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Biologically Important Compounds with
Chiral Tertiary Alcohol Functionality
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Method involving stereoselective C-C bond formation is most important

Simplest approach is the enantioselective 1,2-addition of organometallic
reagents to ketones

Shibasaki, M.&Kanai, M. Chem. Rev. 2008, 108, 2853



Challenges

Two main challenges:

= Ketones are significantly less reactive than aldehydes

= Enatio-face differentiation of ketones is more difficult due to smaller
steric and electronic differences between the two substituents on
prochiral carbons
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A. Double activation by Lewis acidic organometallic reagent:

Lewis acid Ro
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B. Double activation by Lewis acid-Lewis base complex:
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Different Catalytic Approaches to

Tertiary Alcohol

Asymmetric aldol reaction:

1)1 (10 mol %)

Q OTMS CH,Cl,, 78°C HO_ Mef
Et\n)L"-“e ’ %\S'E‘“ 21 NHOL THF EtNEIBL
o Me o Me

regioselection = 98:2
diastereoselection = 93:7
enantioselection = 97% ee

Enantioselective carbonyl-ene reaction:

O
i 2 (5 mol%)
YLOM » OMe
* I ©  CH,Cl, 40 °C ~* OH

95%, 98% ee

Me. Me 1%
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Evans, D. A.; Kozlowski, M. C.; Burgey, C. S.; MacMillan, D. W. C. J. Am. Chem. Soc. 1997, 119, 7893
Evans, D. A.; Tregay, S. W.; Burgey, C. S.; Paras, N. A.; Vojkovsky, T. J. Am. Chem. Soc. 2000, 122, 7936




Different Catalytic Approaches to
Tertiary Alcohol

Enantioselective hetero-Diels-Alder-type reaction:

1) 1 (10 mol%), THF

OMe 'e)
/ YLOE,[ -718°Ctort _ /]/i\/ci
+ CO,Et
I 2) TFA .

Me
96%, 99% ee

TMSO

2
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Yao, S.; Johannsen, M.; Audrain, H.; Hazell, R. G.;Jergensen, K. A. J. Am. Chem. Soc. 1998, 120, 8599
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Alkynylation of Ketone

R Me
Me.Zn (3 equiv), salen (20 mol%) jt' R %Fh
r. e L R
1 = )
R R? H (3 equiv) R! Me \--\._::%/ -'é.;::-"" \- _
toluene, RT -NZrn —_—
N w2
Entry Ketone Alkyne Yield [26]P] ee [%]Fl Z O Me
0 Lewis [ Lewis
/@/l acid base
X
1 X F = Ph 53 57 Entry Ketone Alkyne Yield [96]] ee [%]F
2 X=Cl =—Fh 55 53 o
3 X =Br =—Ph 78 53 _
=Ph
4 X =NO, =—Ph 75 53 |12 %ME 89 80
5 X=1Bu =—Ph 45 66 o
Br O 13 Mﬁ‘)é =—Ph 52 69
Me
6 Me =—Ph 50 70
:_SiMES
0. _Me 14 Wiwle 75 64
_ 0
7 =—Ph 81 61 — 5
15 Me = SiMeg 401 81
F4C
@\f@ 0 ol
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Cozzi, P. G. Angew. Chem., Int. Ed. 2003, 42, 2895



Vinylation of Ketone

[CpoZrHCH,  + |‘| — CpClzr
1.2 equiv R" CpoZrMeCl |L ZnMe, (1.2 equiv)

_ MEEH%H R OH
Ti(OPr)y + ZnMes + 1 . X,&’/\ .
Ti:Zn:1: ketone = Ulaasl R R
1.2:0.4:01 :1 2) NaHCO3, H:0

1
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Me OH HO Me

Li, H.; Walsh, P. J. J. Am. Chem. Soc. 2004, 126, 6538



Substrate Scope

entry  substrate product ee (yield) entry  substrate product ee (yield)
O OH 0
93 (85 9
LN th%’\ Bu (®5) N %Eu 94 (90)
o) OH 9 OH
2 Ph)J\ Ph% %0 ©/J\/ 7 Bu 93 (93)
o]
3 Ph)J\ X,//\/UTBDF’S 89 (92) 11 M )\X/\ 79 (85)
o] H = “Bu
4 ph)J\ ,x Ph 87 (92) Asymmetric vinylatlon of enones:
FaC 1 \ x / 92 (87)
Fa \@Xﬁph 88 (64) Ph Ph Bu
0
97 (94)
FsC
6 90 (94)
OTBDPS OTBDPS
94 (85)
7 \©/u\ \©X/fBU 92 (93) Q/
= DTBDPS
8 90 (98) 92 (98)

Li, H.; Walsh, P. J. J. Am. Chem. Soc. 2004, 126, 6538



Allylation of Ketone

BINOL (20-30 mol%e)

Ti{OPr)s (20-30 mol%)
isapropanal (20 aquiv) 3BINOL + 3Ti(OiPr), e [(BINOLate)T1(OiPr),],
i c ] j}i/\
/J\ atalyst
+ Sn - -
room temp
1 eguiv 1.5 equiv : : entry  substrate  product yield (%)° ee (%)°
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HO, ,—7
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Kim, J. G.; Waltz, K. M.; Garcia, |. F.; Kwiatkowski, D.; Walsh, P. J. J. Am. Chem. Soc., 2004, 126, 12580



Allylation of Ketone

entry  substrate product yield (%)® ee (%)°
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e o
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6 99 88
O
7 84 84
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entry  substrate product

yield (36)% ee (%)°

8 80 50
9 OTBS 88 85
10 a9 96
" 82 91
1) TI{OPr)4 (30 mol %)
BINOL (30 mal %)
O PrOH (20 equiv) HO, =
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2) TBHP (1 equiv)

Kim, J. G.; Waltz, K. M;

Garcia, I. F.; Kwiatkowski, D.; Walsh, P. J. J. Am. Chem. Soc., 2004, 126, 12580




Arylation/Alkylation of Ketone

First example of catalytic asymmetric addition of organometallic
reagents on ketones:

)OI\ PhMe, RT,48h  HO_ Ph

+ :
R R PN TucoH (150moi%). R OR?

;/% oH (+)-DAIB = 3-exo-dimethyl
NMe, amino isoborneol

(15 mol%)
HO, .Ph Hoj Ph HO, Ph
Br
91%, 91% ee 58%, 72% ee 76%, 75% ee

Dosa, P. |.; Fu, G. C. J. Am. Chem. Soc. 1998, 120, 445



Arylation/Alkylation of Ketone
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Hatano, M.; Miyamoto, T.; Ishihara, K. Org. Lett. 2007, 9, 4535




Arylation/Alkylation of Ketone

O 1d (10 mol %) HQ, Ph

1JL , * PhZn + EtZn - L

RO, R (equvy @equiv) Lo b LS , R
Product (3), vield, and enantioselectivity®

HQ, Ph

FeiWeon

ES% 95% ee (12 h) 91%, 96% ee (24 h)

HD Ph
HQ ph

D, Ph
@Q, @@

87%, 91% ee (12 h) 88%, 97% ee (12 h) 62%, 96% ee (12 h)

Hr:.'lﬁ Ph
@/‘ e
Cl 3a

98%, 95% ee (8 h)

HD Ph HD% Ph

S = Me
s
CG \ = 3

7%, 97% ee {12 h) 85%, 96% ee {a h) 93%, 92% ee (12 h)

Hg Ph HO, Ph
/\\/{ Me
3 3k

81%, 98% ee (24 h) 84%, 82% ee (24 h) 98%, 80% ee |;24h

0O 1d (10 mol %) HQ Et
1J'L , * EtZn h S
R R (3 equiv) eptane, rt R =]
2 5
Product (5), yield and enantioselectivity®
HO Et HC_'& Et

5b Cl 5c

85%, 96% ee (16 h) 77%, 92% ee (16 h)

@:,f

80%, 93% ee (24 h)
HGI HCI Et

ME @A
59 == &f

76%, 96% ee (24 h) 85%. 94% ee (24 h) 77%, 91% ee (24 h)

(R)>-1d (3 mol %)

2a + PhsZn + EtZn heptane

0.77 g, 5mmol (1 equiv) (2 equiv) i 24 h
R

ref 12 Me O H

(R)-3a
(R)
o
91%, 93% ee Cl

Anti-histamine dfug clemastine

Hatano, M.; Miyamoto, T.; Ishihara, K. Org. Lett. 2007, 9, 4535
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Ishihara Approach

SQ"

“Li(ROH),

/
I
e H
ﬁ\ - TRISCM {1 =10 mol%) (?TMS
-~ - e
ArH toluene, -78°C,1h  Ar  CN

(1 equiv.) (1 equiv.) 85 to 99 %

(gram scale) up to 98% ee

=  This catalytic system could not be applied to ketones:

>  The reaction is extremely slow at -78 °C

>  Higher temperature upto -40 °C gives racemates or very low ee
Lewis basicity of catalyst is inadequate to activate nucleophile

Hatano, M.; lkeno, T.; Matsumura, T.; Torii, S.; Ishihara, K. AdV. Synth. Catal. 2008, 350, 1776



Ishihara Approach

Lewis  Activated Lewis Mnreacﬂramd

Base \ f " & Base

99 1% L
Db_ \Lemﬁ g‘ s ‘\Le-ms
Liﬁ' Acid P' Ljd Acid
OG D ? \Lewis
Acid
R

(b) Lithium phosphate

More Favored TS
Hatano, M.; lkeno, T.; Matsumura, T.; Torii, S.; Ishihara, K. AdV. Synth. Catal. 2008, 350, 1776



Catalytic Cycle

TMSO, CN

A 0.0
Ar (PO L TMSCN
2 o 0
5
{f\‘ B Me
D‘ _,—D M HIJCN
’-*Pj‘-:) €7Si,
0 0 ,0 Me
i ﬁSiMea ( L
O g o
+ - [ -
3 Ar/\\CN 1. -
8 N
0.0 0
G;)%D*} Ar)J\
7 SiMey 1
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Hatano, M.; lkeno, T.; Matsumura, T.; Torii, S.; Ishihara, K. AdV. Synth. Catal. 2008, 350, 1776



Substrate Scope

S9N
O O

P.
o
e
Fh
o 3d (10 mol%)
: TM50. CN
n-BuLi (10 mol% -
R)k + TMSCN { L
toluene, —40°C, 6 h R(R)
1 2
(1 equiv.) (1 equiv.)
Entry 1(R) Product Yield [%] ee[%
(Config.)
[l 1a (Ph) 2 96 86 (R)
2 1b (2-C1CgHy) 2b 99 75 (R)
3 le (3-CIC,H,) 2c 99 65
4Ll 1d (4-CI1C H,) 2d 95 68 (R)
Sl le (2-MecOCH,) 2e 59 32
6 1 (3-MecOCH,) 2f 91 37 (R)
7 1g (4-McOC.H,) 2 94 63 (R)
5 1h (2-Naph) 2h 06 55 (R)
9 li (Ph(CH,;),) 2i 38 2 (R)

Hatano, M.; lkeno, T.; Matsumura, T.; Torii, S.; Ishihara, K. AdV. Synth. Catal. 2008, 350, 1776



Corey Approach

TMSO, N

)j\ + TMSCN Ar (10 mol %) . ’;(

R” "CHs R* CHj;

Ar = Ph or o-Tolyl

Ph,PO or MePh,PO
Me -:ﬁ

Interaction between partially positively 5
charged car.bonyl carbon apd neighboring @ ° M‘-ﬁm
mr-electron rich mexyl substituent o e) R -
CQN\P,Me
TMSO” 1 ~Ph
Ph

Ryu, D. H.; Corey, E. J. J. Am. Chem. Soc. 2005, 127, 5384



Substrate Scope

Substrate Reaction Condition % yield, % ee
Entry R Ar Co-reactant  Temp. Time
(eq.) (°C)  (day)
Ph PhsPO (0.2) 25 4 97, 80
1 O/ Ph MePh,PO (0.11) 25 62, 88
o-Tolyl MePh,PO (0.11) 25 3 95, 85
, /0\( Ph PhsPO  (0.11) 25 2 92, 96°
.0
Ph Ph,PO (0.1) 25 4 49, 65
3
©/ o-Tolyl MePh PO (0.11) 25 14 77,83
4 /©/ o-Tolyl MePh,PO (0.11) 45 10 73, 81
Br
o-Tolyl MePhPO (0.11) 45 10 83, 96
5
O,N
/©/ o-Tolyl MePh,PO (0.11) 45 10 79, 95
6
TFO
o-Tolyl MePh,PO (0.11) 25 7 45, 32°

et
MeO

0
TMSO, _CN HO,
/@/'( 12N-HCI, HCI (g) L. NH:
—_— =
0,N R.T., 30 min O,N
96% ee 9M%
Recrystallization ; > 99% ee;
0% y
12N-HCl
80°C, 2 h

(R)-4-Nitroatrolactic acid
O;N

99%

a-Hydroxy acids (AHAs) are used in
cosmetic products for skin therapy

Ryu, D. H.; Corey, E. J. J. Am. Chem. Soc. 2005, 127, 5384




Hoveyda Approach

@) Ligand 1, Al(OiPr);, TMSCN NC, OTMS

R,_><R

R™ Rs MeOH, 3A MS S

Me Me ! Me Me

MeO ™ H\AN OMe MeO S OMe
IOOR GRS
e T
T 0

1 >98% conv, 88% ee

NHTr 30 <5%conv

O
MeO H\)J\O y OMe
o6 " @C H”T
H
20% conv, 24% ee

31 <5% conv NHTr

Deng, H.; Isler, M. P.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem.,Int. Ed. 2002, 41, 1009



Substrate Scope

¢ Substrate Product mol % Yield ee Substrate Product mol % Yield ee
1 and Al{OiPr); [% P [% ]! 1 and Al{OQiPr); [% |®] [% ]l

OTMS NC OTMS

_ 10 84 9]
=L 20 93 88 ® 20 87 80
0 NG, OTMS OTMS
/Q)L“& Me o 67 91 ©3> 20 87 8%
4 17

el
oms NG OTMS
Me 20 ~ QR 88 dj @b 20 85 88
10 92 90 18 19

[3&]
a
1]
(5]
=
o

=

3

9
2
B2
=
“l
:2

NG LOTMS ..I_M S
Me Me _ /\/‘ﬁ\ 20 93 80
(:r 20 S 10 97 R
] Cl
8

NG, DTIu"IS

2]
o) 20 67 95
J;DTMS' /\)L e
Me
QG Me g@ 20 83 94 23

10 11 o} NC, oms
O NG mg 20 T8 o0
/ Me /\ 10 66 Ol

= e 20 08 88 mex” g

12 13



Shibasaki Approach

o Ti(O'Pr)s (10 mol %)  TMSO CN Vo, ON
)L + TMSCN 1-L (10 mol o/o) R RLX RS lSI \RL
R™ Rs THF R Ph " ).,
9a-i ] Ph-'p? 0”7 'Rs
a- 10a-] 0]
ketone temp/°C time/h yield/%"~ ee/% 0. T!
_< T~
O e Lewis | Q
R=H 9a -30 36 85 92 o) — | Lewis
/@ACHS R=CH; 9b -30 84 80 90 base CN \
R R=Cl 9¢  -40 80 82 92 acid
CH 9d -40 80 82 95
° ketone temp/°C  time/h  vyield/%® ee/%°

0
9e  -40 96 72 69 OACHQ, gh 50 36 86 909
o)
of -20 64 89 91 ©/\)L CHg 9i -50 36 92 85
0

/\/\A % -50 36 88 76°

CHg 9g  -50 88 72 91

{bE-

Hamashima, Y.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2000, 122, 7412



Jacobsen Approach

0 H tBu S
3d (5 mol%) TMS(XCN N J
1J\ , * TMSCN Me N“ N
R R CF,CH,OH, CH;_,CIZ A N
-78°C \l/ j/
entry ketone time (h)  vield (%) _ee (% i : - .
1 0 R = Me 24 §6 97 entry ) ketone time (h) vyield (%) ee (%)
2 R R =Et 24 95 95 0
3 R=iPr 24 97 86 || 12 @AMe 48 88 98
”g 5 R = o-Me 36 96 98 .
E R = p-Me 36 97 96 e ,stMe
6 Rﬁ Me R = m-OMe 12 97 97 13 Mr\\N | " 48 87 97
7 = R=p-OMe 48 93 95 o
8 R = p-Br 12 94 93 | |14 A R=Me 12 04 96
(\ ° 15 O R=nBu 12 97 93
9 ,J\ 0
D 36 91 I I T 48 95 89
o
e} o (o]
10 e % 0% 97 | 17 \ib 12 95 97
f .
¢ 18° 48 97 91
I Me 48 81 97 @QK
&

Fuerst, D. E.; Jacobsen, E. N. J. Am.

Chem. Soc. 2005, 127, 8964
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Chiral Tertiary Alcohol from Chiral

Secondary Alcohol

Nu~

a
@ WNU Patha o\ _ REie OH
@ CH @ A ML* i
S by t u
I

Retention
. —_—
A
Fs‘—B\
5
Selectivity
+ .
—— determining
M step
HL“}\
R LG
Inversion

.
!

i

Nu
R~ E:,?jg -
A
Ry -
ry (LG

R RL/,_ Cla A
s k|/ —
(B —3-
R

Group controlling
face selectivity

[0] RL  oH

—_—

it
IqL
jf B .,
HSN.I/ 55‘
R

Stymiest, J. L.; Bagutski, V.; French, R. M.; Aggarwal, V. K. Nature 2008, 456, 778



Chiral Tertiary Alcohol from Chiral
Secondary Alcohol

R H,0,

R _
> B(OR)
RB(OR), Qj\ oA )\ NaOH Eﬁ"
— oy ———
[ Retention Mer, och M‘:r B(OR), Ar
sBulLi '
L
OCb )\ B0 )'\
= Me 1y
W ocb 78 B ir OCb
20 min Hzoz
|Inversi0n Me (‘OCb ﬂ Me, B(R), NaOH H)iH
- ——
RB(R), | | Ar
R

Boronic esters retains the stereochemistry
Boranes inverts the stereochemistry
In case of boranes when 9-BBN derivatives were used boracycle doesn’t migrate

Stymiest, J. L.; Bagutski, V.; French, R. M.; Aggarwal, V. K. Nature 2008, 456, 778



Rationalization of Sterechemistry

Rf
\
O
Qﬁ / b . R _
H===-0 Hetentmn O
Boronic esters with aryl ketone: J\ Mey\
° 'y MNiPr, Ar OCb
N Me
Boranes with aryl ketone: e 78\ )J\ Inversion o 4(0(3::
0 NiPr,
Ar
4 B,
RBR),
RB(RY, -
Boranes and boronic esters Se o B(R),
with alkyl ketone: HVQ\ )L — HLQ\
Alk NiPr Retention . OCb

Stymiest, J. L.; Bagutski, V.; French, R. M.; Aggarwal, V. K. Nature 2008, 456, 778



Substrate Scope

Entry Carbamate (e.r.) Migrating group, R Borane/boronic ester component Product Yield (%) (e.r., S:R)
OCb Et. OH
1 '\ (99:1) Et ‘%‘ BEL, 91 (99:1)
-~ T
Ph™ Ph™
OCb Et OH
2 | oo Et -/ 95 (1:99)
Ph - . Ph P
OCb / o
3 1 oo iPr \ oA 91 (98:2)*
-~ \\\ P
Ph Ph" S
OCb /
4 | BCERD iPr > OH 80 (4:96)
Ph ph// '\-.\_\
OCb nHex OH
5 1 oo nHex o 60 (98:2)*
Ph” PhT >
OCb nHex. OH
6 1 o nHex 4 85 (4:96)
Ph N Ph..- .
OCb o/ <
7 | RCERD cPr _E_B/ /OH 85 (3:97)
- \.\\ N\ — A~ . .
Ph O \ - Ph// .
OCb o/ — OH
8 ) GIRCESY vinyl _§_B/ 4 75 (2:98)
Ph PN \O - \ﬁ Ph~ -
OCb s \
9 ) GRCESS allyl _§_B/ c/OH 95 (1:99)%
Ph TN \O - Y.._N . 4 \

Ph~

Stymiest, J. L.; Bagutski, V.; French, R. M.; Aggarwal, V. K. Nature 2008, 456, 778



Substrate Scope

Entry Carbamate (e.r.) Migrating group, R Borane,/boronic ester component Product Yield (%) (e.r., S:R)
OCb pCIC H, OH
10 | B EEDD) pCl-CeHa- 4 97 (99:1)%
PR ™ PR ™
OCb pMeOC,H, OH
11 j CERY pMeO-CeH,- 92 (98:2)}
Ph‘/ H"‘\._‘. Php—
OCb mCF;CgH, OH
12 ) R CESS MCF3-CeHy- i 92 (99:1)}
PN B
oCb \
13 ) EESY 2-furyl 0—/ OH 94 (98:2)%
PR (
Ph™ ™
OoCb Et OH
14 !\ (98:2) Et o) 82 (95:5)
pCICH, pCICgH,~ ™
OCb Et OH
15 J\ (98:2) Et 4 92 (4:96)8
pCICH,~ pCICgH,~ ™
OCb Ph OH
16 (98:2) Ph 4 89 (496)1
pCIC,H,” ™ pCICgH,~ ™
OCb Et OH
17 )| Et -E—B Et, \: 87 (96:4)||
pMeOC,H,” ™ pMeOCgH,~

Stymiest, J. L.; Bagutski, V.; French, R. M.; Aggarwal, V. K. Nature 2008, 456, 778



Substrate Scope

Entry

Carbamate (e.r.)

Migrating group, R

Borane/boronic ester component

Product

Yield (%) (e.r., S:R)

18

19

20

21

22

23

24

OCb

1

pMeOC H,” ™

f u—

Y h

I
-

Et

Ph

Et

Ph

Et

Et

Ph

Et OH

pMeOCsH.{’/&

Ph OH

pMeOCgH,”

",
Pt i
-~ Rt -

[ ;‘,{ J

. - - -
R -, -
T S

s ™

S7 (298)

81 (4:96)f |l

69 (99: 1081

FEN RN

90 (595

98 (91:9)8 1

97 (49631

Stymiest, J. L.; Bagutski, V.; French, R. M.; Aggarwal, V. K. Nature 2008, 456, 778



Conclusion

Enantiodivergent synthesis of tertiary alcohol from chiral
secondary alcohol broadens the scope

Still more work is needed in this area specially for alkyl
ketones for the synthesis of di-/tri-alkyl substituted tertiary

alcohols



