ ™0
R = Me, n-Pr, Ph, i-C;Hs5 83-90%
CH5OCH,
Lu
Scheme 4-9
46)
Scheme 4-9. Lu's Asymmetric Enyne Cyclization Z
|
L* mo or \N | o)
_. >
Ph Ph bh
sk
R 7
5.4 mol % Pd(OAGc), ph N N R
* Il, —
I ~_OAc  10.8mol%L S NPLLSPNGECTE AcO—\
AcOH, 60 °C
0”0 0”0 0™ ™0
R = Me, n-Pr, Ph, i-C7H;5 58-88%
CH30CH, 79-92% ee
PA(II/TV)
SPRIXs
PA(II/TV)

=49 -



PA(II/IV)

SPRIXs Pd
Sanford Tse
PA(II/TV) ) Sanford
450) Scheme 4-10
- Pd(II)
I
Pd
Pd(II)
[l PhI(OAc), Pd(IV) Il
Scheme 4-10. Working Hypothesis
b3
N .
NN (M
R’ \Pdﬁ R! N X~ pgd'” *
5 )(/ 3( |! AcO \N
| ‘ Rf ————————— > Aco)ﬁ//\Rj% ————— > R2
AcOH
0”0 HX 0707 - .
Acetoxypalladation Insertion I
(?AC
R! AcO N 1
~pdV * R
: prionon a0 DT L T
7\ : Chiral Ligand -Phl R® X
N N 0o 0™ g
Oxidation I
Lu 58
Pd-SPRIXs 2003 Scheme 4-11 *7
PA(II/TV)

Pd-SPRIXs

Scheme 4-11. Pd(Il)-SPRIX Catalyzed Asymmetric Enyne Cyclization

10 mol % Pd(OAGc),

Il _~_OAc 20 mol % (M,S,S)-1d
/h/ AcOH-toluene (10:1)

MS 4A,60 °C, 22 h

NmN
ph N D
H
Pd'l, AcO = | . H. .
SO U D SRIF dw s
o o o i-Pr O’N N‘O i~Pr

(M,S,S)-1d
59
87%, 92% ee
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17-19) 60a 10 mol % Pd Pd(OAc),
Pd(OCOCF3), 10 mol % Pd 2 equiv.  PhI(OAc),
AcOH 0.1 M 50°C 8 Pd AcOH 25°C
Pd 2 6la
60a 'H NMR Scheme 4-12
Pd(OAc), Pd(OCOCF3), Pd (PRR)-1d
Pd(OAc),: 63% ee PdA(OCOCF;),: 45% ee
(R)-BINAP 9
(S9-i-Pr-BOXAX 10 (S9-t-Bu-BOX 1la
(S9-t-Bu-BOX 1la 'H NMR
1lla (-)-sparteine 42
AcOH
(PRR)-1d
(PRR)-1d  PhI(OAc), 'H NMR
AcOH
Scheme 4-12. Screening of Catalyst
Ph 10 mol % Pd(OAc), or PdA(OCOCF3),  Ph
J\Me . 10 mol % Ligand - G */\* Me
f 2 equiv. Phl(OAc),, AcOH (0.10 M)
oo 50 °C, 8 h o
60a 61a

o-N N-g
(P.R.R)-1d

66%(26%), 63% ee
80%(11%), 45% ee

H ., A~H .
i—Pr%l—Pr
i-Pr i-Pr

L Do,
LT™

(R)-BINAP 9

0% (89%), ND
56%(25%), rac

No Ligand
Pd(QCAc)> 87%(0%)
Pd(OCOCFs;), 94%(0%)
O
-8
i—Pr,,,[N N™"ipr
o LI
(S,9)-i-Pr-BOXAX 10
Pd(OAc), 40%(55%), 7% ee
Pd(OCOCF3)» 71%(18%), 4% ee

3y

£-Bd +Bu
(S,S)--Bu-BOX 11a

77%(0%), 2% ee
39%(49%), 2% ee

-51-

(-)-sparteine 42

80%(0%), rac
87%(0%), rac



(PRR)-1d

Pd-SPRIX
PdCL[(PRR)-1d] Pd(OAc),[(PRR)-1d] Pd(OCOCF;),[(PRR)-1d]
CH,Cl, Pd (PRR)-1d 60a
10 mol % Pd(hfacac), [Pd(CH3;CN)4](BFa4)2
Pd-SPRIX Pd Pd
Scheme 4-13
Pd-SPRIX
ClI' AcO CF;COy Pd 52-58% ee
hfacac’ Pd 39% ee
[PA(CH3CN)4](BF4), Pd 6la 69% ee
(PRR)-1d  [Pd(CH3;CN)4](BF4), 40 mol % CH;3;CN
Pd
Pd(OCOCF;),[(PRR)-1d]
Scheme 4-13. Screening of Catalyst 2
60a 10 mol % ~  61a
2 equiv. PhI(OAc),, AcOH (0.10 M)
50°C,8h
H ~ |uH H  LWH H o H
i-Pr | T l:-Pr i-Pr | T l:-Pr i-Pr | T l:-Pr
i-Pr O/N\ /N\O i-Pr  iPr O/N\ /N\O i-Pr i-Pr O/N\ /N\O i-Pr
Pd Pd Pd
Cll \CI ACO/ E)Ac F3COC6 E)COCF::,

PACL[(P,R,R)-1d]

59%(12%), 58% ee

H
i-Pr

i-Pr

o-N N-o
10 mol % (P,R,R)-1d

Pd(OACc),[(P,R,R)-1d]

72%(15%), 52% ee

«H
i-Pr

i-Pr

H
i-Pr

i-Pr

‘Y
Z

+

10 mol % Pd(hfacac),
prepared in situ

79%(0%)

, 39% ee

-52 -

o-N N-o
10 mol % (P,R,R)-1d

Pd(OCOCF3),[(P,R,R)-1d]

79%(10%), 56% ee

«wH
i-Pr

i-Pr

‘Y
z

+

10 mol % [Pd(CH3CN)4(BF 4)-
prepared in situ

B67% (26%), 69% ee



Pd Pd(OCOCF»),[(PRR)-1d]

Scheme 4-12  [Pd(CH3CN)4](BFa) CH;CN
60a
AcOH
AcOH Table 4-1
CH,Cl, toluene EtOAc THF DMF
entries
1-6 CH;CH;CN  CH;CN
74% ee entries 7 and 8 Pd
PhI(OAc),
CF;CH,OH  hf-i-PrOH entries 9 and 10 8
60a TLC
6la CH;CN
6la
Table 4-1. Solvent Effect 1 (
H . |.WH
i-Pr | T l:-Pr
60a _10mol % PA(OCOCFs.I(P.RAA] -Pr O/N\ /N\o -Pr
2 equiv. PhI(OACc),, solvent (0.10 M) Pd
S0°C,8h FsCOCO OCOCF,
Pd(OCOCF3)5[(P,R,R)-1d]

Entry Solvent Ratio Yield (%)? Ee (%)°
1 AcOH - 79 (10) 56
""" 2 AHCHCL 11 62@32) 44
3 AcOH-toluene 1:1 32 (62) 50
4 AcOH-EtOAc 1:1 45 (54) 46
5 AcOH-THF 1:1 33 (15) 19
6 AcOH-DMF 1:1 50 (41) 42
7 AcOH-CH3;CH,CN 1:1 63 (36) 74
8 AcOH-CH3CN 1:1 81 (14) 74
9 AcOH-CF3CH>0OH 1:1 64 (0) 42
10 AcOH-hf-i-PrOH 1:1 56 (0) 37

@ NMR yield using hydroquinone dimethylether as standard. In parenthesis, yield
of remained 60a is shown. P Determined by HPLC (Daicel Chiralpak AS-H).
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AcOH CH;CN Table 4-2
CH;CN 1:1 1:2 1:9 entries 1-3
AcOH 1:1 2:1 9:1
entries 4 and 5 AcOH- CH;CN 9:1 88% T7% ee
6la 14:1 19:1 AcOH
entries 6 and 7
AcOH:CH3CN  9:1
Table 4-2. Solvent Effect 2 (
H ", |wH
i-Pr i l:-Pr
c0a _10mol% PA(OCOCFy,[(P.RAMA] -Pr O/N\ /N\o -Pr
2 equiv. Phl(OAc), Pd
A°°H'5°0"’°3C°:’;’3 (:'10 M) FiCOCO OCOCF;
Pd(OCOCF3)5[(P,R,R)-1d]
Entry AcOH:CH3;CN Yield (%)? Ee (%)°
1 1:1 81 (14) 74
2 1:2 74 (19) 72
3 1:9 74 (16) 71
4 2:1 84 (15) 73
5 9:1 88 (10) 77
6 14:1 84 (11) 66
7 19:1 86 (11) 68
@ NMR vield using hydroquinone dimethylether as standard.
In parenthesis, yield of remained 60a is shown.
b Determined by HPLC (Daicel Chiralpak AS-H).
CH;CN
(PRR)-1d Table
4-3 (PRR)-1d Pd (PRR)-1d
5 mol % (PRR)-1d
30 6la 77% ee 85% ee
entries 1 and 2 10 mol % (PRR)-1d 5 mol %
85% ee 6la entry 3 (PRR)-1d

5 mol %
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Table 4-3. Effect of Additional Ligand [

10 mol % Pd(OCOCF3)[(P,R,R)-1d]

X mol % (P,R,R)-1d
60a 61a
2 equiv. PhI(OAc),

AcOH-CH3CN (9:1, 0.10 M)
50 °C

[\
F3COCO OCOCF3
Pd(OCOCF3),[(P,R,R)-1d]

Entry Xmol % (P,R,R)-1d Pd:(P,RR)-1d Time (h) Yield (%) Ee (%)°

1 0 - 8 88 (10)2 77
2 5 1:1.5 30 96° 85 |
3 10 1:2 30 89P 85

@ NMR yield using hydroquinone dimethylether as standard. In parenthesis, yield of remained
60a is shown. ° Isolated yield. ¢ Determined by HPLC (Daicel Chiralpak AS-H).

Pd
Scheme 4-14  PhI(OCOt-Bu), PhI(OAc),
6la 86%, 82% ee
PIFA  Koser’s Reagent TLC
6la Oxone
Pd(0/11) p-benzoquinone

Cu(OAc), 6la

Sanford 6la Pd(0/11)

45b)

Scheme 4-14. Effect of Oxidant (

10 mol % Pd(OCOCF3),[(P,R,R)-1d]
5 mol % (P,R,R)-1d

2 equi

AcOH-CHSCN(é\n, 0.10 M) I\
50 °C, 30 h F3COCO OCOCF3

60a 61a

idant

Pd(OCOCF3)5[(P,R,R)-1d]

OAc OCOt-Bu OCOCF3 OTs
OAc OCOt-Bu OCOCF3 OH

PhI(OAc)> Phl(OCOt-Bu), PhlI(OCOCF3)» PhI(OTs)OH Oxone
PIDA PIFA Koser's Reagent
96%, 85% ee 86%), 82% ee 40%, 88% ee 55%, 79% ee 34%, 65% ee
o
p-benzoquinone Cu(OAcC),
0% trace, ND
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0.2 0.05M

Table 4-4 0.1 M
(entries 1-3)
Table 4-4. Effect of Concentration (
H , AoH
10 mol % Pd(OCOCF3)[(P,R,R)-1d] ::-gr |N ;\L :g:
60a 5 mol.% (P,R,R)-1d 61a FET o~ \ o)
2 equiv. Phl(OAc), Pd
ACOH'CHgg’:‘C(gﬂ’X m) FsCOCO OCOCF;
Pd(OCOCF3),[(P,R,R)-1d]
Entry X (M) Time (h)  Yield (%)?  Ee (%)P
1 0.2 24 84 84
2 0.1 30 96 85 |
3 0.05 48 83 84
@ |solated yield. b Determined by HPLC (Daicel Chiralpak AS-H).
Table 4-5 70 °C
60a 8 6la 78% ee
entries 1 and 2 30 °C 120
80% 91% ee 6la entry 3
Pd-(PRR)-1d
30 °C
PhI(OAc), 4 equiv.
89% 92% ee 6la entry 4
168 entry 5
100 mol % CF;CO,H NaOAc

entries 6 and 7
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Table 4-5. Effect of Temperature and Additive

H . LaH
10 mol % Pd(OCOCF3),[(P,R,R)-1d] I:_gr |N ;\L :g:
50a 5 mol % (P,R,R)-1d ~ 61 T o \ / O
2 equiv. Phl(OAc), Pd
AcOH-CHZCN (9:1, 0.10 M) |=3coool chCF3
Pd(OCOCF3),[(P,R,R)-1d]
Entry Time (h) Yield (%)? Ee (%)°
1 50 30 96 85
2 70 8 85 78
3 30 120 80 91
4° 30 120 89 92
5¢ 30 168 87 91
64 30 168 68 90
7¢ 30 168 89 92
@ |solated yield. b Determined by HPLC (Daicel Chiralpak AS-H).
€ 4 equiv. of PhI(OAc), was used. 4100 mol % of CF3CO5H was added
as additive. € 100 mol % of NaOAc was added as additive.
60a 10 mol % Pd(OCOCF;),[(PRR)-1d]
4 equiv. PhI(OAc), 9:1 AcOH-CH;CN 0.10M
30°C 120 6la 89% 92% ee
SPRIX
SPRIXs
(PRR)-62 63 Scheme 4-15
(PRR)-1d 6la
(PRR)-1e
SPRIXs
(PRR)-62 63 (PRR)-1d
(PRR)-1d
Pd
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Scheme 4-15. Effect of Substituents on Isoxazoline and Ligand Skeleton

Pd-SPRIX Cat.

4 equiv. PhI(OAc),
AcOH-CH3CN (9:1, 0.10 M)

60a 61a

H w, A-H.
| i-Pr
N N-g >i-Pr
o7\

i-Pr
i-Pr

Pd
F3COCO/ bCOCFg
Pd(OCOCF3),[(P,R,R)-1d]
87%, 91% ee

30°C,168 h
H o H
!E 1 ‘

H ., wH
R | T R
R O/N N\O R H O/N N\O (’H
15 mol % (P,R,R)-R-SPRIX 1 15 mol % (P,R,R)-62

+ +
10 mol % Pd(OCOCF3),
Prepared in situ

10 mol % Pd(OCOCF3),
Prepared in situ

(P,R,R)-1a:R = H
(P,R,R)-1b: R = Me
(P,R,R)-1¢c: R = Et

| (P.RR)-1d:R=iPr
(P,R,R)-1e: R = i-Bu

65%, 25% ee
91%, 59% ee
88%, 60% ee
95%, 88% ee |
84%, 38% ee

86%, 25% ee

15 mol % (P,R,R)-63

+

10 mol % Pd(OCOCF3),
Prepared in situ

82%, 51% ee

60b-60g Table 4-6
Me Et 60b BOM 60c
entries 1-3
61b 61c Ph
60e TLC
60e 6le entries 4 and 5
60f 96
83% ee 61f Me 60a
23% entries 1 and 6
TLC 60f [’
Pd(IV) 1r B-H Pd-H
64f 60f B-H
Scheme 4-16 I’ B-H
Pd(IV) I 61f
PhI(OCOCFs3), 62%
95% ee 61f entry 7
Ph 2-Naphthyl 60g
92% 90% ee
619 entry 8
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Pd(OCOCF3),[(PRR)-1d]

82-95% ee

Table 4-6. Scope and Limitation s

10 mol % Pd(OCOCFs3),[(P,R,R)-1d]
5mol % (P,R,R)-1d

Enyne Product
4 equiv. Phl(OAc), /A
AcOH-CH3CN (9:1, 0.10 M) FsCOCO OCOCF;
30°C Pd(OCOCF,),[(P,R,R)-1d]
Entry Enyne Product Time (h) Yield (%) Ee (%)°
R', R?
1 o Me, H (60a) 61a 120 89 92
2
2 ; R Et, H (60b) 61b 120 78 83
| ‘ R~
3 BOM, H (60c) 61c 120 81 94
4 0" © Ph, H (60d) 61d 120 14 82
d
5 Me, CO,Et (60e) 61e 120 trace ND
6 H, H (60f) 61f 96 23 84
7° 60f 61f 72 62 95
8 60g 61g 120 92 90
| \Mejy
0“0

a |solated yield.  Determined by HPLC. ° Not determined. ¢ 4 equiv. of PhI(OCOCF5), was used instead of
PhI(OACc),.

Scheme 4-16. A Plausible Pathway toward Byproduct 64f

N t (I)Ac
Ph N N
N l,ll\l Ph X~ g1~ >* P;ico\Pd,V/ >* Ph
~ ~
H H /Pd\ AcO 4 N ACOJ\ 4 U| N */\* H
X X H PhI(OAC), H X %
0”0 0™ o _PhI 070 — 0O07o
60f N Oxidation Pd''--Pd'V I 61f
* (Slow)
N
NN
[f-H Elimination (Fast) | - Pd'
\ *
H X N
N N
Ph Pdll + 6Of
\
AcO N H X
Complex Mixture
070
64f Insertion and p-H Elimination...



Scheme 4-17
Pd 60 AcOH
trans-acetoxypalladation I

I PhI(OAc), Pd(IT)
PA(IV) W
PA(IV) Sx2
Vv 2 Pd
Vv 61

Scheme 4-17. A Plausible Mechanism of Pd-SPRIX Catalyzed Asymmetric Oxidative Enyne Cyclization

R1
R! R! IR2_~ + AcoH
*/\ *_R2 H20 + %/ \*_R2 f
o} 2 AcO
-2AcOH * 0" ©O
o} o}

60

)

Hydrolysis - l\{ /N
61
|
Insertion
-Phl Oxidation .
'
* N N
N 5 (P.RR-1d Phl(OAc), N
N N R1 X~ Pd“ _ N> R1 /Pd
3
Ao\ /. SN Ao X )
X = OCOCF,, OAc R2 — R?
© (@) Bond Rotation o (@)
111 11

-60 -



SPRIXs Pd
PA(II/IV)
Pd(OCOCF;),[(PRR)-1d]

10 mol % Pd(OCOCF,),[(P,R,R)-1d]

R1
I R 5 mol % (P,R,R)-1d
f 4 equiv. Phl(OAc), or Phl(OCOCF3),
o o AcOH-CH3CN (9:1, 0.10 M)
30°C

R' = Ph, 2-Naphthy!
R2 = H, Me, Et, BOM, Ph

-61 -

PA(II/IV)

R1

sk sk R2
O
@)

O
82-95% ee

AcOH
Pd

H ., .\\H'
I-Pr | T i-Pr
i-Pr N N~ “i-Pr

07\
Pd
/ A\

F;COCO OCOCF4

Pd(OCOCF;),[(P,R,R)-1d]




40.
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SPRIXs

1) i-Pr-SPRIX
i-Pr-SPRIX Pd
dppe
(PRR)- i-Pr-SPRIX
X
i-Pr-SPRIX
2) i-Pr-SPRIX SPRIXs
CD (M*,S'S)-SPRIXs CD
Cotton Cotton SPRIX (P,RR)
Cotton Cotton SPRIX (M,S9
Me-SPRIX Et-SPRIX
i-Bu-SPRIX
SPRIXs
Pd-SPRIXs
1) (M,S9)- i-Pr-SPRIX  [Pd(CH3CN)4](BF4),
SPRIXs
SPRIXs
SPRIXs
Pd-
2) X i-Pr-SPRIX
[PA(CH3CN)4](BF4), Pd [Pd(i-Pr-SPRIX),](BFs), X
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Pd-SPRIXs

PA(IVIV)
1) Pd Pd(OCOCF;),[(PR R)-i-Pr-SPRIX]
PA(II/IV)
SPRIX PA(II/IV)

“ Optical Resolution of Tetra Isopropyl-substituted Spiro Bis(isoxazoline) i-Pr-SPRIX ”
Takizawa, S.; Yogo, J.; Tsujihara, T.; Onitsuka, K.; Sasai, H. J. Organomet. Chem. 2007, 692, 495.
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Experimental Section

General.

All manipulations were carried out with standard schlenk technique under prepurified argon or
glovebox techniques under prepurified argon. NMR spectra were recorded on a JEOL
JMM-EX270 spectrometer (270 MHz for 'H, 67.7 MHz for '>C) or JEOL ECA500 spectrometer
(500 MHz for 'H, 125.8 MHz for °C). Chemical shifts are reported in & ppm referenced to an
internal tetramethylsilane standard, CD,Cl, residual peak (8 5.32), or CD;OD residual peak (5 3.30)
for '"H NMR. Chemical shifts of °C NMR are given relative to CDCl; as an internal standard (5
77.0), CD,Cl, as an internal standard (6 53.1), or CD3;0D as an internal standard (6 49.0). Mass
spectra were obtained on JEOL JMS-700 (for FAB-MS) and Shimazu LCMS-IT-TOF (for ESI-MS).
Elemental analysis was performed on PERKIN-ELMER 2400. Melting points were measured
using a Yanaco MICRO MELTING POINT APPARATUS MODEL MP-S9 or a BUCHI melting
point apparatus B-540. IR spectra were obtained using a SHIMADZU FTIR-8300 or a JASCO
FT/IR-4100 spectrophotometer in ATR mode. Optical rotations were measured on a HORIBA
SEPA-300 polarimeter. UV spectra were measured using a JASCO V-650. CD spectra were
recorded using a JASCO J-715. HPLC analyses were performed on JASCO HPLC system
(JASCO PU 980 pump and UV-975 UV/Vis detector) using a mixture hexane and i-PrOH as the
eluent. Chiralpak AD (2 cm¢ x 25 cm) was used for the separation of enantiomers of
(M*,S',S)-SPRIXs 1.

Material.

Commercially available reagents were used without any purification except for p-benzoquinone and
solvents. p-Benzoquinone was purified by standard sublimation technique. THF and Et,O were
distilled from sodium/benzophenone. CH,Cl, and CH3CN were distilled from CaH, under argon.
MeOH and EtOH were distilled from magnesium under argon. Column chromatography was
conducted on Kanto Slica Gel 60 (40-100 pum).
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Chapter 2

Preparation of
cis-[(R)-dimethyl (1-ethyl-a-naphthyl)aminato-C?N]-[(P,3aR,3a' R)

-3,3',33,3a’,4,4' 5,5 -Octahydro-3,3,3',3' -tetraisopropyl-6,6'-spirob 'V'e'|‘_'|‘ Mez 2
I[6H-cyclopent|[c]isoxazole]]palladium(l1)hexafluorophosphate Pl FPT PR
((R,PR,R)-35) (R,P,R,R)-35

A solution of (M*,S',S)-1d (374.56 mg, 1.0 mmol) and

di-p-chlorobis[(R)-dimethyl(1-ethyl-1-phenyl-C N)]dipalladium(I) ((RR)-30) (290.1 mg, 0.5
mmol) in MeOH (30 mL) was stirred at rt for 2.5 h. A solution of NH4PF¢ (326 mg, 2.0 mmol) in
H,O (5 mL) was added to the above mixture, and it was stirred at rt for 30 min. MeOH was
removed in vacuo and the remaining water phase was extracted with EtOAc. The combined
organic layer was washed with brine, dried over MgSO4 and concentrated in vacuo. The resulting
reside was washed with ether-hexane (1:1) to afford the corresponding diastereomeric palladium
complexes (RM,S9-35 and (RP,R,R)-35 (676 mg, 0.87 mmol, 87%). (M",S',S)-1d was also
recovered in 13% yield from above ether-hexane layer. Recrystallization of diastereomeric
palladium complexes (RM,S59-35 and (RPRR)-35 (4.35 g, 5.6 mmol) (5 times) resulted in pure
(RPRR)-35(1.61 g, 2.08 mmol, 37%) as a white crystal.

Mp 235 °C (dec.).

"H NMR(270 MHz, CDCl;): & 0.82-1.14 (m, 24H), 1.82 (d, J = 6.26 Hz, 3H), 2.0 (m, 4H), 2.3 (m,
6H), 2.75 (m, 2H), 2.83 (s, 3H), 2.87 (s, 3H), 3.44 (q, J = 6.26 Hz, 1H), 4.1 (m, 2H), 6.86-7.08 (m,
3H), 7.24 (d, J="7.58 Hz, 1H).

C NMR(67.7 MHz, CDCls): § 17.01, 17.27, 17.54, 17.58, 17.79, 18.02, 18.75, 18.80, 18.93, 22.46,
25.80, 31.72, 31.91, 32.08, 32.34, 38.04, 38.91, 45.31, 45.08, 51.08, 51.09, 52.98, 77.21, 102.11,
102.59, 121.13, 124.81, 125.52, 135.73, 144.31, 153.38, 170.08, 172.34.

IR (neat): 840.47 cm™.

ESI-MS. [M]":628. Found: 628.

[a]p'® -228.4 (c 0.38, CHCL;).

cis-[(R)-Dimethyl(1-ethyl-a-naphthyl)aminato-C% N]-[(M,3aS,3a’
S)-3,3,3a,3a’ 4,4’ ,5,5 -Octahydro-3,3,3',3 -tetraisopropyl-6,6' -spi
robi[ 6H-cyclopent[c]isoxazole]|palladium(l I )hexafluorophosphate e,
((RM,S,9)-35)

white solid

Mp 207 °C (dec.).

"H NMR(270 MHz, CDCl5):  0.82-1.14 (m, 24H), 1.40 (d, J = 6.75 Hz, 3H), 2.0 (m, 4H), 2.35 (m,
6H), 2.60 (s, 3H), 2.75 (m, 2H), 3.14 (s, 3H), 4.10 (m, 2H), 4.70 (q, J = 6.75 Hz, 1H), 6.76 (t, J =

(RM,S,S)-35
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7.3 Hz), 6.94 (t, J= 7.3 Hz, 1H), 7.09 (t, J= 7.3 Hz, 1H), 7.25 (d, J= 7.3 Hz, 1H).

BC NMR(67.7 MHz, CDCls): & 10.24, 17.04, 17.34, 17.59, 17.66, 17.80, 18.02, 18.73, 18.79, 19.10,
19.23, 31.81, 31.95, 32.18, 32.40, 38.04, 38.92, 43.44, 45.17, 49.53, 51.17, 51.35, 74.62, 101.78,
102.57, 122.70, 125.53, 125.71, 135.27, 147.34, 150.03, 170.23, 172.26.

IR (neat): 840.81 cm™.

ESI-HRMS. Calcd for C33Hs,N;O,Pd [M]+:628.3089. Found: 628.3118.

[a]p”” +188.26 (¢ 0.29, CHCLs).

[(P,3aR,3a'R)-3,3',3a,3a’ 4,4’ ,5,5 -Octahydro-3,3,3',3 -tetraisopropyl-6,
6’ -spirobi[6H-cyclopent[c]isoxazol€e]] ((P,R,R)-1d) ,
A solution of (RPRR)-35 (1.61 g, 2.08 mmol) and dppe (830.3 mg, 2.08 (P.R,R)-1d
mmol) in CH,Cl, (48 mL) was stirred at 25 °C for 2 h. CH,Cl, was

removed in vacuo, and the residue was filtered though silica-gel (CH,Cly/hexane = 1/2) to defecate

dppe and then purified by silica-gel (acetone/hexane = 1/3) to give (P,RR)-1d (765 mg, 2.04 mmol,
98%) as a white crystal.
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Chapter 3

Preparation of 2,2-bis(5,5-diisopropyl-4,5-dihydr oisoxazol-3-yl)propane (43b)
Bis(isoxazolinyl)propane 43a and (R)-44 were prepared by reported procedure.’

Bis(isoxazolinyl)propane 43b was synthesized by similar procedure (Scheme ES2).
Scheme ES2. Synthesis of achiral bis(isoxazoline) 43b

Y
|
N N

$ %,
HO OH

oy ES-7

i Tebbe Reagent JJ\ NaOCI i_prMI—Pr

i-Pr i-Pr” iPr FPr™ "o-N N-g" “i-Pr
ES-6 43b

i-Pr

The solution of diisopropylketone (1.42 mL, 10.0 mmol) and pyridine (1.21 mL, 15.0 mmol) in
THF (12.5 mL) was added Tebbe reagent (Aldrich 0.5 M toluene solution, 24.0 mL, 12.0 mmol)
over 10 min at -50 °C. The reaction mixture was stirred for 30 min at -40 °C and 20 h at 25 °C.
THF (7.7 mL) was introduced and the mixture was cooled to -10 °C. 15% aq. NaOH was
carefully introduced. The resulting mixture was filtered through celite pad. The filtrate was
distilled and 2-isopropyl-3-methyl-1-butene (ES-6) was separated as toluene solution. To this
solution was added 2,2-dimethylmalonaldehyde dioxime (ES-7)'% (117.7 mg, 0.904 mmol) and aq.
NaOCl (>5.0% chlorine, 1.81 mL) at 0 °C, and the mixture was stirred for 20 h at 25 °C. The
reaction mixture was diluted by the addition of H,O, and the mixture was extracted with ethyl
acetate, washed with brine. The organic layer was dried over Na,SO4 and concentrated. The
residue was purified by a slica gel column chromatography (n-hexane/ethyl acetate=10/1) to give
2,2-Bis(5,5-diisopropyl-4,5-dihydroisoxazol-3-yl)propane (43b) (16.0 mg, 0.046 mmol, 5.1% yield
from diisopropylketone) as white crystal.

"H NMR (500 MHz, CDCl3): & 0.85 (d, J = 6.9 Hz, 12H), 0.91 (d, J = 6.8 Hz, 12H), 1.45 (s, 6H),
1.99 (heptet, J= 6.8 Hz, 4H), 2.64 (s, 4H).

BC NMR (125.8 MHz, CDCl3): & 16.5, 17.0, 24.9, 32.9, 36.9, 38.0, 94.0, 160.2.

Pd(11)-SPRIX catalyzed oxidative enantioselective intramolecular aminocarbonylation of
alkenylamide 36, alkenylurea 38, or alkenylsulfamide 40.

The reaction conditions and results are summarized in Tables 3-1, 3-2, 3-3, 3-4, 3-5, 3-6 3-7 and
Scheme 3-10. A typical experimental procedure (entry 1 in Table 3-6) is shown below: A
solution of (M,§9)-1d (4.1 mg, 0.011 mmol) and [Pd(CH3CN)4](BF4), (4.4 mg, 0.010 mmol) in 5.0
mL of methanol (0.02 M for 38a) under argon atmosphere was stirred at 25 °C for 2 h. To the
solution, p-benzoquinone (43.2 mg, 0.4 mmol) was added, and the apparatus was purged with

carbon monoxide by pumping-filling via a three-way stopcock. Alkenylurea 38a (31.0 mg, 0.10
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mmol) was added to the stirred mixture at -40 °C and the entire mixture was stirred for 165 h.
After usual treatments, the crude mixture was purified by column chromatography on silica-gel
(hexane/acetone = 4/1) to give 27.8 mg (83% yield) of the bicyclic -amino acid derivative 39a,
which is 88% ee.

[4,4-Dimethyl-1-(p-toluenesulfonyl)-pyrrolidin-2-yl]-acetic acid methyl ester

(37) "
white solid +s CO,Me
'H NMR (270 MHz, CDCL): § 0.49 (s, 3H), 1.04 (s, 3H), 1.51 (dd, J = 8.1 and 37

12.7 Hz, 1H), 1.87 (ddd, J=1.1, 7.2 and 12.7 Hz, 1H), 2.43 (s, 3H), 2.56 (dd, J=9.3 and 16.3 Hz,
1H), 3.03 (dd, J= 1.1 and 10.5 Hz, 1H), 3.19 (d, J=10.5 Hz, 1H), 3.35 (dd, J=4.1 and 16.3 Hz,
1H), 3.69 (s, 3H), 3.89-3.98 (m, 1H), 7.32 (d, J=8.1 Hz, 2H), 7.74 (d, J= 8.1 Hz, 2H).

BC NMR (67.7 MHz, CDCls): & 21.6, 25.8, 26.5, 37.3, 41.6, 46.8, 51.6, 56.4, 61.4, 127.6, 129.5,
134.2,143.4, 171.8.

FAB-HRMS. Calc for C;¢Hy4NO4S [M+H]+: 326.1426. Found: 326.1419.

IR (ATR mode): 2970, 1730, 1340, 1303, 1155, 1105, 1092, 1003, 903, 822, 712, 662, 583, 548
cm™.

[a]p” +31.5 (€ 0.292, CHCI;) for the first enantiomer of 45% ee.

Chiral HPLC conditions

Column: chiralpak AS

Solvent: Hexane : i-PrOH =4 : 1

Flow rate: 0.5 mL/min

UV lamp: 254 nm

Retention time: 24.0, 66.0 min

* o
6,6-Dimethyl-2-(toluene-4-sulfonyl)-tetr ahydropyrrolo[1,2-c|pyrim-idine-1,3- m

dione (39%) \[or Ts
white solid 39a

"H NMR (270 MHz, CDCls): & 1.16 (s, 6H), 1.42 (dd, J = 9.7 and 12.7 Hz, 1H), 2.01 (dd, J= 6.2
and 12.7 Hz, 1H), 2.35 (dd, J=12.3 and 17.6 Hz, 1H), 2.43 (s, 3H), 2.92 (dd, J= 3.5 and 17.6 Hz,
1H), 3.18 (d, J=11.2 Hz, 1H), 3.41 (d, J=11.,2 Hz, 1H), 4.03-4.14 (m, 1H), 7.33 (d, J= 8.6 Hz,
2H), 8.18 (d, J= 8.6 Hz, 2H).

BC NMR (67.7 MHz, CDCls): & 21.8, 26.5, 26.6, 37.6, 41.2, 46.2, 51.1, 58.1, 129.1, 129.2, 135.2,
145.3, 147.6, 167.6.

FAB-HRMS. Calc for C;¢Hy1N,O4S [M+H]+: 337.1222. Found: 337.1162.

IR (ATR mode): 2955, 1746, 1711, 1402, 1362, 1173, 1088, 854, 808, 735, 675 cm™".
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Chiral HPLC conditions
Column: chiralpak AD-H
Solvent: Hexane : i-PrOH=3: 1
Flow rate: 0.5 mL/min

UV lamp: 227 nm

Retention time: 22.4, 29.5 min

Preparation of [Bis{(M*,3aS", Sy 12+
3a’SY)-3,3,3a,3a 4,4’ 5,5 -Octahydro-3,3,3',3 -tetraisopropyl-6,6 i-Pr . 7Y iPr
*-spir obi[6H-cyclopent [clisoxazole]} palladium(l )] bis(tetrafluoro P~ o-N N~o" Pr

/
borate) ([Pd{(M*,S",S")-1d}](BF4)>) \}Dd\
A solution of (M',S,S)-1d (50.0 mg, 0.133 mmol) and iPr O\lN l\"o -Pr
[PA(CH;CN)4](BF4), (29.7 mg, 0.067 mmol) in CH.Cl, (2.7 mL) "PrW"PT -
was stirred at 25 °C for 2.0 h under an argon atmosphere. Half
amount of CH,Cl, was removed in vacuo. The complex was [PA{(M",S",5)-1d},](BF4);

precipitated by addition of Et,O and filtered.  After drying under reduced pressure,
[Pd{(M*,S,S)-1d},](BF,), was obtained as yellow powder (64.8 mg, 0.063 mmol, 94%).

"H NMR (270 MHz, CD;0D): 8 0.96 (d, J = 12.6 Hz, 12H), 1.04 (d, J=12.7 Hz, 12H), 1.04 (d, J=
12.3 Hz, 12H), 1.21 (d, J=12.2 Hz, 12H), 2.17-2.32 (m, 8H), 2.34-2.44 (m, 8H), 2.48-2.62 (m, 4H),
2.69-2.79 (m, 4H), 4.50 (dd, J=21.7, 10.8 Hz, 4H).

BC NMR (67.7 MHz, CD;0D): & 17.3, 17.5, 18.3, 19.0, 20.9, 33.4, 33.9, 39.5, 48.5, 51.2, 108.1,
174.8.

ESI-MS. [M-BF4]": 941. Found: 941.

Anal. Calcd for C46H76B2FsN4O4Pd: C, 53.68; H, 7.44; N, 5.44. Found: C, 54.08; H, 7.55; N,
5.65.
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Chapter 4

H -, AnH
i-Pr | | i-Pr
Preparation of iPr™Ng-N N~ “i-Pr
[(P,3aR,3a'R)-3,3',3a,3a’ 4,4’ ,5,5 -Octahydro-3,3,3',3 -tetraisopropyl-6, \Pd/
/ \
6’ -spirobi[6H-cyclopent[c]isoxazole]]palladium(I1) dichloride Cl ¢l
(PACI[(PRR)-1d]) PaclPRRAd

A solution of PdCI,(CH3CN), (39.30 mg, 0.15 mmol) and (PRR)-1d (56.18 mg, 0.15 mmol) in
CH,Cl; (3.0 mL) was stirred at 25 °C for 1 h under an argon atmosphere. Half amount of CH,Cl,
was removed in vacuo, and the complex was precipitated by addition of Et;O. After filtration,
PdCl,[(P,R,R)-1d] was obtained as yellow powder (82.00 mg, 0.149 mmol, 99%).

Mp =219.3-224.1 °C (dec.).

"H NMR (500 MHz, CD,Cl,): & 0.87 (d, J = 6.9 Hz, 6H), 0.96 (d, J = 6.7 Hz, 6H), 1.00 (d, J = 6.8
Hz, 6H), 1.13 (d, J= 6.4 Hz, 6H), 1.96 (sep, J= 6.8 Hz, 2H), 2.08-2.15 (m, 2H), 2.16-2.29 (m, 4H),
2.36 (sep, J=6.7 Hz, 2H), 2.42-2.46 (m, 2H), 3.88 (dd, J=11.7, 5.2 Hz, 2H).

BC NMR (125.8 MHz, CD,Cl,): & 16.4, 17.0 (2C), 18.0, 19.0, 31.6, 31.7, 36.8, 45.4, 48.8, 103.1,
167.1.

H ., .\\H

i i-Pr | /| i-Pr
Preparation of ipr o-N N-g” “iPr
[(P,3aR,3a'R)-3,3',3a,3a’ 4,4’ ,5,5 -Octahydro-3,3,3',3 -tetraisopropyl-6, \pd/

6’ -spirobi[6H-cyclopent[clisoxazole]]palladium(l 1) diacetate AcO DA
(Pd(OAC),[(PR,R)-1d]) Pd(OAC),[(P,R,R)-1d]

A solution of Pd(OAc); (22.91 mg, 0.10 mmol) and (P,RR)-1d (37.46 mg, 0.10 mmol) in CH,Cl, (1
mL) was stirred at 25 °C for 3 h under an argon atmosphere. Half amount of CH,Cl, was removed
in vacuo, and the complex was precipitated by addition of Et,O.  After (filtration,
Pd(OAc),[(P,RR)-1d] was obtained as light yellow powder (48.7 mg, 0.081 mmol, 81%).

Mp = 128.9-130.8 °C (dec.).

"H NMR (500 MHz, CD,Cl,): & 0.85 (d, J = 6.7 Hz, 6H), 0.93 (d, J = 6.8 Hz, 6H), 0.96 (d, J = 6.8
Hz, 6H), 1.15 (d, J = 6.6 Hz, 6H), 1.86 (s, 6H), 1.93 (sep, J = 6.7 Hz, 2H), 2.08-2.13 (m, 4H),
2.26-2.31 (m, 6H), 3.78 (t, J=9.3 Hz, 2H).

BC NMR (125.8 MHz, CD,ClL): & 16.3, 16.9, 17.0, 17.2, 19.4, 21.6, 31.8, 31.9, 36.4, 45.6, 48.5,
103.2, 166.1, 176.8.

Preparation of H /" WH
[(P,3aR,3a'R)-3,3',33,3a’ 4,4’ ,5,5 -Octahydro-3,3,3' 3 -tetr aisopropyl-6, :E: 1L :i:
6’ -spirobi[6H-cyclopent[c]isoxazole]|palladium(I1) bis(trifluoroacetate) ° \Pd/ ©

(Pd(OCOCF3)[(PR,R)-1d]) F3COCO OCOCF,
A solution of Pd(OCOCF3), (68.54 mg, 0.20 mmol) and (PR R)-1d (74.86 Pd(OCOCF3),[(P,R,R)-1d]
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mg, 0.20 mmol) in CH,Cl; (2.0 mL) was stirred at 25 °C for 2 h under an argon atmosphere. Half
amount of CH,Cl, was removed in vacuo, and the complex was precipitated by addition of Et,0.
After filtration, PA(OCOCF;),[(P,R,R)-1d] was obtained as yellow powder (123.6 mg, 0.175 mmol,
88%).

Mp = 184.7-189.1 °C (dec.).

"H NMR (500 MHz, CD,Cl,):  0.85 (d, J = 6.8 Hz, 6H), 0.92 (d, J = 6.6 Hz, 6H), 0.95 (d, J=6.8
Hz, 6H), 1.13 (d, J= 6.5 Hz, 6H), 1.94 (sep, J= 6.7 Hz, 2H), 2.15-2.20 (m, 4H), 2.26-2.33 (m, 4H),
2.35-2.40 (m, 2H), 3.88 (t, J=9.6, 7.7 Hz, 2H).

BC NMR (125.8 MHz, CD,Cl,): & 16.1, 16.7, 16.7, 17.2, 19.5, 31.9, 31.9, 36.5, 46.0, 48.4, 105.0,
113.9 (q, "Jcr = 290 Hz), 161.6 (d, 2Jcr = 36.0 Hz), 167.2.

Preparation of enyne substrates (60)

All enyne compounds were prepared by standard esterification reaction of 3-aryl-2-propynoate (1.0
equiv.) with allyl alcohol derivatives (1.4 equiv.) using DIC (1.2 equiv.) and DMAP (10 mol %) in
dry CH,Cl, (0.25 M) at 0 °C. A typical experimental procedure for the synthesis of enyne 60a is

shown below.

Preparation of 2-methyl-2-propenyl 3-phenyl-2-propynoate (60a) Ph
To a mixture of 3-phenyl propiolic acid (753.35 mg, 5.0 mmol) and 2-methylallyl JLMG
alcohol (0.59 mL, 7.0 mmol) in CH,Cl, (10 mL) was added a solution of DMAP (61.09 o Of
mg, 0.50 mmol) and DIC (0.93 mL, 6.0 mmol) in CH,Cl, (10 mL) at 0 °C. The 60a
reaction mixture was stirred for 4 h at 25 °C. The reaction was quenched by filtration through
short silica-gel plug (hexane/EtOAc = 2/1). The resulting mixture was concentrated in vacuo, and
the residue was purified by column chromatography on silica-gel (hexane/EtOAc = 10/1) to give
945.7 mg (4.73 mmol, 95% yield) of enyne 60a as colorless oil.

"H NMR (500 MHz, CDCls): & 1.82 (s, 3H), 4.66 (s, 2H), 5.00 (s, 1H), 5.07 (s, 1H), 7.38 (t, J="7.8
Hz, 2H), 7.46 (tt, J="7.8, 1.2 Hz, 1H), 7.60 (dd, J=8.5, 1.1 Hz, 2H).

BC NMR (125.8 MHz, CDCl3): & 19.5, 69.1, 80.4, 86.5, 114.1, 119.5, 128.5, 130.6, 133.0, 139.0,
153.8.

Preparation of enyne 60b

2-Ethylallyl alcohol was prepared by reported procedure. 'H and C NMR spectra Et
agreed with literature data.
colorless oil. HO

'H NMR (500 MHz, CDCl;): & 0.97 (t, J = 7.5 Hz, 3H), 1.97 (q, J = 7.4 Hz, 2H), 3.29 (brs, 1H),
3.95 (s, 2H), 4.76 (s, 1H), 4.91 (s, 1H).

C NMR (125.8 MHz, CDCl3): 8 11.9, 25.4, 65.3, 107.6, 150.4.
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Enyne 60b was prepared in a manner similar to that of 60a using 3-phenyl propiolic Ph

acid (376.68 mg, 2.5 mmol), 2-ethyl allyl alcohol (301.25 mg, 3.5 mmol), DIC (0.46 | Etj/
mL, 3.0 mmol), and DMAP (30.54 mg, 0.25 mmol) for 4 h.  Column chromatography = ;g
using hexane-EtOAc (10/1) afforded 529.4 mg (99%) of 60b as light yellow oil. 60b

'"H NMR (500 MHz, CD,CL,): & 1.10 (t, J = 7.5 Hz, 3H), 2.14 (g, J = 7.5 Hz, 2H), 4.70 (s, 2H), 5.01
(s, 1H), 5.11 (s, 1H), 7.38 (t, J= 7.8 Hz, 2H), 7.45 (t, J= 7.7 Hz, 1H), 7.59 (d, J = 7.9 Hz, 2H).

3C NMR (125.8 MHz, CD>CL,): 5 11.8, 25.9, 68.4, 80.5, 86.5, 112.2, 119.5, 128.5, 130.6, 133.0,
144.6, 153.9.

Preparation of enyne 60c

2-Benzyloxymethylallyl ~ alcohol = was  prepared by  monobenzylation  of OBn
2-methylene-1,3-propanediol. To the suspension of NaH (0.40 g, 10.0 mmol) in THF

(33.0 mL) was added 2-methylene-1,3-propanediol (908.35 mg, 10.0 mmol) at 0 °C, and Ho

the mixture was stirred for 2 h at 25 °C. To this mixture, benzylbromide (1.19 mL, 10.0 mmol)
was added dropwise at 0 °C, and the mixture was stirred for 17 h at 25 °C. The reaction was
quenched by addition of H,O and the phases were separated. The aqueous phase was extracted
with EtOAc. The combined organic layer was washed with brine and dried over Na,SO4.  After
removal of solvent in vacuo, column chromatography using hexane-EtOAc (4/1) afforded 552.3 mg
(31%) of 2-benzyloxymethylallyl alcohol as colorless oil.

"H NMR (500 MHz, CDCl3): & 2.19 (brs, 1H), 4.09 (s, 2H), 4.19 (s, 2H), 4.52 (s, 2H), 5.15 (s, 1H),
5.21 (s, 1H), 7.28-7.37 (m, SH).

C NMR (125.8 MHz, CDCls): & 64.5, 71.7, 72.2, 113.6, 127.7 (2C), 128.4, 137.9, 144.9.

Enyne 60c was prepared in a manner similar to that of 60a using 3-phenyl propiolic Ph an
acid (376.68 mg, 2.5 mmol), 2-benzyloxymethylallyl alcohol (499.04 mg, 2.8 mmol), J\ S/
DIC (0.46 mL, 3.0 mmol), and DMAP (30.54 mg, 0.25 mmol) for 5 h. Column
chromatography using hexane-EtOAc (10/1) afforded 529.4 mg (99%) of 60c as
yellow oil.

"H NMR (500 MHz, CDCls): & 4.10 (s, 2H), 4.53 (s, 2H), 4.80 (s, 2H), 5.34 (s, 2H), 7.27-7.36 (m,
5H), 7.38 (t, J=7.6 Hz, 1H), 7.46 (t, J=7.6 Hz, 2H), 7.59 (d, J= 7.3 Hz, 2H).

BC NMR (125.8 MHz, CDCls): 8 66.0, 70.7, 72.2, 80.4, 86.7, 116.5, 119.5, 127.7, 127.7, 128.4,
128.6, 130.7, 133.0, 137.9, 139.8, 153.7.

Preparation of enyne 60d

2-Phenylallyl alcohol was prepared by reduction of methyl 2-phenyl-2-propenoate using  py,
DIBAL-H. To the solution of 2-phenyl-2-propenoate (820.8 mg, 5.1 mmol) in CH,Cl, f
(26.9 mL) was added DIBAL-H (1.5 M toluene solution, 7.4 mg, 11.1 mmol) at -78 °C, HO

and the mixture was stirred for 1 h at -78 °C. The reaction was quenched by addition of sat.
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NH4Cl aq. and resulting mixture was stirred at 25 °C for 2 h. The mixture was filtered through a
Celite pad. After removal of solvent in vacuo, column chromatography using hexane-EtOAc (4/1)
afforded 522.6 mg (77%) of 2-phenylallylalcohol as yellow oil.

'H NMR (500 MHz, CDCls): & 2.04 (brs, 1H), 4.50 (s, 2H), 5.33 (s, 1H), 5.45 (s, 1H), 7.27-7.30 (m,
1H), 7.33 (t, J=8.1 Hz, 2H), 7.42 (d, J=7.8 Hz, 2H).

BC NMR (125.8 MHz, CDCl3): & 64.8, 112.5, 126.0, 127.9, 128.4, 138.4, 147.2.

Enyne 60d was prepared in a manner similar to that of 60a using 3-phenyl propiolic Ph

acid (226.01 mg, 1.5 mmol), 2-phenylallyl alcohol (227.92 mg, 1.7 mmol), DIC (0.28 J\ph
mL, 1.8 mmol), and DMAP (18.33 mg, 0.15 mmol) for 7h. Column chromatography f
using hexane-EtOAc (10/1) afforded 369.8 mg (94%) of 60d as yellow oil. ° fod

"H NMR (500 MHz, CDCls): & 5.14 (s, 2H), 5.46 (s, 2H), 5.63 (s, 2H), 5.00 (s, 1H),

7.31-7.39 (m, 5SH), 7.42-7.47 (m, 3H), 7.57 (d, 3= 8.0 Hz, 2H).

C NMR (125.8 MHz, CDCl3): § 67.0, 80.4, 86.8, 116.2, 119.5, 126.0, 128.2, 128.5, 128.6, 130.7,
133.0, 137.7, 141.6, 153.8.

Preparation of enyne 60e

Ethyl 4-hydroxy-3-methyl-2-butenoate was prepared by similar method used to CO,Et
prepare methyl 4-hydroxy-3-methyl-2-butenoate, but employing ethyl glyoxylate and Me 7
2-(triphenylphosphoranylidene) propionaldehyde. To the solution of ethyl Ho
glyoxylate (50% toluene solution, 0.89 mL, 4.5 mmol) in CH,Cl, (20.0 mL) was added
2-(triphenylphosphoranylidene) propionaldehyde (974.54 mg, 3.0 mmol) at 0 °C, and the mixture
was stirred for 24 h at 25 °C. After removal of solvent in vacuo, the residue was dissolved in
MeOH (20 mL). To this solution, an excess of NaBH4 (358.39 mg, 9.0 mmol) and CeCls-7H,0
(3.46 g, 9.0 mmol) were added at 0 °C and the mixture was stirred for 14 h at 25 °C. After
removal of solvent in vacuo and an addition of 1N HCI aq. (6.3 mL), the mixture was extracted with
TBME. The organic layers were dried over Na,SOs, filtered, and evaporated. The resulting
colorless oil was purified by column chromatography using hexane-EtOAc (3/1) to give 325.4 mg
(75%) of Ethyl 4-hydroxy-3-methyl-2-butenoate as colorless oil.

"H NMR (500 MHz, CDCls): & 1.29 (t, J= 7.0 Hz, 3H), 2.09 (s, 3H), 2.41 (brs, 1H), 4.13 (s, 2H),
4.17 (q, J=7.0 Hz, 2H), 5.98 (d, J= 1.2 Hz, 1H).

C NMR (125.8 MHz, CDCls): & 14.2, 15.5, 59.7, 66.9, 113.6, 157.3, 166.9.

Enyne 60e was prepared in a manner similar to that of 60a using 3-phenyl p

CO,Et
propiolic acid (226.01 mg, 1.5 mmol), Ethyl 4-hydroxy-3-methyl-2-butenoate |Me_- ?
(245.09 mg, 1.7 mmol), DIC (0.28 mL, 1.8 mmol), and DMAP (18.33 mg, 0.15
mmol) for 7 h. Column chromatography using hexane-EtOAc (10/1) afforded ° Gooe

385.6 mg (94%) of 60e as colorless oil.
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'"H NMR (500 MHz, CDCls): & 1.30 (t, J= 7.2 Hz, 3H), 2.19 (s, 3H), 4.19 (q, J = 7.2 Hz, 2H), 4.72
(s, 2H), 5.95 (s, 1H), 7.40 (t, J=7.7 Hz, 2H), 7.48 (t, J= 7.7 Hz, 1H), 7.62 (d, J = 7.9 Hz, 2H).

*C NMR (125.8 MHz, CDCly): § 14.2, 15.7, 59.9, 68.4, 80.0, 87.3, 116.4, 119.3, 128.6, 130.8,
133.1, 150.4, 153.2, 166.1.

Prepar ation of enyne 60f

acid (753.4 mg, 5.0 mmol), allyl alcohol (0.48 mL, 7.0 mmol), DIC (0.93 mL, 6.0

mmol), and DMAP (61.09 mg, 0.50 mmol) for 4 h. Column chromatography using ©
hexane-EtOAc (10/1) afforded 811.7 mg (87%) of 60f as colorless oil.

"H NMR (500 MHz, CDCl3): & 4.74 (dt, J = 5.8, 1.2 Hz, 2H), 5.32 (dq, J = 10.6, 1.3 Hz, 1H), 5.41
(dq, J=17.2, 1.7 Hz, 1H), 5.98 (ddt, J=17.1, 10.4, 6.2 Hz, 1H), 7.38 (t, J= 7.8 Hz, 2H), 7.46 (tt, J
=17.5,1.2 Hz, 1H), 7.59 (dd, J= 8.5, 1.2 Hz, 2H).

BC NMR (125.8 MHz, CDCl3): & 66.6, 80.4, 86.5, 119.4, 119.5, 128.6, 130.7, 131.2, 133.0, 153.7.

Ph
Enyne 60f was prepared in a manner similar to that of 60a using 3-phenyl propiolic J\
Hj/
o
60f

Preparation of enyne 60g

3-(2-Naphthalenyl) propiolic acid was prepared from 2-ethynyl-naphthalene. To the

solution of 2-ethynyl-naphthalene (284.0 mg, 1.9 mmol) in THF (8.9 mL) was added O
n-BuLi (2.63 M hexane solution, 0.85 mL, 2.2 mmol) at -78 °C, and the mixture was O
stirred for 1 h at -78 °C.  To this reaction mixture, methyl chloroformate (0.22 mL, 2.8

mmol) was added at -78 °C and the mixture was stirred for 2 h at 25 °C. The reaction i
was quenched by addition of H>O and the mixture was extracted with EtOAc. The o7 ~oH
organic layers were dried over Na,SO,4 and concentrated to give crude ester. The mixture of crude
ester, NaOH (746.4 mg, 18.7 mmol), MeOH (3.5 mL), and H,O (3.5 mL) was stirred for 18 h at
25 °C. The reaction mixture was concentrated, diluted with H,O, washed with TBME, acidified
with 2N HCI aq., and extracted with EtOAc. The organic layer was washed with brine, dried over
Na,SO04, and concentrated. 288.7 mg (79%) of 3-(2-naphthalenyl) propiolic acid was obtained
after recrystallization from hexane/CH,Cl,.

white solid.

Mp = 144.3-144.4 °C.

"H NMR (500 MHz, CDCls): & 7.53-7.60 (m, 3H), 7.83-7.85 (m, 3H), 8.19 (s, 1H), 9.40 (brs, 1H).
BC NMR (125.8 MHz, CDCl3): 8 80.2, 89.6, 116.2, 127.1, 127.9, 128.2, 128.3, 128.3, 128.5, 132.5,
134.1, 134.9, 158.6.
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Enyne 60g was prepared in a manner similar to that of 60a using 3-(2-naphthalenyl)

DIC (0.26 mL, 1.7 mmol), and DMAP (17.10 mg, 0.14 mmol) for 4 h. Column
chromatography using hexane-EtOAc (10/1) afforded 319.2 mg (91%) of 60g as Il v
yellow oil. f
"H NMR (500 MHz, CDCl3): & 1.83 (s, 3H), 4.68 (s, 2H), 5.01 (s, 1H), 5.09 (s, 1H), 0~ O
7.51-7.59 (m, 3H), 7.7.81-7.84 (m, 3H), 8.15 (s, 1H). 60g

BC NMR (125.8 MHz, CDCl3): 8 19.5, 69.2, 80.6, 87.0, 114.1, 116.7, 127.0, 127.8, 127.9, 128.1,
128.3, 128.4, 132.6, 133.8, 134.3, 139.0, 153.8.

propiolic acid (274.5 mg, 1.4 mmol), 2-methylallyl alcohol (0.16 mL, 2.0 mmol), O

Pd(11)-SPRIX catalyzed Oxidative Enantioselective Intramolecular Cyclization of
2-Methyl-2-propenyl 3-phenyl-2-propynoate (60a).

The reaction conditions and results are summarized in Scheme 4-12, 4-13, 4-14, 4-15 and Table 4-1,
4-2, 4-3, 4-4, 4-5, 4-6. A typical experimental procedure (entry 4 in Table 4-5) is shown below:
A solution of enyne 60a (30.03 mg, 0.15 mmol) in 0.15 mL of CH3CN and 0.35 mL of AcOH under
argon atmosphere was added (PRR)-1d (2.81 mg, 0.0075 mmol), PhI(OAc), (193.26 mg, 0.60
mmol), and Pd(OCOCF;),[(PR,R)-1d] (10.61 mg, 0.015 mmol) at 25 °C.  After addition of 1.0 mL
of AcOH, the entire mixture was stirred at 30 °C for 120 h. The reaction was quenched by
filtration though short silica-gel plug (EtOAc). The resulting mixture was concentrated in vacuo,
and the residue was purified by column chromatography on silica-gel (hexane/EtOAc = 4/1) to give
28.8 mg (0.133 mmol, 89% yield) of 1-benzoyl-5-methyl-3-oxabicyclo[3.1.0]hexan-2-one (61a),
which is 92% ee.

1-benzoyl-5-methyl-3-oxabicyclo[3.1.0]hexan-2-one (61a) Ph y
X X e
white crystal. 'H and ?C NMR spectra agreed with Sanford’s report.*® O)ﬁ
Mp = 119.0-119.9 °C. 070
61a

"H NMR (500 MHz, CDCl;): 8 3.20 (s, 3H), 1.45 (d, J=5.1 Hz, 1H), 2.23 (d, J=4.9,
1H), 4.41 (d, J=9.7 Hz, 1H), 4.44 (d, J=9.7 Hz, 1H), 7.49 (t, J= 7.6 Hz, 2H), 7.60 (tt, J= 7.5, 1.2
Hz, 1H), 7.73 (dd, J="7.7, 1.2 Hz, 2H).

BC NMR (125.8 MHz, CDCly): & 14.3, 22.8, 37.0, 40.2, 72.6, 128.5, 128.7, 133.5, 136.5, 173.9,
191.8.

Chiral HPLC conditions

Column: chiralpak AS-H

Solvent: Hexane : i-PrOH=3: 1

Flow rate: 0.5 mL/min

UV lamp: 247 nm

Retention time: 23.6, 29.0 min
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1-benzoyl-5-ethyl-3-oxabicyclo[ 3.1.0]hexan-2-one (61b) Ph

colorless oil. O)ﬁa
"H NMR (500 MHz, CDCls): & 1.00 (t, J=7.5 Hz, 3H), 1.43 (d, J=4.7 Hz, 1H), 1.48 © o
(qd, J=17.6, 14.7 Hz, 1H), 1.76 (qd, J = 7.3, 14.6 Hz, 1H), 2.25 (d, J=4.7 Hz, 1H), 61b
4.42 (d,J=9.6 Hz, 1H), 4.50 (d, J=9.7 Hz, 1H), 7.48 (t, J= 7.7 Hz, 2H), 7.59 (t, J = 7.4 Hz, 1H),
7.74 (d, J="7.4 Hz, 2H).

BC NMR (125.8 MHz, CDCly): & 11.1, 22.3, 22.5, 40.2, 42.5, 71.3, 128.6, 128.7, 133.5, 136.3,
174.0, 191.9.

Chiral HPLC conditions

Column: chiralpak AS-H

Solvent: Hexane : i-PrOH=3: 1

Flow rate: 0.5 mL/min

UV lamp: 247 nm

Retention time: 19.7, 22.8 min

1-benzoyl-5-benzyloxymethyl-3-oxabicyclo[ 3.1.0] hexan-2-one (61c) Ph OBn
light yellow oil. o X

"H NMR (500 MHz, CDCl3): & 1.46 (d, J = 5.0 Hz, 1H), 2.37 (d, J=4.9 Hz, IH), 07 g

3.30 (d, J=11.2, 1H), 3.81 (d, J=11.1 Hz, 1H), 4.26 (d, J=11.8 Hz, 1H), 4.31 (d, 61c

J=11.6 Hz, 1H), 437 (d, J = 9.4 Hz, 1H), 4.77 (d, J = 9.3 Hz, 1H), 6.96 (d, J = 6.7 Hz, 2H),
7.17-7.24 (m, 3H), 7.41 (t, J=8.0 Hz, 2H), 7.55 (t, J= 7.5 Hz, 1H), 7.79 (d, J= 7.3 Hz, 2H).

BC NMR (125.8 MHz, CDCls): & 21.1, 39.1, 41.7, 66.5, 69.3, 73.3, 127.6, 127.8, 128.2, 128.3,
129.0, 133.2, 136.3, 136.9, 173.4, 192.0.

Chiral HPLC conditions

Column: chiralpak AS-H

Solvent: Hexane : i-PrOH=3: 1

Flow rate: 0.5 mL/min

UV lamp: 247 nm

Retention time: 21.0, 26.6 min

1-benzoyl-5-phenyl-3-oxabicyclo[3.1.0]hexan-2-one (61d) Ph
colorless oil. O)ﬁPh
"H NMR (500 MHz, CDCl3): & 1.73 (d, J = 5.0 Hz, 1H), 2.95 (d, J=4.9 Hz, 1H), ¢ o
4.60 (d, J=9.9, 1H), 4.86 (d, J=9.8 Hz, 1H), 7.26-7.27 (m, 3H), 7.32-7.34 (m, 2H), 61d

7.46 (t, J="7.8 Hz, 2H), 7.57 (t, J="7.5 Hz, 1H), 7.76 (d, J= 7.9 Hz, 2H).

BC NMR (125.8 MHz, CDCL): & 21.4, 42.3, 45.6, 73.1, 128.6, 128.7, 128.8, 129.0, 129.0, 132.1,
133.5, 136.1, 173.4, 190.0.

Chiral HPLC conditions
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Column: chiralcel OD-H
Solvent: Hexane : i-PrOH=3: 1
Flow rate: 0.5 mL/min

UV lamp: 254 nm

Retention time: 30.0, 35.8 min

1-benzoyl-3-oxabicyclo[3.1.0]hexan-2-one (61f) Ph

white crystal. 'H and >C NMR spectra agreed with Tse’s and Sanford’s report.*® O)i%“
Mp =99.3-99.6 °C. 0™

'H NMR (500 MHz, CDCl3): & 1.46 (t, J= 5.0 Hz, 1H), 2.14 (dd, J= 7.9, 5.0 Hz, 1H), 61f

2.85 (dt, J= 8.0, 4.8 Hz, 1H), 4.37 (d, J=9.7 Hz, 1H), 4.59 (dd, J = 9.6, 4.8 Hz, 1H), 7.49 (t, J=
8.0 Hz, 2H), 7.61 (t, J= 7.5 Hz, 1H), 7.90 (d, J= 7.0 Hz, 2H).

BC NMR (125.8 MHz, CDCl3): 8 19.2, 27.1, 35.8, 67.9, 128.5, 129.2, 133.7, 135.5, 172.8, 192.1.
Chiral HPLC conditions

Column: chiralpak AS-H

Solvent: Hexane : i-PrOH=3: 1

Flow rate: 0.5 mL/min

UV lamp: 247 nm

Retention time: 30.9, 37.5 min

1-(2-Naphthoyl)-5-methyl-3-oxabicyclo[ 3.1.0] hexan-2-one (619)

light yellow solid.

Mp = 128.9-129.3 °C.

"H NMR (500 MHz, CDCls): & 1.36 (s, 3H), 1.49 (d, J=4.9 Hz, 1H), 2.26 (d, J =
4.9, 1H), 4.46 (d, J=9.7 Hz, 1H), 4.49 (d, J=9.6 Hz, 1H), 7.55 (td, J=8.2, 1.2
Hz, 1H), 7.61 (td, J=8.2, 1.5 Hz, 1H), 7.81 (dd, J= 8.6, 1.8 Hz, 1H), 7.87 (d, J= 61g

8.0 Hz, 1H), 7.91 (d, J= 8.6 Hz, 1H), 7.95 (d, J=8.0 Hz, 1H), 8.21 (s, 1H).

BC NMR (125.8 MHz, CDCly): & 14.4, 22.9, 36.9, 40.3, 72.9, 124.0, 127.0, 127.8, 128.7, 128.8,
129.6, 130.4, 132.3, 133.8, 135.7, 174.0, 191.7.

Chiral HPLC conditions

Column: chiralpak AS-H

Solvent: Hexane : i-PrOH=3: 1

Flow rate: 0.5 mL/min

UV lamp: 247 nm

Retention time: 27.0, 31.6 min

References

48. Jahangiri, G. K.; Reymond, J.-L. J. Am. Chem. Soc. 1994, 116, 11264.

-79 -



(RPR,R)-35

I-Pr

I-Pr
(R,P,R R)-35

PF6_

Crystal Data for (R,P,R,R)-35
monoclinic

Space Group P2 (#4)
a=16.094(5) A
b=89053) A
c=12.387(3) A
p=9432(2)°
V'=1770.2(9) A3

Z=2

Deale = 1.453 g/em?
R=0.0563, Rw = 0.084
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(S)-3%

(S)-39

Crystal Data for (5)-39b
orthorhombic

Space Group P212{2; (#19)
a=8.1003) A
h=8.189(3) A
c=24.650(8) A
V'=1635.0(10) A3

Z=4

Deale = 1.367 g/lem?
R=0.034, Rw = 0.049
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(M*,S",S)-1d

| |
o-N N-o

(MF S* S-1d

Crystal Data for (M*,$*,8%)-1d
orthorhombic

Space Group Pcen (#56)
a=6.996(6) A

h=126305(4 A

c=11977(6) A

7=2204(2) A3

7=4
Deale = 1.129 g/em?
(M*,S8*,S*)-1d R =0.0652, Rw = 0.0852

Goodness of fit =1.109
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[PA{(M",S",S)-1d }.](BF4)2

-Pr

2BF 4

Crystal Data for [Pd{(M",57,8™)-1d},](BF ),
monoclinic

Space Group C2/c (#15)
a=21325(9) A
b=15977(4) A
c=61303) A
£=96.74(3)°
V'=20742(14) A3

Z=16

Deale = 1.318 g/em?
R=0.0944, Rw =0.0974
Goodness of fit = 1.157

[PA{(M*,S*,5*)-1d}:](BF4)2
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