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Research Progress of Cross-Coupling Reactions of

Alkylaluminums with Electrophiles Reagents
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Zhang, Zhihao Huang, Zheyao Zhou, Lin
(College of Chemistry and Environmental Protection Engineering, Southwest Minzu University, Chengdu 610041)

Guo, Shaopeng

Abstract Alkyl aluminum compounds are widely applied in organic reactions because of their high reactivities, low toxici-
ties, and ease of preparation. The cross-coupling reaction of an organoalane compounds with organic electrophiles using a
transition-metal catalyst or catalyst-free provides a simple method to synthesize a large variety of compounds and shows a
higher functional group tolerance than organolithium and magnesium, which allows for additions to aldehydes in the presence
of nitro, ester, hydroxyl, amino, nitrile and lactone moieties. Therefore, many organoalane reagents have found the most appli-
cations in cross-coupling reactions in recent years. In this paper, the recent research results about the alkylaluminum reagents
applied in cross-coupling reactions are reviewed, involving various reaction systems.

Keywords alkylaluminum reagents; electrophilic reagents; cross-coupling reaction; carbon-carbon bond formation; carbon-
heteroatom bond formation; transition-metal catalyst; catalyst-free
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By mAE LA R RCET IR R,

1 EREMLEKR

1.1 &EBRELEKR

EOR 4 JE AT AR e o b B 1 22 58 SR Bk
SN H, AHITAE R, AR B AR A0 7 7E A8 SRR J
J7H 9 T HE A S ) i A PR R U1,

2017 4F, FREE LR AEE SRS T = kR4
T 0 ik = R R A8 B R I (B 1), AR
5 mol% Ni(dppp)CL M#EALT, & 5 N, —HxH
FEE(2)E AlMe; FLEA p-H B =k B8 1)IRA T
110 C/BE 24 h, BL 20%~98% s 545 1) ke 3k 55 L
o= 3. HAZEE. BRI IR IE = H L e 3k vT
Mzt ik R, FE, ZAE0RIRRIEEH T =2
QQ-FEZEI) 5 AlMey. = FIEE(1-Z850) i 5 = 757 2 4R
WA AIAS AR N, RS T R AT R SRR, (H 42
TEAHFI AN, =H3EQ-FFEZER 5 & p-H M=k
BRI ALEG A1 AL("CsHi7)s IBE, PRI AL
fiX. SFEH =P, &AM 1-ERRES T
) AR 12 B P 2%, X TS R T Re A
COOEt #1 PhC=0 MM NIAREIR iF i FE2s. 4 H 10
mol% Ni(dppp)CL #1L p-[BocN(Me)]CsHsNMe; "OTE 43
5 AlMes; 1 AIEt B, 533 LA 38%F1 33% (11

133 i Boc MIEE=4.
5 mol% Ni(dppp)Cly
AIR; + Ar—NMe3*OTf > Ar—R (1)
1 2 Dioxane, 110 °C, 24 h 3
(1.5 equiv.) 20% ~ 98%
R = alkyl, aryl

AR O T8 ) I < AL A L e sl i 2 X
TSI S ML PRI T 205 SR L0200, A 38 X i S SR 1 — ]
REFIREALIEFANLE], WIB 1 o,

NM63

(dppp) N| OTf
Ar— NMe3 OTf A|R3
Ni(d Cl dppp )Ni(0
(dppp)Cl, AR R,AIOTf
Ar

3
1

/

dppp

Ar? 5

B o1 R T 3 = I = R IR 3 5 A MR R 1 3E X
B 2 87 [ FT BEALEE

Figure 1 Proposed mechanism of the cross-coupling reaction of
aryltrimethylammonium triflates with organoalanes use nickel as
catalyst

2018 4, Kimura At [R5 HRGE 18 AR b
Wk SR AR R e AR 1R ) A2 AR B S 2 (Eq. 2).
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YE# 18 5 mol% Ni(cod),/10 mol% PCys AMEILF], —
AONHENER, T 40 CRM 24 h, KiilikE 6 it 5
AlMes (7)F1 AT b3k AT 28 AR B S B2, 9 HL
DA A2 3 [ ISR A3 206 T RV &1, v
AR I IX e B R ST ARk e AR, E
"PrAIEtL A PACHLAIEG B 350 153 EHa T B R A 51,

A2 AILL S1%F1 34% 1IUSCR 75 31 =0 T4 56 FE Bl =
‘F%Eﬁ@?.

R? R3AI
1 )\/ + C 02 + or
6 RELAI
R2 7

OH R_ OH
R1)\/§< + X @)

R R R R
8 9
MesAl  24% ~ 86%
PrAIEt, 51%
PhCH,AIEt, 34%
R' = alkyl, aryl, 3-indoly, naphthyl; R? = H, Me, Ph
2019 4F, FEARE AR [R] FP2HRE B CR) T
HE T fe 55 B0 1 22 SURBBEK S 2 (Bq. 3). AT TR B,
76 130 ‘CLAHZRA¥ ), F 10 mol% Ni (cod)>/10 mol%
deype REA RO AL 77 FE Ik 5l H AR ZE I IE (10) 5 MesAl
(D) A ARTR SN, FEFRAEINFAGRAT TR, B 22 X A%
W S PIAE 18 h WoER, HARI™Y) 12 myUkcdis
99%. LAk, EtALL (CsHi7):Al AI(CHoPh)sAl 13E H F1%
NAR R, FELL 85%~91%I1) R A7t 215 B AH B 1) 8 Bk
FEY 12,

5 mol% Ni(cod),
10 mol% PCy;3

1,4-dioxane, 40 °C, 24 h

R

10 mol% Ni(cod),
10 mol% dcype
_—

(Hetero)Ar—OMe + R3AIl (Hetero)Ar—R  (3)

Toluene
10 11 130°C18h 12
Ar = Phenyl R=Me 52% ~99%
Ar = pyridinly R = Et 88%
Ar = naphthyl R =CgH47 91%
R=Bn 85%

1E 55— T 78 /R, Nakajima 2 2 [ SE23HR0E 7 808
WS AT 5 SRR 22 XS B [ M (Scheme 1), K
1 5 mol% Ni(cod)»/10 mol% PCys 48 &4 A AL 7, 1,4-
THEONHONEE, T 60 CHEATAS BB N, A
Fi(13)5 = K AR (14) 18 2% [ B 444 R I BE 20 h,
DL (15 1 16=20 : 1)753 2AH B (8B4 15.
B 1S A 4- — I Z LI RE (DMAP)Z1E 53
O = Z IR, BL 1% ~99% RIS 45 2 A1 B i 7=
7. ZEEEREFIREE TR R, AR 17
FICE A 33%~91%.

12 SERHEEKER

1978 4, Sato FIfh ) [F] S RATF R T 45 7 5 i 4L
(20) 5 AR (19) I 22 SUABER V8. i HIEEER T
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5 mol% Ni(cod),

Me 10 mol% Pcys (|:H3 R
Ar—SiCl, + RgAlH, ——— > Ar—SiCl + Ar—SiCH;
13 14 1,4-dioxane ||? 'I?

o]
60°C, 24 h 15 16
15:16 = 20:1

CyOH (10 equiv.)
Et;N (3 equiv.)
DMAP (0.1 equiv.) GHs

rt, 1h

Ar—$i—0Cy R =Me, Et, Bu, CgHy7
R
17 11% ~ 99%

B 1 R A U e 5 ot 0 K701 B 58 AR BB S 2
Scheme 1 Nickel catalyzed cross coupling reaction of chloro-
silane with alkyl aluminides

VUSRI (THF) S, F 14 mol% CuClf# b J% 5 LiAIH,
HEATEAAI L RS (Scheme 2). & FTEHLERIRA S 3-54
R-1-PIE AT 2 SUEBRR L, 75 12 h DA EEZE R 4T
I 2(63% ~ 80%) £ EIAHRL B =4 21. 4 LiAl-
(CoHia)s HTHRZAZ I L% FL B I TR 22 e A0 40 11 3 FH
B, 2Rl RS S I B R A, HE DR & IR
RN H AR, UHEREERR, BAZ MR
S )0 TR 25k o AL B 53 F Tz AR R

R'X (20)

LiAIH 14 1% CuCl
ARCH=CH, > LIAICH,CH,R) o2 220 RCH,CH,R
18 iCly 0°Ctort. 21

THF, 12 h

(0.8 equiv.) 47% ~ 80%
R =H, CH3, n-C4Hg, CH3CH=CHCH,, CH,=C(CH3)CH,CHj,
2-cyclohexenyl

R'X = CH,=CHCHCI, CH,=CHCHBr, CH,=CHCHI, CH3CH=CHCH,CI,
CH,=C(CH3)CH,Cl, CHy=CHCHCICH3, CH,=CCICH,CI,
CICH,CH=CHCH,CI

B2 SR A TR 25 i A 5 e B 0 1 ) 52 ARk
Scheme 2 Copper catalyzed cross-coupling of allyl halides with
alkyl aluminum lithium

Giri M H[FHF 2016 F4RIE T HIEAL AR
AV SA LA 178 RIS, fEH 2~10 mol% Cul/
2~10 mol% PN-1 (29, & 2)fF Mfifk7, £ DMF H %
JL 6~24 h, PLRGFEI R AR SR SRSB4
(Eq. 6). M g le FEARRF 3 o] F AR 12 s Bt &
(14 8 A HUBIBARF. fedh-J5 56 05 565 LR 05 -
CTFEATIE S N 75 BRI PN-1 Bk A g R A5 e 10 77
YieEe. SR, A BSR4 05 2 x40 4 ) A B s
ATEE PN-1 Bifhk, B2 —g0r b B a7 5 4
75 B A AR Y, ATREE PN-1 ik, itk
Ab, XU N ALK B-H BITE BRI B A%, R
1E “TCRCAR” 200 F, ARG S 2% 05 5 xitb it AT
AE AR SN, A 2 A A e B AR a0 ohowl ¢ 21 2 1
Y. WIS R, IR T AT BRI R BALEL (A 3).

1.3 ERHKEMHLER
HI T 29k s A A 27 i et RONIAEAS A
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MezN PPh2
29
B2 PN-1 itk
Figure 2 PN-1 ligand
— Aryl—R
Ary'23" Br 2 ~ 10 mol% Cul s
2 ~10mol% PN-1  38% ~ 90%
or no ligand
RsAl + Aryl(Het)—I, Br, Cl _ : Aryl(Het)—R
22 2 LiCI (3 equiv.) 27
(1 equiv) B DMF, 120°C, 6 ~24h 41% ~ 92%
aa AN R
25 Ar

28

R = aryl, primary alkyl, secondary alkyl and alkynyl 41% ~61%

B3 A RIA BRI S A B s R 2E AR
Scheme 3 Copper catalyzed cross coupling of organoalumi-
nides with organohalides

[RAAICIT [Li*  [RLAICIX)]" [Lil*

29>__< 30

R3Al + Licl — (PN-1)CuX (PN-1)CuR

33 31
RR R 2?)( 25
26~28  (pNA1)CI—R
x X=1,Br,Cl
32

B3 FREMEEALIE R
Figure 3 Proposed catalytic cycle.
BLo T B e B Ak e B 32 31 )32 K iE. Kotora e L [A]
FROTVRI T —FhAT i e B PG S L. AbATT TR
B R A (R ADIE JR AL T, SRIFHEAT 2-R P k-
1,6-J(34)f1 Heck MUIMUI, 132k 36,
A2 A PEE =9 37 (Eq. 4). 41f H AlMes i 7=
AT FIRERIEE R, AR R T 1% 5N W] RE IR HE AL A

(K 4).
Cl
o 5 mol % FeCl,
10 mol %DPEphos or 15 mol% PPh3
+ RsAl
Q O 35 Toluene, 20 °C or 80 °C
(2 equiv.)
34
R

36 37
20°C R =Me 36%, R = Et 80%

80°C R =Me 73%, R = Et 83%

AR, WM B C—H iF ks A T B
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36 35

R FeR,L,,
FeR, 1L, 37

Cl R }\ =
39 ‘\
FeR,.1Lm
Cl
34

Cl 38

B4 FIRERIHEACTEIS
Figure 4 Proposed catalytic cycle
BN — ARSI FUURAE, A I T v AR T A 28320,
Nakamura 1) [R] FEE3HRAE 7 — Ry ) 7 B H T =
HIBLER 2 8- JE M (1 57 e Ji SR Ak 5 W R <AL e
S SN, %N B — R A N AL T, BRI 2,3-
R TRAEMTEq. 5). AR B
R, AR m. A, %R A RSYE
EFEPELF, X OlE =P %, BE. . JEE
RERIRA RAFHm 2 tt, X T HA 5 a3k T4 ALK
PIASARIF ) C—H BERIERY), HXUF AR AR, &
B, N DL D R B S = L) LA
SNE, I HLRT RAFE 12 e 80 3o 78 rp A 4 U8 g I RU(=
F48)*DABCO (DABCO=1,4- & Z: WIF-[2.2. 2] 45%).

R
Y Cl—FeR 4L, \§ RAAl

0 1~ 5 mol% Fe(acac);

QHN
1.1 ~ 5.5 mol% dppen
2,3-dichlorobutane (4 equiv.)
R+ ARj
|

THF, 70°C, 24 h

Vx 41
40 (2 equiv.)
QHN.___O
- R = X

L(Me X=C,N; R =Me, Et Q: )

R-— R =H, Me, Cl, Br, Pz
\?X COOMe, etc. " N

42
5% ~ 98%

JEOR, KT R R0 B AN S A RIR . Fe B
fAITR B, £ 70 CFLL 5~10 mol% Fe(acac)s/5~10
mol% =k BERC AR G7)(B S) AT, THE/H 2K A3,
2,3- & TR NAATI(E 6), 75 BB AN DT FRER
T R T Jie #48 ] A 5 e SRR TR R AT R Bk S B FE R
IRGEAE S, A28 BB SIS ATAE 4 h W5Emk,
FAL WU L 98% (Eq. 6)P4). [AIRY, 78 L8Rkl
T, WS ) T G B s B, sk A 7R 47
BRI = IR R, oTRURS R SR R R
FEV. RN, 5= CEERIE M) LR R N T B A
WHEJE . IRl =5 N, &R E e, WiiEREs.
W BRACHD . F IR RS B AL R 7E X — ik F o mT DR 4
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HOHEZR.
PPh._ N,
Oy
©/PPh2

46

Bs =ihBmcA
Figure 5 Tridentate phosphine ligand

Cl Cl
47

Be 23-—& Tkt
Figure 6 2,3-DCB

5~ 10 mol% Fe(acac)s
5~ 10 mol% 46
2,3-dichlorobutane

(3 equiv.)
O+ AlMes XM ()
R'-— THF/DME/Toluene R'5—

» M 70°C, 24 h Z

43 (2 equiv.) ’ 45

R' = H, MeO, MeS, F, Cl, Br, CONH, etc. 36% ~ 98%
R? = OH, OMe, alkyl, etc.

RZ_O

14 SE#HERER

5, £ B HFE 2 10 U 4 AR BB 1k
C—H KA ks OO — AT, 1 Fi R
B, O S BRI AL SR A LB T C—
H #85 be d G ML 4 S k7] 423 Ei o Jik o R0l e
Bl B

2016 4F, f3R0Ath (%) [R] S48 5 — b T E 1)
SR PR RO AL, BL 2,3- R K N EAL R,
TR 870 5 & 8-Z Tk T ] 2L I () 7 I
BB RE W IR RE AL C—H B B ke B A S .
/] 5 mol% Co(acac),/5.5 mol% PPhs AHEALF, 1.2
equiv. ) 2,3- "5 T el E NI, THF i, 80 Citt
1T NI(EQ. 7). SN 75 9 I 0 44k e 7 R e -y~ E AR 2
LT RUORANEURE, 0T AR L IR . &l =9
R, WSS, BRESERERIEA RIFMm sz, Bk
F5 BRI A, 22 BR 55 4 0 T 7 1 b Tk e A 453 P
MEY). 52 BTESLA C—H B B W Ak 7 A L,
M R TN BT ) B R B, A, @
1,10-FE m IR A Bl R C A4, T DA LR R 1 B e 34 i
etk 5 sOR R A2 28 1%~86%) KBl C—H 812
FA. SR, T B A L =R AR, =
P FEERRT = 5 T AR HR, RN R BEAS B HR AR R e A
W), ARSI RN, SHE IR C—H iE
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AT L7491 Jf HLE5 & SEaah R, 15 HER XA
Fe ik PEPE T RRIE I 1 7 BRI 2% S 51 SR

(0] 5 mol% Co(acac); Q
5.5 mol% PPh3/1,10-phen
NHQ + AR, > - CfLNHQ (7)
| 49 23-DCB (1.2 equiv) R
48 (2 equlV) THF, 80 0C, 20 h 50

(hetero)aromatic, 71% ~ 93%

alkenyl carboxamides
R =Me, Et; Q=

|

j,\AI\
\ O
H3C —N
I —N« |
CoC

|
Me, L

51

B 7 IRE Y bk

Figure 7 A cobaltocycle intermediate

1.5 SREBEKER

Jot 5 4 g ) 5 T oAk S 0 1 28 AR IR RS A T
()& AR T — P R 77325 1997 4, Nakagawa FAih
[ [R] FESUHRIE T /8 AICL 776 F, B & s2 5
—REIRER(S3) A SUBER R B, ARG R T BB
FIBH(Eq. 8). 45K, fE=WERS 2 h, "JLLLL 88%~
100% 17 U2 759 2 BH 1T 2E 9 54, B4, RCOCI 5
R'AICL 8¢ RLAICT 1948 AR L R B AR 7] DLTE AN iR i
AICL (LR, 205 LL 100%A1 77% 1245 2R S 1
RCOR'ILE.

AlC;

Il Il
R—C—Cl + R;Al R—C—R' (8)
(0.33 equiv.) 88% ~ 100 %

R = CH3CH:CH, CBH17
R'Al = MeAl, OctzAl

T~ TR R A 2 IR B R R A PR AL 2 . DR, VR
tb C—F B — AR5 2009 4, Ozerov Al [H
HEBF R T —MEma. KHFaREELT EnAl-
[HCB11HsBre], H VP4l 7 HAE Z | T 1E S i xs
C—F A M AL IE M (Scheme 4). iZ A4k 775t g s e
C—F S(Wislidtih) 5 e S48 0 At e 364k S i H
A RIFREAE AR B, Z AL C(sp®)—F
HIEFE, T C(sp?)—F #NBA TS /ER. 1k
MR MesAl A/ENRMNARA, R C—F @iih
C—Me . SR, FRAMA%ITER EsAl. BuAl 5§
BuAIH 1F R MARH], W2 T8 C—F MRS C—%
Fok C—H MBURITE R RN, RS = A e
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R DA AN FH R A 7R PR 1 00T Xt s 7 P B 5 ) JER 420 £
C—F BTk, (AR AR T f S W3 P BB, () B
PEr MR, EEAE, b =k sl
PE N —HMd kR, Bz T2 28K, &
2R 2R D A2 AR (0 7 i I TR, 4 O ms (FT

15 104 1K).
/©/CF3
F

55

1 mol% Et,Al[HCB 14 HsBrg]
Hexane, r.t., 3 h

MeAl EtAl BugAl Bu,AIH
56 57 58 59
CMe; CH,Et CBus CHs
F 94% F 18% F 33% F 32%

+ + +
CEtg CHEt, CHBu, CH,Bu
'
F F F F
15% 61% 62% 58%

B4 C—F @S5 mmmexs
Scheme 4 C—F bond participates in the cross-coupling reac-
tion of alkyl aluminum

2 FTEWFHER

I AR, JoEATRI 2 At T I A8 AR I B B R g
T — Tk B AN B — 4 88 5 T HUAS TR R, ot T
BRI & JE R4, Yamamote A H:[7] 35T 1976 4k
18 7 = ke A S BT AP (60)TE T I T
T XARER R BI(Bq. 9). R T IECKERF, RN
e LLEIIA 86% IR A HIA 97 3 HIAk F e B 45 BT
MR 62. HAR =Rl S 2. HERER .
TR BRI 158 SRR S S 5 RENRR AT, (A2 B — HR 240
TR e 5 DY S R A T e 34k S A, B B BRI
PIA A RO EAT .

M
OR'

RsAl (4 equiv.)
B ——

Hexane
60
M + = N 9)
R
61 R 62

3% ~ 86% (61 + 62)

R'O = OAc, OCHO,
62:61 =70:30 ~ 97:3

OCOOEt, OTHP
R3Al = MeAl, EtzAl, i-BugAl
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Maruoka ¢ [R] FRBOIVEAL T T0 A AL 2% 14 N A HL
BRI AN BURE B FAG A ) B — BB T R . (Eq. 10). 7
BAIMTRZA G, SRR =5k
FIRTLEIR AN 26T, ik I = Joe 405 IR e SR 5 A% ok
ST B ARUE AL, I DA SRR 45 B AH L AR ARG
Y 65. BLAh, JiEHEAAY) 63 5 T HIHIE ZHRERA.S
equiv.)TE I ZEEWH —78 “C /B 30 min, AELL 70%FH)
WA B B R~ 65. SR, f3 bt &£
REAS BIMI BRI BRI =1, S5 RRW, S5 %5 2 18] [ 5 AH
FAEF, AR M U R A A g R LT I g 2o B g b 2
AT

/\)( solvent /\)(
Ph x ¥ R/leﬁez -78°C, 30 min  Ph r (19
63 ’
(15 equiv.) 65
R X Solvent Yield/%

Me F CH2Cl2 70

Et F CH2Cl2 49

Hexanyl F CH2Cl2 48

Ph——="+%- F Toluene 70

Ph——="+%- Cl Toluene NR

JG K, Terao Al Kambe ZF57RkiE T 8 G HLEE X7
VERNZERZARFI B30 S B, B mT U R A B s S
(Eq. 11). fEZEIRTIECRIER A, bk ai 58055
ToFAE AL, fERE L 78% ~99% it 2845 £ HH 13 18
BP9 68. TE1Z AR R, A HUERIRFIRZ 5K be ik
A C(sp®)—F AN C(sp’)—X (X=Cl, C, H,
0, S, Se, Te, N)#.

nCaHi—F + RAR, —2@M_ o —R (1)

66 67 - 68
(1.2 ~ 1.5 equiv.)

R2AI-R' Time/h Product Yield/%
Et2Al-Et 1.5 n-CsHi7-Et 93
BuwAl-CH=CH"Hex 6 n-CsH;7-CH=CH"Hex 90
Et2Al-C=C-"Hex 16 n-CsHi7-C=C-"Hex 94
Bu2Al-H 1.5 n-CsHi7-H 97
‘Bu2Al-OPh 100 n-CsHi7-OPh 78
‘Bu2Al-SPh 1 n-CsHi7-SPh 99
‘Bu2Al-SePh 1 n-CsHi7-SePh 99
‘Bu2Al-TePh 1 n-CgHi7-TePh 92
‘Bu2Al-NEt; 108 n-CsHi7-NEt 85

BT, Terao Fll Kambe /NAPSITF & T 1E T ML 774
PR AR, o — RY=RF RN C—F #
BN TR - TR AT RO 12(Bq. 12). TEIR A7 Sbi-
CH,CL %, 50 “C R/ 12 h, LA 81%~89% KWt %45 3|
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FHRLARIBE ™4 69. SRTM, Kedeerilin s 2- =5 FF AL
K(T2) N, FERAN Scheme 5 Fiasi =Fhr=¥iiE &
Y. X g5 AT DL DY E IR R B R O B b (Rl A
73 £t B H AL 4> F I Friedel-Crafts %4 fx N 5k g-H
TH B SN LA R ).
F Hexane/CH,Cl,
R—©—$F + |\¢ng| o 12n
69 (5 equiv.)

Me
R—@Me R =H, MeO, Ph, F, CI, Br, | (12)
Me
7
81% ~ 89%
©) ks
FF )
‘ MezAl (5 equiv.)
—_—
Hexane/CH,Cl, O
|73

O 25°C,30h

& methylationj F-C reaction l H elimination l
Me_Me
74 75 76
27% 48% 18%
B 5 AT TAENERNS =5 RN ERR

I
Scheme 5 Cross-coupling reaction of organic aluminum reagent
with trifluoromethylbenzene without catalyst

2007 4F, Shishido [ FL AW 5T T TofEAL I 26 2F
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57%~96% U S 15 FIA B (A BE =4 78, A BB IF A2,
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RN Ly R
3 | 1w AlMe; (2 equiv.) \ | X 13
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CF3 rt., 1.5h
77 78 CFs
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Br N Br N | N
I - | - cl >
CF, CF, CFs
88% 95% 91%

(Me,AICI as methyl source)

"oy L LG

96% 57% 95%

R = Cl, cyclohexane as solvent
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(Scheme 6).

0 (2.0 equiv.) RAI 0
R')J\/R" isooxazolidine (2.0 equiv.) R‘)H/R“ (15)
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82
R\ R" = alkyl, aryl
' alyl, any R =Me, Et, i-Bu 44% ~ 78%
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. . N O _
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Scheme 6 A possible mechanism of direct cross-coupling of
carbonyl compounds with trialkyl aluminum reagents
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Figure 9 Isoflavan (—)-equol
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