Advances in Stereoselective Friedel-Crafts Alkylation
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Background Bit...

* First reported in May 1877 by Charles Friedel and James Crafts to the Chemical Society of France.

* Initially, aluminum chloride was the catalyst of choice. Now a variety of "acidic" catalysts are available including
acidic halides, modified zeolites, cation exchange resins, superacids, solid super acids, and of course proton acids.

* Common alkylating agents are alkyl halides, alkenes, alkynes, alcohols, esters, ethers, carbonyl compounds,
mercaptans and thiocyanates.

* The scope of the Friedel-Crafts reaction is very wide, yet until recently, little advance has been made in the field of
catalytic enantioselective alkylation.
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Early Studies using Chiral Pyruvic Esters
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LBl CHClL
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conditions: phenol:alkbxide:pyruvic ester, 1:1:1; 17 °C, 5 h, ratios determined by r.p. HPLC

entry 2 R promoter temp, °C  products yield, %  ratio, 4:5 config
1 2d  (-)-menthyl EtO(EDAICI -20 4ad + 5ad = 60 27:73 S
2 2e  (+)-menthyl EtO(Et)AICI -20 4ae + 5ae 59 73:27 R
3 2d  (-)-menthyl EtO(Et)AICI 17 4ad + 5ad 63 36:64 S
4 2d  (-)-menthyl EtOTiCl, -60 4ad + 5ad 64 24:76 S
5 2¢  (¥)ymenthyl goTic), -60 4ae + 5ae 65 75:35 R
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Transition State Analysis of Bigi's Pyruvate Alkylation
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Staggered T.S. for the
chelation-controlled

metal-mediated : P .
alkylation of (-)-menthyl | SINg 0
pyruvate to a phenolate. I : _

The proximate phenolic
ortho-carbon

approaches the carbonyl
carbon along the siface.
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conditions: phenol:glyoxylate, 1:1;6 h; R = (-)-menthy!

1

Stereoselective Alkylation“usin;g Chiral Glyoxylates
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Z , b OR’
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2

MX,,
——————
CH,Cl,
0.3M

OH

OH

ehtry 1 R MX,, major product  temp, °C  overall yield, % ratio, 3:4  configuration
1 1a 3-t-Bu Et,AICI 3ia 28 60:40 S
2 1a 3-t-Bu Et,AICI 3ia 34 56:44 S
3 1a 3-t-Bu EtMgBr dia 0 40 56:44 S
4 1a 3-t-Bu EtMgBr 3ia -30 28 70:30 )
5 1a 3-t-Bu InClj 3ia -30 18 70:30 S
6 1a 3-t-Bu 1/2 SnCl, 3ia 0 50 71:29 S
7 1a  3tBu 12T, 3ia 20 65 70:30 s
8 1a 3-t-Bu 1/2 TiCl, 3ia 0 60 71:29 S
9 1a 3-t-Bu 1/2 TiCl, 3ia -30 53 75:25 S
10 1a 3-t-Bu 1/2 TiCl, dia -60 28 79:21 S
11 1a  3-tBu TiCl, 3ia 0 63 74:26 s
12  1a 3-t-Bu TiCl, 3ia -30 58 75:25 S
13 1b 4-OMe 1/2 TiCl, 3ib -30 50 76:24 S
14  1c H 1/2 TiCl, ic -30 43 73:27 S
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Para Alkylation Using a Bulky Silyl Phenol

oTBS
O ,
- h /U\H/OR' MXp,
CH,Cl,
o 0.3M
1 2
conditions: phenol:glyoxylate, 1:1: 6 h
entry R’ MX, major product overall/ yield, ortho/pi/ra+ortho, ratio, 3:4
1 (-)-menthy! SnCl, 3i 78 3 78:22
2 (-)-menthyl TiCl, 3i 46 13 --75:25
3 (-)-menthy! FeCls 3i 23 5 54:46
4 (-)-menthyl AICl; traces - - -
5 (-)-menthyl! CeH11OAICI,"  no reaction - - -
6 (-)-menthyl MgCl, no reaction - -
7 (-)-menthyl ZnCl, no ré,actidn - - -
8  (-)-menthyi Ti(O-i-Pr);ClI no reaction - - -
9 (-)-8-phenyl menthy! SnCl, 3 70 - >98:2
10 (-)-trans-2-phenylcyclohexyl SnCl, 4k 62 - 6:94
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Catalytic Alkylation of Aniline Using Imines

0 : Q

/U\- NMe, - )J\
N OEt -(R)-Tg;E)B(INAP/ HN OEt
H
O
O NMez
1 2 3
entry CuX catalyst solvent temp, yield, ee, %
' conc, mol % °C %
1 CuCIO, 10 THF rt 81 14
2 CuCIO, 10 THF -78 81 87
3 CuClo, 10 CH,Cl, -78 82 85
4 CuCIO, 5 THF -78 78 93
5 CuPFg 5 .THF -78 75 96
6 CuPFg 1 - THF -78 79 81
7  CuPFg 5 THF -78 . 76 93

Alkylation affords exclusively the para-product
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Catalytic Alkylatlon of Aniline Using Glyoxylates

NMe, o
' 10 moI % 5
B HO
entry glyoxylate, catalyst solvent temp, yield, ee, %
equiv. °C % (cont.)
1 1.5 (5)-4a-Cu(OTf),  CH,Cl, rt 81 80
2 1.5 (S)-4a-Cu(OTf), Et,O rt 78 89
3 1.5 (S)-4a-Cu(OTf), THF rt 72 90
4 10 (5)-4a-Cu(OTf),  CH,Cl, rt 90 82
5 5 (S)-4a-Cu(OTH), THF -30 71 74
6 5 (S)-4a-Cu(OTf),  MeNO, 0 32 18
7 5 (S)-4a-Cu(SbFg),  THF rt 36 0
8 1.5 (R)-4b-Cu(OTf),  CH,Cl, rt 70 54
9 1.5 (R)-4b-Cu(OTH), Et,O rt 76 42
10 1.5 (R)-4b-Cu(OTf), THF rt 81 22
11 1.5 (R)-4b-Zn(OTf),  CH,Cl, 0- 41 12
12 1.5 (9-4a-Cu(OTf),  CH,Cl, 0 85 61
13 1.5 (S)-4a-Cu(OTf), Et,O 0 92 90
14 1.5 (S)-4a-Cu(OTH), THF 0 82 94
15 5 (S)-4a-Cu(OTf), . Et,0 . 0. 94 86
16 5 (S)-4a-Cu(OTf), THF rt 91 82
178 5 (S)-4a-Cu(OTf), THF it 74 88
18° 5  (5-4a-Cu(OTf),  THF L 45 g7

i

OEt

NMe,

? using 5 mol % catalyst
b using 1 mol % catalyst
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Catalytic Alkylation of Various Amines Using Glyoxylates

S)-4a
)]\ﬂ/ Cu (OTH), HQ g
10 mol % EtO

0]
56%, 78% ee (-30 °C)
NM62
NM92 D
“ /U\”/ 10mol%
OEt
HO
(S)-4a-Cu(QOTf),: 75%, 50% ee (Et,0) O
(5)-4a-Cu(OTf)y: 93%, 40% ee (CH,Cly)
(R)-4b-Cu(OTf),: 97%, 38 % ee (CH,Cly)
NMez NMez
ook A= OO0
CH,Cly, t
HO
(S)-4a-Cu(OT1)2: 93%, 4% ee
(R)-4b-Cu(OTf)2: 75%, 10% ee S
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Transition State Rationale for Jargensen's Glyoxylate Alkylation
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Approach of aniline from underside, as drawn
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Catalytic Alkylation of Various Amines Using Keto Esters

R3
5 -4a-
\ R N OR® (9)-4a Cu(OTf)z;
2 N Eth
R \ 9]
R
1
entry R R? R® R R® cat. conc. temp, time, yield ee,
‘ mol % °C h % %
1 H H H Ph Me 2 -78 to -30 64 77 99.5
2 Me H H Ph Me 5 -78 to -30 48 98 96
3 H OMe H Ph Me 5 -78 1 95 >99.5
4 H H Cl Ph Me 10 20t0 0 16 69 97
5 H H COMe Ph Me 10 -20to 0 16 82 94
6 H H H Me Et 5 -78 16 96 - 95
7 H OMe H Me Et 5 -78 1 95 >99.5
8 H H Cl CH,0OBn Et 10 -20to 0 16 70 80
9 H OMe H CH,0Bn Et 5 -78 1 98 95
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Transition State Rationale for Jgrgensen's Glyoxylate Alkylation

Me,,, Me
Me, M O\‘AH/O
2 I \>
\'/ﬁr u(OTH), N

t-Bu

W
'ﬂ-\\\

/
t-Bu O
Bu \

Ph

Figure 2. A model for the approach of indole to the 8,y-unsaturated -
ketoester 2a coordinated to (S)-4a in a square-planar fashion. This mode!

can account for the absolute configuration of the formed Friedel - Crafts
product 3d. Color scheme:
blue = mtrogen

gray = carbon, red = oxygen, green = =copper,
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Alkylation of Various Pyrroles Using Catalytic Imidazolines

7

O
XU XU
o~ 5 20 mol % 1 ~ NMe
g ) 2NNy T, g ) A0 *HX
N O THF-H,0 N Bn Me
Fli : N Me
H
catalyst 1
entry H-X R X V4 yield, ee, Y
cocatalyst % %
1 TFA Me H Ph 87 93
2 Cl3CCO,H Bn H Ph 80 89
3 Cl;CCO,H Allyl H Ph 83 91
4 NCCH,CO,H H H CO,Me 74 90
5 Cl,CCO,H Me 2-Bu Ph 87 90
6 ClsCCO,H Me 3-i-Pr Ph 68 97
20 mol % / \
{ \ 1+TFA o) \/\/4 o)
[ v " THF-H,0 SN Z
N -H2 = Me
Me Me Me
83%, Co:meso 90:10; 98% ee
20 mol %
U 1-TFA . O / N\ _0
THF-H,0 =
N i Me M pp
1 X NN
RETE 72%; syn:anti 90:10; 99% ee
(2) PhMO
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Conclusions

* Although much is known about the Friedel-Crafts reaction, there is still only limited reports of catalytic
enantioselective process.

* Initial reports by Jorgensen and MacMillan should pave the road for more profound advances in this field.

* Substrate generality, for both the arene and electrophile, will be necessary for the enantioselective procéss to be a
viable tool in organic chemistry.
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