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REMBETRILZO | RARXDHSOMEY IR
Phosphorus as a Lewis Acid: CO, Sequestration with Amidophosphoranes
Lindsay J. Hounjet, Christopher B. Caputo, Douglas W. Stephan*

Angew. Chem. Int. Ed. 2012, 51, 4714. (’,\
. CO,snapper: Compounds containing both acidic and basic
| . | a 4 d vz P,N functionalities have been prepared. Of these, two V
g ® R . CSEN) | amidophosphoranes containing highly reactive PN bonds Y
O: C " within four-membered rings react rapidly with CO,,

R O'n resulting in relief of ring strain. These compounds demonstrate " /
the utility of phosphorus as a Lewis acid for small-molecule 4‘:‘ :
A4 KNLETOCT S 74 v I DSHARND I & Ums;?;-istgf?;r; .
- U VIRFILA ABRICTR S MOF: metal organic framework
- AL ) b &Y (phosphorane) DL S o I
e
e dpdpo &M
Introduction™ S FEHEXN D Z & Db 4 g

~BLREOE. HIHBOE Bl LTMOEFLP 5 0 4§ Lo

FLP: frustrated Lewis pair

Q JLlIE GREBA)
O’\DQ Omar Yaghi (UCLA)

Reviews:
Org. Biomol. Chem. 2008, 6, 1535
Dalton Trans. 2009, 3129

ACIE 2010, 49, 46.




Introduction: Frustrated Lewis Pair (FLP)

Reaction of FLP with H, Reaction of FLP with H,/CO,
FEF
@ :'—' H; vy + Y
(CeHzMea)sz’ g(CBF5)2 - (CBHZMea)ZPGB(CSFS)Z TMP-H CO; (1 atm) TMP-H
A -
H F = =
2P ,FsF H-B(CeFs)3  <110°C O:C/\H _B(CeFs)s 2
1 o
H
2 G+
Science 2006, 314, 1124. 2== 1 == BlGefes —— 0”70 —
CO, T™P (CeFs)3B  B(CeFs)s 1
: . . .
Reaction of FLP with CO, H, TMP-H
®
) A
CO,,25°C  tBusP,
PtBu; + B(CqFs)s 2 3> o 2Ceels '
80°C vacuum 0O { ‘
-CO, . . H, CJ;L\
B(Cao), Ho-BCoFai| , g 00"
TMP-H H  B(CeFs) (CeFs)sB | B(CeFs)s
3 C
(MeqCehz),P €O, 25°C o/ \e T™P (TMP-H);
J -« —_ (Me3CgHp)oR P(Cer)z l 1 B
CH2C|2, >—ZOOC >—O
-CO, 0] H
(Me3CgHa)oP----- B{(CeFs)2 H->—0 _
2 3 H  B(CeFs)s
TMP-H
ACIE 2009, 48, 6643.
4
TMP ° L decomposition
A v 160°C (CaFa)BOCH, distil/A 0
CH3OH*B(CoFs)s ) TMP/[TMPH]*  CH3OH
CoFsH

ACIE 2009, 48, 9839.



Introduction 2: modified FLP

Reaction of FLP with H,/CO,

[TMPH] ®
—B(CFs)3 |©

O
/
;5 -
(FsCo)B ; [TMP = @\\NH]

+ B(CgFs)3 “ - B(CgFs)3

[TMPH] ® Et3SiH + B(CgFs)a

O-B(CeFs)s |©
0= }
H [EtsSi**HBY(CgFs)s]

2
+ COZ QOZ 4
rds O-SiEty

[TMPH] ® o=C
[HB(C4Fs)s |© H  7.95ppm

1 l 4

CHy 4 0 C/H : 0 C:/O_SiEt3
,_f Al 7 Al
Etsi© 5 1 Etsi© 5 M
(Et3Si),0 (Et;Si),0 501

0.14 ppm 3.34 ppm o4 ppm

JACS 2010, 7132, 10660.

Reaction of CO, with P/AICI;-FLP
and NH;-BH; (hydride equivalent)

MeszP(AIX3) Do ’l
X= Cl Br ® . o .1 NH3BH3
——— = CH3OH

1; co, et %& 2. H,0

PMes AlX
3+ A% JACS 2010, 132, 1796,

Reaction of CO, with P/All;-FLP to CO

O—All; 0 A\'{‘
O—All; _

M953p C 7_/ -)
o— Allv/ \ 0—5 + [MessPI[AIl]

2 Mes3P + 4 AlX3 + 2 CO, — MeszP(C(OAIX,),0)AIX5 + CO
ACIE 2011, 50, 8396.



Introduction 3: FLP other than Group 13/15

Group 14 Lewis Base

>—'Siph H Pn;blH;. H- 3 %H R/'C,l/ ava
2 < CO,
- - -~ ¢ - [ )
Ph3P HB(CGFS):; Ph3p HB(CGF5)3 FLP-type hones E‘F’__—__, C-F bond cleavage |
Reactivity | -s—— /O ROR
Ph3P+ *PPh alkynes (CPR)pZreseeseenes PBu, | = C-0 bond cleavage |
— l Ph3p’ +Pph3l + B(CGF5)3 ﬂ_P } 3oé(c F ‘-’—1;; Cox / H2
PhaP -B(CeFs) = Phyp? 7, B(CeFs)s -— o
6F5)3 —————
ACIE 2010, 49, 5788. JACS 2011, 133, 18463.

Lewisf& & L T Dphosphonium salt

MeO,C O
+ UJ\ ) 10 mol% 11 _ 7
+ + + A -R o

EWG EWG EWG l;l 5 mol% Tf,O CON(R")R?
| +1B Ro ] Rid R MS 4 A, CH,Cl, CO,Me
R.-;P\R X —T R;FI>—R x| or | ReP LB X
R - LB R = o R', R? = -(CH,),-, 91%
talvst B R'=H, R? = Ph, 99%
~ - - cays N R'=H, R? = n-Pr, 99%
Scheme 2. Hypervalent interaction between a phosphonium o ' :
salt and a Lewis base. T Tetrahedron 2006, 62, 401.
"
B I+
o)
b=y - TfO™
= % - DMF = cl>
Mes Ph TiO ﬁ
Mes=B ©F Me " NS
es™ - Me~  “Me
Ph S -

Scheme 11. Formation and coordination mode of the DMF/
phosphonium salt 11 complex.

DX & FHmO L TDHE

JACS 2008, 7130, 10890. —




This Work 1: Synthesis of Amidophosphorane

Synthesis of ring-strained amidophosphorane

and |tS reaCtIOn Wlth C02 no reaction
8y 4.68 (br q, 'Jy = 5 Hz)
l T 13C0O,/CD,Cl,
H [ Me
Me N\ s
N SN F FSiM
NH XeF, N Sikes N e
C}PPM — PPh2 —;L» @ | [OsSCFal
-~
«— 8p 94.4
Il: MG3S|OgSCF3 /P/,Ph_ (d, "Jpr = 980 Hz)
(1) 6P -45.6 - Ph
(t, 1Jor = 625 Hz) (2)
BulLli
)N@E{Zﬁ;?@t\ 8, 2.28 (dd, 3Jpy, = 4.4 Hz, 5315 ()
2) PAKIZE JFH 2.4 Hz) H -
(n-BuLi, NEt, |\|/|e \

i@%ﬁ.’)ﬁ. N
E [ @[ \
@) 8 153.1 (d, "Jpg = 8 Hz)
CO; c—16960m? ’

~ 'Ph
L% SRI=AMEME 56 Ph - \
i F(3) 4Ph 55 —57.0
e —I‘E ‘‘‘‘‘‘‘ €d ap: apical ( ) (d, 'Jpg = 664 Hz)
q ‘ N eq: equatorial dp —44.6

(d, 1pr = 679 Hz)



This Work 2: Crystal Structure of 3 and 4

Crystal Structure of 3

Figure 1. POV-ray depiction of 3.

two crystallographically independent molecules

a3 &5 ARE DN 360°

sum of angles around N = 356°
1.439(9) A C-NfE&IIF

Me Mmz(m) A BEORES
1.842(7)A 1IN
A

) =
1.839(6
( I)Dh,>‘ ’
!
P X
‘ 164.4(3)°
F 165.1(3)°

XIRTREOSNZEEHM - AR
REDHTIDHZ B ICHEMEE T
FERENTTSNTWVD

Figure 2. POV-ray depiction of 4.

C
~_ TT~pP....oniPh
/[ e
oy 1.775(1) A

o

/N\C/ 1.778(1) A
Me Y| /C-Oav.1.330(2) A

o

C=0 av. 1.212(2) A

) B(CeFs)2
P —B(CeFs)3 { 0 o
tBu3P—C\\ C-O av. 1.299(2) A Mes3IC;>—C/ C-O av. 1.284(4) A
O C=0 av. 1.208(2) A %y, C=0 av. 1.209(4) A



This Work 3: Double Insertion of CO,

H
Me_ F
“NH Me\/ Me;SiOTf N @/ I/-I Ve
f Xer EN ’ @P N~
P

PPh, H @
Megle h
e
(5) (6)  [O4SCF]

. i ®

8y 2.55 (d, 3Jpy = 6.8 Hz) dp —68.6 (s)

dc 152.8 (d, "Jpe = 8 Hz)
Voo = 1697 cm™!

O:
p-

1.7635(8), 1.7773(8) A
0: 174.27(4)°
W2

ENILiEE

p-
O-
MRICHE

||ln‘n+



Consideration about FLP Reactivity

Me\N/H
©
© | [0sSCFd
P

Ph/ P
(2)

/Me
N . CO,
L»\Ph > 4
]\Ph
F
(3)

What can we do next?......

Me
Me e o/
N/u e N.* N.
, - -
B Ph \P ‘‘‘‘ Ph S I:’iPh
I\Ph ‘\Ph \ Ph
F F

Scheme 3. Resonance forms of 3.
It can be considered that 3 is in resonance
with ring-opening and charge-separated form

|

amidophosphorane showed FLP property

Cf. o R 0
P COZ</N\|3(c Felo oRN""B(C4Fs)
er- B(CgF - —

\ZN:(GS)Z I:J/ 6Fs)2 i 6Fs)2
iPr R R

JACS 2010, 7132, 13559.
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Table 1. RFINILOEE

Key Label Key Label Key Label
a A h H r R

Aor5 Ac i I S S

b Br k K S Si

B B m Me t TMS
c C n N T OTs

Corl Cl o (0} X X

d D N Na 1 n-Bu
e Et p P 2 s-Bu
E COOCH3 Por4 Ph 3 t-Bu
f F q Q 6 CH20H

Table 2. R> RDER

Key Function
8 BRUCRFHOSHESZIRMIEY
BRUCRFOSHEESZ2RBIEY
0 BRUCRFHOSHEEZIABIEY
(U BRUCRFOMBICTY Y FAY MRA Y h&EDL
%
(YT A—
) BRUCRFICESEMS59S (1,2,3,..)
- (R1FR) Fr—IZRHS5T
+ (F32R) Fr—I%&EBPY

http://pute.seesaa.net/article/152301606.html
http://pute.seesaa.net/article/152727364.html
http://d.hatena.ne.jp/gyrase/20120303

L2 R—% )Lk Chem-StationfBN 505

http://www.chem-station.com/blog/2012/12/post-466.html

;D : ChemDrawZ{EWZ Lt
Bl BRZzELS

10

(jk Ozy4~7 E:R

O=5147

SN
R

EE)?E’\JLUK%I%?%%%%

Table 3. RY RORRAEDEE

Key

Function

f

BANEB>TWREE, BRULKEAZAIICE-TL3B

TERABEEICDE-TLB, ITTES "k LiE HRADER (20
BEEBEVWLELEDHR) K> THRADKRERLLEZDARADI &

_ERFAZEARICH>TLB
“ERAEPRICHoTLD

Table 4. RY ROBEOEE

Key Function

o =S I T o A W N =

<

BEZBEESIKTS
BAZE_ERSIKY D
BRZE=ERESIKTS
BARZNERSICY S
BEZBRRICT S
ez, ERDOSHEEDRANEMVBFRICT S
EeZE. HEOREREEFTICBIBIRICT 2
Az, ERHNSEEADOFAINEMHUIBZLSTICTS
6%, MEDOFAMZREL FTICEIARICT S
BEZRRICT S
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Coplanar Oligo(p-phenylenedisilenylene)s Based on the Octaethyl-Substituted s-Hydrindacenyl Groups
Fukazawa, A.; Li, Y.; Yamaguchi, S.; Tsuji, H.; Tamao, K.
J. Am. Chem. Soc. 2007, 129, 14164.

The silicon analogues of the oligo(p-phenylenevinylene)s (Si-OPVs) with highly

@ o I planar structures have been synthesized using a newly developed ligand, the
ng’ Y P 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl (Eind) group. Their X-ray crystal
Ly Y £ structures and spectroscopic data demonstrate that the 1r-conjugation effectively
- ,;vi 2Ll P4 Y/,w' extends over the Si-OPV framework. Notably, tetrasiladistyrylbenzene exhibits an
v TX orange fluorescence even at room temperature both in solution and in the solid
J\:i ‘;Vp state, which is attributable to the effective extension of conjugation. To the best of

our knowledge, the tetrasiladistyrylbenzene is the first emissive Si=Si derivative
even at room temperature.

Y4 KNILETOCT Z 74w I BimAEND &

- OPVJoligo-(p-phenylenevinylene)|D 7 1 H#FHEAED

SI=SIi—_EHEEMINRVEVEATWNS FREMET FBEA EEBT
s . HRASLERS ERAPENE LEEAERS
s EiNdBEEWSEAFIAFILLERS N

- COEEPITBERIRRE - BEERRETALY Y DERLZHET S

IntroductionM 55EAEN D C &
- Si=C,P=P,Si=Sila E DEW_EHFHIZE

- P=C, P=P, Si=Si, Ge=C, Ge=GeD AU ON¥—PHRI)Y—DNEH NN



Oligomer and Polymer of Heavy Double Bond h

P=C polymer

Me, )
0, 0 _ o

C Q o P1 YO

c ('_,’\u - @ | Y& g

85 °C p\ OSIMe3 5 ° .A;g—o W o uv_,,gxwwe,"“ A
-2 MeSS|CI u-..f R P
MeGS|O &

JACS 2006, 128, 8836.

4
+

(MeSSi)zP‘@P(SlMea)
5

ACIE 2002, 41, 2389.

P=P polymer rac

model polymer pﬂpf/ s
y/ ﬁ /? 2c
MegP/

Inorg. Chem. 2003, 42, 5468. 1e Aorhy

2MeP
D O
JACS 2004, 126, 2268.




Oligomers of Group 14 Double Bonds "

Conjugated Si=Si bonds Conjugated Ge=C, Ge-Ge bond
— . P R—C=C—C=C—R + 2 Ar,Ge: ——> R /GeAr,
Tip,Si=S8iTip, + 2L —_m—' Tip,Si=SiTipLi 290 T ArzGeéc—CEC—C<
3 4 R
Tip Tip . 6a R=nC4Hy
+ MesBr +4 Si—Si Organometallics 2000, 19, 2835. 6b R = C¢Hs
~————» Tip,Si=SiTipBr ——» y ! N\
- LiMes 4 SiTs
Tip = 2,4,6-1Pr;C¢H,; Mes = 2,4,6-Me,CgH, ACIE 1997, 36, 2503.
t © QiMet cl 'BuMeSi  SiMe'B .
Bu2MeS|\ ;\SlMe Bu, o I}/Ies t “2. e {I . .”2t gp _
2 Si £ SIS, BupMeSi—Si Si—SiMe'Bu, _ /e\
TR wés & O TR b TipsGe— GeTip, *2HBYS 11j(gme),* | Tipcel CeTip
Mes Mes 2 —3 LiTip AN %
2 Mes = 2,4,6-Me3CgH> 3 3 Tipz
+2Li
Organometallics 2004, 23, 3088. —LiTip
Ti Ti Tip Tip
TipGe—Ge P +ABr TipGe—0Gel © *4.  Ge—Ge
Li —LiAr Br —LiBr A\
4 5 Tip,Ge 6 GeTip,

Scheme 1. Ar=24,6-Me;CH, (Mes), 2,4,6-iPr;C¢H, (Tip).
ACIE 2000, 39, 3703.

ACIE 2007, 46, 5783.



This Work 1: Synthesis of Dibromosilane 3
Synthesis of Eind-Br

HO Et
CO,Me 1) EIL\/IOgBr (5.4 mol amt.)
0°C, overnight HCI
2) NH,Cl aq. CH20|2
CO,Me 0 °C, 30 min
HO Et
Et
Et Et Et Et
Et (2.0 mol amt.) Et Et Et Et
BCl3 (1.0 mol amt.) Br, (13 mol amt.) B
CH,Cl, (0.5 M) (Et0);PO (0.1 M) '
—-60°Ctort, 7d Et Et 70°C,3.8d Et Et
Et Et Et Et
9 (Eind-H) 10 (Eind-Br)
(15% for 3 steps) (71%)
Synthesis of 3 1) n-BuLi (2.3 mol amt.)
THF (0.05M)
. -78°C,2h . . LiAIH, ] ]
Eind-Br - » Eind-SiF; »  Eind-SiH3
2) SiF4 (9) ' THF
10 0 °C, 30 min 11 0° Ctort,2h 12
(71% for two steps)
PhLi (1.0 molamt)  =nd CBr, Eind
> SiH, ——— SiBr,
THF hexane
O°Ctort rt, 42 h
2h
13 3

14



This Work 2: Synthesis of Disilene and Bis(disilene)

Synthesis of bis(dibromosilane) 4

: : H ( ) H (0.55 mol amt.) H2_ {E'nd CBr, Brg {
Eind-SiH; > SIOSI _— = S|4©*SI
THF-pentane (0.12 M) o H, hexane ./ Br,

—78°Cto rt / overnight (12 h) ~ Eind

12 14 o 4
(69%) (68%)
Synthesis of disilene 1 and bis(disilene) 2
Q [ Et Et |
) . Et Et
Elnd\ . LiNaph Elnd\ s
SiBr, > Si=Si (1)
THF v
—78°C 10 0°C Eind Et Et
then r.t. Et Et
3 1 .
(76%) L Eind
Eind\
5 SiBr, + Si—@—Si > Si Si In 2)
Eind Br, THF s 'Eind
~78°C to 0°C ; In
then r.t. Eind Stable solid!
3 4 1: n=0(35%)
2:n=1(15%)



This Work 3: Crystal Structure of 2 '

Crystal Structure of 2

AFRDON Y E VRO CNTRENTFTE

=

"ol

Si-Si 2.156(2) A
Si-C 1.860(6); 1.876(6); 1.911(5); 1.902(5) A
SiA D DiEE A D=/ 5360°
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This Work 4: Photophysical Properties of 2

Table 1. Photophysical Data of Disilenes 1 and 2
Compounds?

and Related

UV-vis absorption

1 = fluorescence
S cmpd AmaxdNM (Vmax/cm 1) elcm=* M1 Amax/NM (Vax/cm =)
o
8 1 461 (21700) 2.4 x 104 n.d?
12 2 543 (18400) 3.0 x 104 612¢(16300)
g 54 508 (19700) 2.7 x 10* -
£ 6 295 (33900) - 335 (29900)
7 8 7 350 (28600) - 3858 (26000)
[0
% @ Measured in n-hexane at room temperature. ” Not detected. ¢ Fluores-
189 cence quantum yield ®r = 0.10, fluorescence lifetime 7y = 1.8 ns.
i Eind\ Eind\
8 1vs2: Si—Ph  Eind Si—Ph
18 5wz s )
S ' Eind Ph-Si Eind
pz4 - N
7vs2,6vs1: 1 Eind 2
1 Tip H
\ AY
Tip, Si—Tip H H ,C—Ph
- s )-s IS =
300 400 500 600 700 800 Tip—Si Tip Ph—C Ph—C H
wavelength / nm Tip 5 6 H H 7
Figure S4. Electronic spectra of Si-OPVs 1 and 2 2 pp——
in n-hexane at ambient temperature. BE  EWRLOXA N =L (S2)
UV-vis absorption of 1 (gray) and 2 (black solid line) (Jablonskil) v REER
luminescence spectrum of 2 (black dotted line, excited at 460 nm) _
excitation spectrum of 2 (black broken line, observed at 620 nm) - if,”"mm
vy
lumi t . > s = BFRE=ER
uminescence spectrum: . R
excitation spectrum: R BB
& o
S
&
A4 A
Y BERE (So)

<Yy JOARF—HAT7I3

L>



This Work 5: Luminescence and MOs 18

Figure S5. Photographs of compound 2.

(a) solid in sealed tube in the dark

(b) solid under irradiation at 254 nm

(c) solution in hexane under irradiation at 254 nm

HOMO-1 HOMO
(~4.70 eV) (~4.26 eV)

Figure S7. Plots of selected MOs of 2’ (isosurface at + 0.03 a.u.).
STE L NJLIFB3LYP/6-31G(d)

What can we do next?......
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lodomesitylene-Catalyzed Oxidative Cleavage of Carbon—Carbon Double and Triple Bonds
Using m-Chloroperbenzoic Acid as a Terminal Oxidant
Miyamoto, K.; Sei, Y.; Yamaguchi, K.; Ochiai, M.
J. Am. Chem. Soc. 2009, 131, 1382-1383.

Me Transition metal-catalyzed oxidative cleavage of carbon—carbon multiple bonds
has emerged as a powerful tool in organic synthesis. High-valent oxometals,
MGQ“' mostly of Ru, Os, Mn, Mo, W, and Re, were used catalytically as reactive oxygen
— o transfer agents to the multiple bonds. Reported here for the first time are the
¢ R (1-10 mol %) e organocatalytic versions of the oxidative cleavage reactions. Our method involves
e m-CPBA . use of iodomesitylene as an effective organocatalyst, which generates an active

aryl(hydroxy)-A3-iodane 5 in situ, and m-chloroperbenzoic acid (m-CPBA) as a
terminal oxidant under metal-free conditions. Cyclic and acyclic olefins as well as
aliphatic and aromatic alkynes were smoothly cleaved to carboxylic acids under
the organocatalytic conditions.

YA4RNILETOCT 74 v IO SHEHFEINSZ &
- FILT R TILEFVDC-CHEEZTIRILTHILIN YV BEBICTE S
(T — KXY F LY TEE{LEIHAmCPBA

TOCHh oFTmHENS &
- BREERE. FICERFMEEAFVEATD

EEIEC
EERFHIZ

- BRALAIYIRT O
- f13mCPBAIC & D



Oxidative Cleavage of C-C Multiple Bonds

00
0s04 (0.01 eq) o\\wAOf‘

P\ Oxone / DMF @\/OOSO 0803H O
R R ) — J\

R™ “OH
R R
JACS 2002, 124, 3824.
OH
R'-"' _R? nano-RuHAP/NalO4/H PN R2 nano-RuHAP/NalO, ~ R'CHO + R2CHO
(l) y MeCN/EtOAc/H,0 CICHCH,CIH0 0 0 vield)
0
(up to 85 % yield) ~ (3:3:1),30min, 0°C SIS
ACIE 2004, 43, 3303.
Na,WO,

[CH3(n-CgH47)sNIHSO, COOH
+ 4H;0, - " + 4H,0

organic solvent- and halide-free 2 Science 1998, 281, 1646.
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Iodobenzene-CataIyzed Oxidation Reaction

Phl (10 mol%)

j\/F{' m-CPBA R
R BF3-Et,0, H,0 R
AcOH OAc
"Ph-1(II1)"
JACS 2005, 127, 12244.
O\\I/OH
cat. Yo + Oxone
[6)
e R4
CI)H
R ] O~ OH
k cat. @Ro + Oxone 80-95%
OH
SR
[z
|
Ry~ "OH cat. CROH + Oxone j\z
0 . O R
75-95%
Org. Lett. 2005, 7, 2933.
OMe O
cat. Arl
R : mCPBA R'-+ |
R2 R2 \_<
(@] (@]

X = N-phthalimide, OMe

Chem. Commun. 2007, 1224.

; :c:o2

R)l\/R'

0.05 equiv 4 R!
1.5 equiv mCPBA
1 equiv CF,CO,H R

CH2012 RT %

rz 4: p-iodotoluene

R* O

6 ACIE 2005, 44, 6193.

Phl (0.1 equiv)
MCPBA (1.1 equiv),
p-TsOH-H»O (1.1 equiv)

MeCN, 50 °C, 5 h OTs

Synlett 2006, 798.

quantitative
1.0 equiv. O= o

< N\=0

15 minutes, rcom temperature

Chem. Commun. 2006, 2483.

(e}
10 mol% Ar*l, 1.5 equiv mCPBA .
PhJ\( 65% yield
1.5 equiv TsOH, MeCN, r.t., 48 h 25% ee
3 OTs

OMe

X

Synlett 2007, 538.
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This Work 1: Optimization of Condition z

Directly related stoichiometric oxidation

using hypervalent iodine reagent Assumption: Can Phl be oxidized in situ?
?f Table 1. lodoarene-Catalyzed Oxidative Cleavage of Olefin 1¢
@ﬂ_ O B Ph
1 2 d 1 2
R,’—_\R c R\'.:O O:./R — )OJ\/\/\ + )OJ\/\/\
Rt R = H, CH(CFa), Ph CHO Ph CO,H
JACS 2007, 129, 2772. ! 2 3
i - JRPT yield (%)®
possible mechanism for oxidative cleavage , o —_—
entry Arl (equiv)  m-CPBA (equiv) time (h) 2 3
R phiy R, ldiPh o R Rpnigy  mrono ~ | = 29 25  — —
g H0 / /\ , / < RCHO 2 PhI (2.2) 2.2 2 72 | 5
HO R HO OH
3 Phl (0.3) 2.2 2.5 |57 |29
4  Phl (0.1) 2.2 2.5 V36 V3ﬂ(
5 PhI (0.1) 3.1 5 — |9N(8Y)
Table & D, 6 Phl (0.03) 3.1 7 — |93(85)
7  Phl (0.01) 3.1 24 — W86 (75)°
_ 8 [4-MeOCeH,I (0.01) 3.1 24 — 18(23)°
_ 9 | 4-MeCgH,l (0.01) 3.1 24 — 91 (85"
= 10 | 4-CIC¢H,I (0.01) 3.1 30 — 8381
11 o 3,5-Me,CeHal (0.01) 3.1 22 — 94 (83)°
best =+2—%2.4.6-Me;C,H,I  (0.01) 3.1 14 — 96 (88)°
13 | 2,3.4,5,6-MesCsl  (0.01) 3.1 48 —  35(36)°
14 | 2.4,6-BusCgHal  (0.01) 3.1 24 — 93 (89)°

“ Conditions: 1/Arl/m-CPBA/48% aq HBF, (2.2 equiv)/CH,Cl,—
3= 1E ks \ HFIP—H,0 9:3:1/room temperature/N,. ?'"H NMR yields. Parentheses
”mjmﬁ]#k'jb < are isolated yields after methylation with TMSCHN,.  Yields of 4:

5—6% (entries 7—10, 13, and 14), 3% (entry 11), and <1% (entry 12).



This Work 2: Substrate Scope of Oxidation

entry olefin method? equiv" time hyield (%)°
I R R=H A 41 168 40 (40)
2 ®/ A 31 9 67(59)
3 R R=H AC 41 42 49
4 @’ A 31 49 84(79)
5 A 31 19 70(66)
6 p-MeCH, A 3. 14 76(73)
7 p-CICH, A 3.1 14 86(85)
8 p-CECH, A 3.1 25 7961)
M
9 N © Rr=H A 22 12 88(60)
10 A 22 36 89(93)
Me
1 O A 41 48 48)
12¢ & B 41 10 77(65)
13 A 41 48 19
n-CgH = .
i B 4l 10 84(67Y
14 nCehisn 2y B 41 10 75(74)
-C.H X
s ety Me B 41 12 87(71Y

2 - /

16 n CGH13\/‘“’”-CGH13 B 4.1 i3 82 (70)
Me
17 ’I-C”st\/\Me B 3.1 10 90 (57)
Me
18 Me Me A 22 21 87 (69Y
Me
HO,C

19 2 \94/\ B 4.1 i0 57 (42)
20 R =0H B 4.1 i0 78 (67)
21 R — OAc B 4.1 10 73 (67)"
22 0 Bt NHCOCF, B 4.1 10 78(68)
23 NHTs B 4.1 i0 98 (95)
24 R=H B 4.1 i0 93 (81Y
25 RCHpg—= CH.OH B 4l 10 72(60)
26 CH,CI B 4.1 i0 91 (82)
27 CO,Me B 4.1 10 84(88)
28 A Ar=PFPh B 4.1 10 66 (62)/i
29 — p-CF,CH, B 4.1 10 58(58Y
30 n-CHis—=—n-C/Hys B 41 10 6843y

“Method A: iodomesitylene (I mol %)/m-CPBA/48% aq HBF, (2.2

equiv)/CH,CL,—HFIP—H,0  9:3:1/room temperature/N,. Method B:

iodomesitylene (10 _mol %)/m-CPBA/48% aq HBF, (2.2 equiv)/

MeCN—H,0 9:1/50 °C/N,. * m-CPBA. < '"H NMR yields. Parentheses are

isolated yields of diketones or methyl esters obtained after methylation
with  TMSCHN,. For structures of products, see Scheme S2.
4 Jodomesitylene (10 mol %). ¢ E:Z = 3:7. /GC yields. & E:Z = 72:28.
" Methyl 11-hydroxyundecanoate was obtained.
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This Work 3: Proposed Catalytic Cycle

Proposed catalytic cycle  go0 ’"‘%':BA RCO,H

dArI(III) 5

Ar
/

|
o” ~0

/( m-CPBA
Ar—I- -OH,

ArI Iy >\ m-CBA
R__ /K/OH OH2 BF;

m- CPBA
Ar = 2,4,6—Me306H2

Detection of intermediate by CSI-MS

H
Q OH CH,Cl
Ph—| -18C6 + —_— CSI-MS
| » r.t., 5 min
FBFs OH
(0.113 mM) (10 equiv)
8
i 484.5
|
OH
6.0 |
| Ph—I* -18C6
5
5.0- O Ph
| N,/
ws | I 18C6
‘0
7 | 5826 H
a5 \
3.5 i
.0 Ph
HO\I I/O i
251 ot
:0 561.1
| 485.5
- |
526.6 1
1. 4 |
[ 588.8 B62. |
2.5 ' h W ‘” | ( s \A‘i !I
L 1, \ N LY
0.0 sl M i L oot oo Al s Pt i P b,
460 48@ See 52e 540 56@ S8R o 620 B4 B6@ GeE@ 728 720 748

What can we do next?......

Kinetics to show the pre-equilibrium

a) OH
‘ OH oo, o_ph oo
Ph—I 1806 * — S o
éBF ~""OH 25 %0.1°C 0
A 8 B AB
25
103 kypggls™!
2
. -
Observed rate constants
19 |[diol]/10'3M 10° Kopea/s™! |
0.339 0.578
0.678 1.09
1 113 1,50
226 1,86
565 1.94
1.3 1.93
05
0 T T
4] 2 4 6 8 10 12

[trans-1,2-cyclohexanediol)/10° M

special case of Michaelis-Menten

b) K ky
A + B —_— AB — product

Kopsa = KiKa[BIA(1 + Kq[B])
Eadie-Hofstee plot: [Bl/k,p,s = [BlVks + 1/Kiky

7
[Bl/Kobsd
6 y = 489.32x +
0.2497
5 R = 0.9968

Ky =

0 0.002 0.004 0.006 0.008 Q.01 0.012
[trans-1,2-cyclohexanediol]/M

Kj: equilibrium constant

Ky:=1.96x103 M
2.04x10% s
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Ona llla, Muhammad Arshad, Abel Ros, Eoghan M. McGarrigle and Varinder K. Aggarwal
“Practical and Highly Selective Sulfur Ylide Mediated Asymmetric Epoxidations and Aziridinations

Using an Inexpensive, Readily Available Chiral Sulfide. Applications to the Synthesis of Quinine

and Quinidine” . - = -
J. Am. Chem. Soc. 2010, 132, 1828. T4 RNILETOCTZ 714y I hSHMNDE
'sulfur ylide)
.epoxidation] aniinolysls
)J\ /Q of epoxide
b g F T
1 H S'l-
Lt S
istillation _, ¢/ j]l: ihA"R S | TOCH bn}bﬂﬁyn% C &
B H oopttiag quinine .

Heating one of the most abundant naturally occurring inorganic
chemicals (elemental sulfur) with one of the most readily available
homochiral molecules (limonene) gives a one-step synthesis of a chiral
sulfide which exhibits outstanding selectivities in sulfur ylide mediated
asymmetric epoxidations and aziridinations. In particular reactions of
benzyl and allylic sulfonium salts with both aromatic and aliphatic
aldehydes gave epoxides with perfect enantioselectivities and the
highest diastereoselectivities reported to date. In addition reactions with \
imines gave aziridines again with the highest enantioselectivities and V. K. Aggarwal
diastereoselectivities reported to date. The reactions are scaleable, and Uni\'/er'sity of Bristol
the sulfide can be reisolated in high yield. The epoxidation has been
used as the key step in a convergent and stereoselective synthesis of
each of the diastereoisomers of the cinchona alkaloids, quinine and
quinidine.




Limitation of Current Epoxidation By Sulfur Ylide %

,9 D—J)LZRFIRUDERTERLRL .
2-7 U—=)LZILFIVE, o p-FEEFER E FRWEE

S

+ Br NN
o 6
" AgBF, CHoCly,
N
gBF4
s N\F
o 10, EtP2 CHZCIZ ©\/
60/ \)l\
(0]
o 3 Org. Biomol. Chem. 2008, 6, 4502.
FIIWBRAINT 1« ROEBBUENZERFEIC KRR EHE L %
o O
W HaPh + PhCHN, + PhcHO __u@ca02 AP \
o % TO s ve  JACS 1996, 118,7004. "
CHZAr ; s . Me™ ~g” 'Me
7 (RRRSy) J. Org. Chem. 2005, 70, 4166.
(-, in CHCl,) 6 Ar=Ph, 7 Ar=CgH,Cl-(p) S
Eur. J. Org. Chem. 2000, 1077.  Tetrahedron Asymmetry 1991, 2, 367. /KZAN)\
Synlett 1999, 1328. = —S : 0O
¢ R,....(_).R S ph . J\Lo \__~
Ph)/o o oPh S 5 '\?/Ek Chem. Commun. 2009, 5763.
\\ sulfonium -
(@) . /O 1: R=Me ylide 4 (R=H) H
S ' 2: R=Et 5 (R =allyl) T g

S

8 . R
Tetrahedron Lett. 2001, 42, 57. J. Org. Chem. 2001, 66, 5620. Chem. Asian J. 2008, 3, 1657. 5 B —ph

Tetrahedron Lett. 2002, 43, 5427. JACS 2003, 725, 10926. Adv. Synth. Catal. 2008, 350, 2483.



This Work 1 2

FIIWAIWNT 4 ROTViRY M KEER
110 °C Original report: JACS 1959, 817, 3430.
P 1
(99:1 e.r.) 36% (99:1 e.r.)

N IWAIVIRZ T LA ) RO KRIE

KOH, MeCN:H>0 9:1, 0 °C S
B (Method A) o)
+ RCHO - YAy 0
|/S®@ KOH, MeCN:t-BuOH 15:1,0°C  Ph R
on e (Method B)
Entry Aldehyde Sulfide 1 Catalytic with Sulfide 2 “ Stoichiometric with Sulfide 2 °
Method  Yield (%) d.r.® er’ | Yield(%) dr° e.r. Yield (%) dr.’® e.r.

1 Benzaldehyde A 77 >95:5  99:1 87 98:2 97:3 75 98:2 99:1
2 (E)-PhCH=C(Me)CHO A 84° >95:5 98:2
3 (E)-Cinnamaldehyde A 88° >95:5 99:1 70¢ >98:2  93.5:6.5
4 (E)-Crotonaldehyde A 86° >95:5 973 72 98:2 95:5
5 c¢-C¢H;;CHO B 62 93:7  99:1 58 88:12 95:5
6 n-C4H,CHO B 56 91:9  99:1 46 75:25  94.5:5.5 58 60:40 95:5

“ trans:cis. ° Determined by chiral HPLC. ¢ Determined by '"H NMR with an internal standard; ¢ Obtained using sulfide 2 as a catalyst (5-20
mol%); see Aggarwal, V. K.; Alonso, E.; Bae, I.; Hynd, G.; Lydon, K. M.; Palmer, M. J.; Patel, M.; Porcelloni, M.; Richardson, J.; Stenson, R. A_;
Studley, J. R.; Vasse, J.-L.; Winn, C. L. J. Am. Chem. Soc. 2003, 125, 10926 and Aggarwal, V. K.; Aragoncillo, C.; Winn, C. L. Synthesis 2005,
1378 for details. * Obtained using the benzyl sulfonium salt derived from sulfide 2 with method A, see Aggarwal, V. K.; Bae, L; Lee, H.-Y ;
Richardson, J.; Williams, D. T. Angew. Chem. Int. Ed. 2003, 42, 3274.
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This Work 2

JILRILIRZD L1 Y) RORIG
R Qg KOH, MeCN:H,0 9:1,0°C Q
- Method A) R ”
R2 _~ ( .~ 53
\)@\/% .+ KOH, MeCN:t-BuOH 15:1,0°C \l(u R
X R*CHO (Method B) R2
0
R! R’ R’ Sulfide 1 Sulfide 2 ¢ ,
Method Yield (%)* dr.® e.r. Yield (%)* dr.® e.r.
H Ph Ph A 65 80:20  85:15¢
Me* Ph Ph A 97 >95:5 99:1¢ 96 96:4 95:5
Me* H Ph A 80 >95:5 99:1¢ 37 97:3  98.5:1.5
Me* Ph  c-Ce¢Hy; B 77 >95:5 98:24
Me* H  ¢-CHy, B 77 >95:5 97:3¢

30

“ Determined by "H NMR with an internal standard. ° trans:cis. © X = BF,. “ Determined by chiral HPLC. * X = OTf./ Determined by chiral GC.

¢ Obtained using allylic sulfonium salt derived from sulfide 2 using method A, see Aggarwal, V. K.; Bae, I.; Lee, H.-Y.; Richardson, J.; Williams,
D. T. Angew. Chem. Int. Ed. 2003, 42, 3274.

RYIWAIRZVDALAL) RORIGICE D7) IV ERGERMEDEIR
Ts Ts
?A N K2C03, MeCN, r.t. | o) H/VKA H/w& 8
S@ + > N - \ — — .
r ot RJ\H R P $ R™™ Ph\FSi\sA ?~:',BHW{S+ favored ™" 4 /
Ph H%’ Ph% approach
R yield (%) trans/cis er? RCHO RCHO

1 Ph 72 85:15 99:1
2 p-MeCgHy 63 86:14 99:1
3 p-CICsH, 65 75:25 99:1
4 p-MeOC¢H,4 80 83:17 99:1
5 (E)-PhCH=CH 78 >99:1 98:2
6

(E)-TMSCH=CH 78 87:13 99:1

R
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This Work 3

2
oot ﬁj BB
N
) =
“OH -
Quinine Teoc :
OCH, ®OTf OCHj,4 eOTf H
NS A @
\ . . . — — S — = N
= + Wikipedialc ¥ Z—XDEH/KICET SHEBE WLEED - -
| N
Teoc'N Nx ';'eoc
8 7 6

Scheme 4. Total Synthesis of Quinine and Quinidine?®

OCH3 OCH3
quinine
a,b 73%
CO,H
| 54% ,
N& TeocN
9 10

quinidine
62% 73%, 84:16 trans:cis 78%

“ Reagents and conditions: (a) BH;*THF, THF, r.t. 16 h, 69%; (b) TMS(CH,),OH, triphosgene, K,COs, THF, r.t. 1 h, followed by NaBH4, H,O, r.t. 4 h,
79%; (c) 2,6-di-tert-butylpyridine, T1,0, sulfide (—)-1, CH,Cl,, —45 °C to r.t. 16 h, 71% (8), and sulfide (+)-1, 62% (ent-8); (d) KOH, CH;CN/~-BuOH
15:1, 0 °C, 24 h, 81%, 89:11 trans/cis, (11), 73%, 84:16 trans/cis (12); (e) CsF, DMF, MW, 180 °C, 15 min, then stir under O, r.t. 24 h, 73% quinine, 78%
quinidine.
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