Recent Development in Catalytic Benzoin Reaction
- Some Adventures in “Umpolung Chemistry ” of Aldehydes
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Introduction

¢+ Umpolung
Any process by which the normal alternating donor and acceptor reactivity

pattern of a chain, which is due to the presence of O or N heteroatoms, is

interchanged.
The original meaning of the term has been extended to the reversal of any

commonly accepted reactivity pattern. For example, reaction of R—-C= CX
(X = halide) as a synthon for ‘R—C=C" (i.e. electrophilic acetylene) is an
umpolung of the normal more common acetylide, R—-C=C- (i.e. nucleophilic)

reactivity.
IUPAC Compendium of Chemical Terminology 2nd Edition (1997)

¢ “Umpolung Chemistry ” of Aldehydes
— Conversion of an aldehyde into a nucleophic center (such as dithianes and

protected cyanohydrins) m
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Enders, D. et al. Comprehensive Asymm. Catalysis, Vol 3, 1999, pp 1093
Johnson, J. S. Ang. 2004, 43, 1326.



“Umpolung Chemistry ” of Aldehydes — Early Examples

¢ Cyanohydrin as aldehyde umpolung:
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Stork, G. et al. JACS. 1978, 100, 8272.



“Umpolung Chemistry ” of Aldehydes — Early Examples

¢ Dithiane as aldehyde umpolung:

-BuLi (2.05 eq.),
THF, 10% HMPA

Smith, A. B. et al. JACS. 2003, 725, 350.
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Introduction to Benzoin Reaction

¢ Benzoin Reaction: Originally developed by nature (million years ago)
-- Nucleophilic acylation reactions catalyzed by lyases in the presence of
coenzyme thiamine A.

Enders, D. et al. Comprehensive Asymm. Catalysis, Vol 3, 1999, pp 1093



Mechanism of Heterazolium Catalyzed Benzoin Reaction
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Breslow, R. JACS, 1958, 80, 3719
Enders, D. et al. Comprehensive Asymm. Catalysis, Vol 3, 1999, pp 1093



Thiazolium Catalyzed Benzoin Reaction

¢ Thiazolium catalysis: Just limited success

oo

catalyst H3C
RCHO - R)KT/R I )—H
S
OH H
4a, R = Bn
Reaction conditions,® 4b’ R = 1'naphthy|
solvent, hase, Optical 4C,d R =Ph
Salt time in hr Yield,” % purity,* %
(R)-(~)-4a MeOH, Et;N 12 0
6
(S)-(+)-4b MeOH, Et;N 6. 51.5
6
(R)-{—)~db MeOH, Et;N 21 38.5
24 17 37.5
MeOH, Et;N 26 29 .4
48
MeOH-H,0, NaOH 22 31.0
24
(S)-(+)-4c MeOH, Et;N 78 7.8
25
(8)~(4)-4d MeOH, Et;N 68 7.1
25

-- The culprits: Low acitivity of thiazolium & bulky N-substitution.

Sheehan, J. C. etal. JOC 1974, 39, 1196.



Triazolium Catalyzed Benzoin Reaction

¢ Triazolium salts: more active catalyst

0 cat. (1.25 mol %),
KoCOs, THF, tt, 60 h
Y H 02 _72%
N
Ph
N,,(i@ ee =20 — 86%
AL >H cloy
H™ . R =H, m-Me, pMe, m-MeO,
('\\\\Ph p-MeO, p-F, p-Cl, p-Br
OYO
HsC CHs

* 21-26% ee for alkyl-alkyl condensation

¢ Catalyst deactivation pathway:
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Enders, D. et al. HelvChim. Acta, 1996, 79, 1899.



Design and Preparation of New Catalyst
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Enders, D. et al. Ang., 2002, 41, 1743.

tBu

Ph
f
BF,
A B

\_4

tBu

Enders, 2002

a) Me,OBF, (1.2 equiv), CH,CI, ,
RT, 15 h;

b) PANHNH, (1 equiv), NEt; (1
equiv), THF, 80°C, 7 d;

c) HBF, (1 equiv) in diethyl ether,
CH,CI, , RT; HC(OMe), (20 equiv),
MeOH, 80°C, 12 h.



Triazolium Carbene Catalyzed Benzoin Reaction

4 (10 mol%),

Jn

ArCHO KO®Bu, THF - . y
8- 83% z
5 g OH

6 Ar 17" C] Yield [% ] ee [% ]
a Ph 18 83 90
b 4-FC.H, 18 81 83
b’ 4-FCsH, 0 61 91
c 4-CIC,H, 18 80 64
¢ 4-CIC,H, 0 44 89
d 4-BrCgH, 18 82 53
d 4-BrC,H, 0 59 91
e 3-CIC,H, 18 92 62
e’ 3-CIC,H, 0 85 86
f 4-MeC,H, 18 16 93
g 3-MeCgH, 18 70 86
g’ 3-MeCH, 0 36 91
h 4-MecOC¢H, 18 8 95
i 2-furylle 0 100 64
i’ 2-furyl — 78 41 88
J 2-naphthyl 18 69 80

General reaction conditions: aldehyde (10 mmol), 4 (10

mol%), KOtBu (10 mol%), absolute THF (11 mL), 16 h.

Enders, D. et al. Ang., 2002, 41, 1743.



Triazolium Carbene Catalyzed Benzoin Reaction

¢ Influence of the reaction conditions on the yield and ee (Ar = Ph). Ph
N—N+
4 (10 mol%), i/ /Q » B~
A
ArcHO  KO®Bu, THF A AT o N
5 6 OH 4 {Bu
4 [mol % ] KOrBu [mol % | Yield [%] ee [% ]
2.5 2.5 33 99
5.0 5.0 46 93
10.0 10.0 83 90

¢ Postulated transition-state model (Breslow intermediate)
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Enders, D. et al. Ang. 2002, 41, 1743.



Cyanide lon Catalyzed Benzoin Reaction

O O

2 1

)OL R1)H/R R1)K(R

R "H | OH OH
benzoin catalyst O 1 0 2
e RN

OH OH
i cross benzoin ~ homobenzoin

Rz)J\H adducts adducts

2

O

P'S o)

’I .
silyl R SIEti R )JYRZ only adduct
benzoin KCN/ .
[18]crown-6 OSiEts
(cat.) 3

¢ Cross Benzoin reaction: selectivity determined by relative stablity of four pdts.

¢ Silyl Benzoin reaction: Kinetic control, regiospecific, (but need to make 1!)

Johnson, J. S. et al. Ang. 2003, 42, 2534.



Cyanide lon Catalyzed Benzoin Reaction

KCN (30 mol %)

O O [18]crown-6 (10 mol %) Q >
J A, - RIANR

+
R'” TSiEt .
3 H R Et,0, 25°C |
OSIEt3
Entry R R? Product Yield [%]®  Entry R’ R? Product Yield [%]®!
2 Ph 4-CIPh 82 9 4Me,NPh Bh 950l
3 4-CIPh Ph 86
10 Ph mesityl 85
4 Ph 4-MeOPh 79
11 Ph 2-furyl N 75
OSiEty 3
O Me
5 4-MeOPh Ph 85 12 ph isopropyl Me 66
OSiEt; 5
6 4-CIPh 4-MeOPh 80 13 4CIPh n-hexyl 75
7 4-MeOPh 4-CIPh 80 14 4-MeOPh n-hexyl 1




Cyanide lon Catalyzed Benzoin Reaction

KCN (30 mol %)

O O [18]crown-6 (10 mol %) o
R1)J\SiEt ' HJ\RZ ] R1)S/R2
3 Et,0, 25°C

~ OSiEts

¢ Proposed mechanism for the cross silyl benzoin reaction:

[1,2]-Brook

- mt .
i cyanation NG O"M™ o rangement ~ OSiEts
R’ “SiEts R'” “SiEts TR c N
“N M
1 1a
O
M*CN addition J\
2
R1)‘S/OSiEt3¥R1)S/OSiEt3 n _ R)%/ M
retro- 1,4-silyl R2
R? cyanation R? migration
3 1d 1c

Johnson, J. S. et al. Ang. 2003, 42, 2534.



Cyanide lon Catalyzed Benzoin Reaction

¢ Sequential one-pot silyl benzoin addition-cyanation-acylation reaction:

O 0O KCN (0.3 equiv)

)L J\ [18]crow!'1—6 NC OTBS
Ph” >TBS | H” SAr (0.1 equiv); Ph OCO,Et
- : NCCO,Et Ar
1 equiv 1.05 2
| SV (25 equiv) 1%, dor. = 77:23
4 5 7
Ar = 4-CIPh KCN
l NNCCOzEt
1 NC OTBS
Ph)H,OTBs " )S/O_K s
Ar "

T [ NG O K ] T

- OTBS
KCN {Ph)%’ J 1,4-silyl

Ar migration
6a

Johnson, J. S. et al. Ang. 2003, 42, 2534.



Metallophosphite Catalyzed Asymmetric Benzoin Reaction

¢ Proposed Mechanism:

_ [1,2]-Brook .
Nu, O—M rearrangement OSiEts

O "
addition
R1)I\SiEt3 R'XSiEtg RVI\NU
1 1a Mip
0

0]
I -
M—Nu Nu= CNor PCOR addltlonl/‘H)szz

OR
O .
OSIEt : Nu O-M Nu_ OSIEts
R’ 3 R1)S<OSiEt3 ~ R1)S(O_M
H R? 1,4-silyl 2
H R migration 1R
3 1d 1c

o)
RO?B“Li Must function as nucleophile (1-1a), anion stablizing group (1a-1b),

RO and leaving group (1d-3). Or can it?

Johnson, J. S. et al. JACS, 2004, 126, 3070.



Metallophosphite Catalyzed Asymmetric Benzoin Reaction

¢ Literature precedent One (1,2-Brook):

O

SMeyrBu AL
( THF
" 80 °10 0 °C
COuMe
49

R = FPh, P(O)(OMe),
n=1-3

t- BuMeg&qO Li* ¢ BuMeQSIOqR
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— 50 51

¢ Literature precedent Two (1,4-silyl migration):
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Johnson, J. S. et al. JACS, 2004, 126, 3070.
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Metallophosphite Catalyzed Asymmetric Benzoin Reaction

¢ Evaluation of phosphite catalysts:

(RO),P(O)H (5 mol%)
n-BulLi (5-20 mol%

Ph SiEts * )K@\ THF, 1h

0 ™

OSlEt3
entry phosphite % ee” v entry phosphite % ee” % b
conv.” conv.
. 1 _ 2 _
1 EIO)POH 42 100 10 Ar Ar 4j R'=Me,R*=Ph 75 <80
(60) 1
RO Q o
11 gage OP H 4k RRY=(CHy), 8 100
2 4b - <5 Ar Ar
12 41 (Ar=2-FPh) g1 R!R2=(CH))s 88 100
3 4e  Ar=Ph 41 100 13 EtO ﬁr 4m Ar=Ph' 76 100
4 4d  Ar=2-MePh 77 <20 LIS
5 4e  Ar = 2-naphthyl 58 <20 M e:'\r
6 4 Ar=2-FPh 9 100 14 B0 A W 4m n 4n  Ar=2-FPh 66 100
7 4g Ar=2.6-F,Ph 74 <60
8 4h  Ar=TF:Ph ; <5
9 4i  Ar=2-CF;Ph - <5

Johnson, J. S. et al. JACS, 2004, 126, 3070.



Metallophosphite Catalyzed Asymmetric Benzoin Reaction

9 Ar  Ar
O RO’"P‘\ O Me O
4 Li 2 \ /O
R1)I\S|Et3 + R2 RO - R1)I\./ R \
E Me O\\l
1 2 = 3 OS5I Al A 2-FPh
rAr =2~
entry product® S % ee" % yield®  entry product” cat, ‘:f % ee” % vyield*
(mol %) (mol %)

NMe2
1 75 82 84 ? i
@J\;E;O 8 5 81 80
2 7.5 82 75
os.sts 12.5 86 86
Me,N OS|Et3 3i

3 7.5 87 82 O\
OS\ ts 3¢ 1 0 7.5 856 65
Me OSIEt3 31
4 O)K/@ 5 01 87 . s - .
OSIEts OSE% 3k

5 O/L/@ 7.5 88 83 12 20 41 88
OSEs se OSIEt,

6 /O/“\/O/ 7.5 90 83 13 20 67 72
OSiEt, Me OSiEt; 3

10 g3 79 R'C(O)SiEt, (1.0 equiv), R?CHO (1.5 equiv), ligand, and
- n-BuLi (0.2-0.4 equiv) in THF from 0 to 25 ° C.

N

Reaction time 0.5 h.
Johnson, J. S. et al. JACS, 2004, 126, 3070.



Catalyzed Benzoin Reactions — Now and Future

¢ Enders’ system:

cat. (10 mol%),
KOBu, THF
-

8-83%

ArCHO

¢ Johnson's systems:

O

A

j\/Ar
Ar z

80 - 95% ee

O O
Jj\ , 5-12 moI‘Vz R")I\./Rz

SiEt, + H” R

81-91% ee for aryl-aryl
41-73% ee for alkyl-aryl

Ph
N—N+

or

KCN/

[18]crown-6 (racemic)

¢ Now:

¢ Future Challenges:

--ldea, starting material, yield and/or ee, regioselectivity, condition — Who's better?

-- More active catalyst (low loading)
-- Expanded functional group compatibility (alkyl-aryl & alkyl-alkyl condensation)




