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Abstract: A series of (2,7-disubstituted-1,8-biphenylenedioxy)bis(dimethylaluminum) (2) has been readily
prepared in situ by treatment of the requisite 2,7-disubstituted-1,8-biphenylenediol (1) with Me3Al (2 equiv)
in CH.CI, at room temperature; this primarily relies on the successful establishment of a new synthetic
procedure of 1 starting from inexpensive m-anisidine. Evaluation of 2 as a bidentate organoaluminum Lewis
acid has been performed by the reduction of ketonic substrates using BuzSnH as a hydride source in
comparison to the conventional monodentate Lewis acid dimethylaluminum 2,6-xylenoxide (11), uncovering
the significantly high activation ability of 2 toward carbonyl. Particularly, (2,7-dimethyl-1,8-biphenylenedioxy)-
bis(dimethylaluminum) (2a) exerted the highest reactivity, which has also been emphasized in the Mukaiyama
aldol reaction. The structure of the bidentate Lewis acid 2 was unambiguously determined by single-crystal
X-ray diffraction analysis of 2g possessing a bulky 3,5-di-tert-butylphenyl substituent, revealing the rigid
dimeric assembly in the solid state. The double electrophilic activation of carbonyl substrate by 2a has
been supported by low-temperature *3C NMR analysis as well as theoretical study using the Gaussian 98
program. Moreover, unique stereoselectivity has been observed in the 2a-promoted Mukaiyama Michael
addition, and highly chemoselective functionalization of carbonyl compounds in the presence of their acetal
counterparts has been realized using 2a. Finally, the effectiveness of 2a for the activation of ether functionality
has been demonstrated in the Claisen rearrangement of allyl vinyl ethers.

Introduction been extensively expanded. Having been deeply involved in this
bold stream, we have been interested in the fundamental aspects
of the carbonyl activation by metal centered Lewis acids, that
is, the mode of coordination and its chemical consequences.
The two principal modes of coordination of carbonyls to
Lewis acids are ther-bonding @) and o-bonding C).124
Generally, the transition metal favors the former médad
the latter is preferred by the main group Lewis atfeéf. Two
additional coordination mode3 andD are also conceivable,
| where two metals coordinate simultaneously to the carbonyl
and these types of coordination are expected to alter

Lewis acids are becoming an extremely powerful tool in many
different modern organic reactions as is clearly demonstrated
in the Lewis acid-promoted carbetcarbon bond formation
reactions as well as the recent explosive development of chiral
Lewis acids for catalytic asymmetric synthesfdn the Lewis
acid-promoted reactions, the carbonyl group has certainly
appeared as an extremely useful and important functionality to
be manipulated.The electrophilic activation of the carbonyl
group by Lewis acids through coordination with a central meta
allowed the addition of various nucleophiles under mild moiety,
conditions with high chemo-, regio-, and stereoselectivity, and,
consequently, the scope of the carbonyl addition reaction has
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the reactivity and selectivity of the carbomylewis acid
complexes to a great extent. However, this characteristic of the H
bidentate complexes has been poorly studied, and its potential ¢ H H
utility in selective organic synthesis has rather been neglected
by the entire chemistry community.

Figure 2.
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In casting an eye to the behavior of Brgnsted acids, double F F F F
activation of oxygen-containing functionalities seems to be a
frequently encountered phenomenon. For example, simultaneous F H F F | F
coordination of two amide protons of urea to another urea ®
carbonyl oxygen has previously been obser_ved in the crystal Ph\/\n/NMez Ph. _~NVe,
structure’ Ganem demonstrated that two terminatN protons s 50

in mutase accelerate Claisen rearrangement of chorismate FsCCOQHg-‘° "",.|go2(;(;F3 FsCCOHG  HgO,CCFs
through double activation of its ethereal oxygen (Figuré 1).
Further, Hine observed that 1,8-biphenylenediol derivatives O OO
form 1:1 complexes with carbonyls through double hydrogen J
bonding? which were found to be effective for the acceleration gg, e 3
of Diels—Alder reaction¥ and the ring-opening reaction of
oxiranes'! Recently, Fujimoto calculated the activation energy pimetallic Lewis acids has been focused on anionic seques-
of the epoxide ring-opening reaction as a model case, providing trationt6-19 or the utilization of the transition metals such as
good agreement with the experimental redtilwuest also  molybdenum, manganese, and especially mercury (Figure 3).
reported the bidentate Brgnsted acizhse complex with simple In 1984, H. Adams prepared an aceta|dehyde Comp|ex of
ketone as carbonyl substrafeand Crabtree disclosed that the  dimolybdenumF which adopted a coordination mo&? and
disulfonamide receptor catalyzed imine formation of aldehyde the complexG reported by R. D. Adams represents the first
with amine by hydrogen bonding (Figure 2). example of the diz-bonding coordination with a ketonic group
Little is known, however, about such double coordination with  having a substantial double-bond charadt&ince 1985, Wuest
certain Lewis acids. After the first systematic study of the has reported impressive and detailed studies on the unique
synthesis and coordination chemistry of bidentate Lewis acid coordination chemistry of 1,2-diphenylenedimercury deriva-
by Shriver and Biallas in 1968, most of the research effort in  tjyves22 These compounds hold two Lewis acidic atoms of
mercury in an orientation that favors the double coordination

-—
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of Lewis bases such as dialkylformamides. On the basis of this
research, Gabbaynthesized the fluorinated analogue to increase  Despite the present fundamental difficulties, we have pursued
the acceptor properties of the mercury centers and succeededhe design of a new bidentate Lewis acid capable of forming
in the first isolation of chelate complexes with the weakly basic double coordination modg using 1,8-biphenylenediolkas a
oxygens acetone and propylene oxid¢ &nd1).22 Oh also requisite spacer to fulfill the structural requirements and
investigated the bidentate mercury complexes with thioamide, organoaluminums as an ideal main group element in view of
in which substantial participation of the iminium ion structure their high affinity toward an oxygen atom. Here, we wish to
J was observed? describe the development of bis(organoaluminum) reagents
On the other hand, studies on the bidentate Lewis acids of for the efficient simultaneous coordination toward carbonyls,
main group metals featuring the dibonding complexation and  thereby elucidating the characteristic features of the double
its synthetic utility have remained even more elusive primarily electrophilic activation of carbonyl substrates particularly from
because of considerably high preference for a single coordinationthe synthetic and mechanistic viewpoifts.
mode C. For instance, attempted HosonBakurai allylation
of benzaldehyde with allyltrimethylsilane in the presence of-BF

OEt, revealed that even the use of an excess amount of Lewis R o o R MeA R ? ? R

acid did not necessarily bring a drastic increase of the chemical s

yield of the desired homoallylic alcohol as shown in Scheme

1.25 This experimental result is consistent with the theoretical 1 2

study b_y Wit_)e_rg and LePage that shows th_e second coordinationgaqits and Discussion

of Lewis acidic metal to the free lone pair of the carbonyl

Lewis acid 1:1 complex is energetically unfavorafi@here- Preparation of 2,7-Disubstituted-1,8-biphenylenediols: De-
fore, to achieve the usually unfavorable double coordination, it Velopment of a New Synthetic Route.First, we had to
seems indispensable to precisely design bidentate Lewis acidssynthesize 2,7-disubstituted-1,8-biphenylenedibjsé a spacer
possessing two metal centers aligned neatly in the same directiorfOr the preparation of bidentate Lewis aci@lsAlthough Hine
with an ideal distance for capturing both of the carbonyl lone "eported the synthesis of 2,7-dimethyl-1,8-biphenylenediol, it
pairs through the simultaneous coordination m&ddn this unfortunately required the use of a large amount of the heavy
regard, Wuest examined intramolecular simultaneous coordina-Metal reagents Hg(OAg) Cu, and CyO, and the starting
tion of bis(phenoxyaluminum) possessing the central ketonic 2-itro-o-cresol is a very expensive compoutid. Therefore,
group, where the major contribution of the corresponding We decided to develop an entirely new route to biphenylenediol

resonance hybril was revealed by low-temperatf€ NMR derivatives starting from an inexpensive and commercially
analysis’ available material. With the eventual feasibility of introducing

different aliphatic as well as aromatic substituents on the 2,7-

OH O OH Mol position (R) in mind, we have successfully established a new
O O @ gq) synthetic procedure starting from-anisidine as illustrated in

Br Br

Me2Al AlMe;

Scheme 2. After protection of the amino functionality, the
consecutiveo-lithiation®® and bromination sequence provided
4 in 90% yield. The amino moiety, after deprotection under

Me Me Me Me . . . .
Me\Al /\M/Me Me\/i| )M/Me acidic conditions, was then transformed into the corresponding
S SN SN T iodide 6 by means of diazonium salt. Upon constructing the

o O O OI o O
& (23) (a) Tschinkl, M.; Schier, A.; Riede, J.; GabbglI P.Angew. Chem., Int.
- Ed. 1999 38, 3547. (b) Tschinkl, M.; Schier, A.; Riede, J.; Gahtu P.
Organometallics1999 18, 1747. (c) Tschinkl, M.; Bachman, R.; Gabbai
Br Br Br Br F. P.Organometallic200Q 19, 2633. (d) Gardinier, J. R.; Gabbdi. P.

K J. Chem. Soc., Dalton Tran200Q 2861. (e) Beckwith, J. D.; Tschinkl,
M.; Picot, A.; Tsunoda, M.; Bachman, R.; Gabbeu P.Organometallics
. . . . 2001, 20, 3169. See also: (f) Haneline, M. R.; Tsunoda, M.; GabBaP.
Oh recently studied the complexation of 3,5-dimethyldihy- J. Am. Chem. So®002 122,)3737_ _
dropyranone with 1,8-bis(dichlorobora)naphthalene by NMR (24) Lopez, P.; Oh, TTetrahedron Lett200Q 41, 2313. For an asymmetric
X ! e Diels—Alder reaction using a chiral dimercury compound, see: Oh, T
analysis and found that the equilibrium between 1:1 and 1:2 Lopez, P.; Reilly, M.Eur. J. Org. Chem200Q 2901.
; (25) Ooi, T.; Maruoka, K., unpublished result.
complexes was establishéd. (26) LePage, T. J.: Wiberg, K. B.. Am. Chem. Sod.988 110, 6642.
(27) (a) Sharma, V.; Simard, M.; Wuest, J. D.Am. Chem. Sod.992 114
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L.; Olivier, M. J.; Wuest, J. D.; Zacharie, B. Am. Chem. Sod.986 108 (28) (a) Reilly, M.; Oh, T.Tetrahedron Lett1995 36, 217. (b) Reilly, M.; Oh,
73. (d) Beauchamp, A. L.; Olivier, M. J.; Wuest, J. D.; Zacharie, B. T. Tetrahedron Lett1995 36, 221.
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Chem. Soc1998 120, 13016. (30) Snieckus, VChem. Re. 199Q 90, 879.

1152 J. AM. CHEM. SOC. = VOL. 126, NO. 4, 2004



Bidentate Organoaluminum Lewis Acids ARTICLES

Scheme 2
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OMe OMe
BuLi, TMEDA BrCF,CF,Br  Br Br  RMgX (3 eq), cat. NiClx(dppe)
ether, r.t. —78 °C~r.t. O-O ether, reflux
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BBI‘3
O-‘ CH:C 0°C O-O
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10a (R =Me), b (R = Ph), ¢ (R = Octyl)
d (R =/-Pr), e (R = c-Hex), 8 (R = H)

1a~f  60~90% (overall 18~28%)

biaryl structure, we employed the PRdatalyzed coupling solution, which was used as a bidentate Lewis &adR =
reaction of the in situ generated arylzinc reagent with the parent Me) without purification. To gain information on the reactivity
iodide3! which afforded the desired (90%). This process  of 2a we chose reduction of ketones as a model reaction and
represents one of the characteristic features of our effort to avoidcompared the reactivity to the conventional monodentate Lewis
using excess heavy metals. Subsequently, the requisite four-acid 11 prepared from 2,6-xylenol and M&l in a similar
membered ring formation was accomplished by the method manner. Initial complexation of 5-nonanone with the in situ
recently introduced by lyod®, giving 8 in 54% vyield. o-

Lithiation with the aid of the methyl ether oxygens and trapping MezAl  AlMe, Sz

of the resulting anions with BrGER:Br produced the bromide . ¢ " wmemeed o 1 1 e .

9 in 90% vyield, from which a variety of biphenylenediol Sl \©
derivatives with different substituentd@a—f) can be synthe- 1a 2a

sized by the subsequent coupling reaction with alkyl or aryl

Grignard reagents in the presence of Ni catalysEinally, CaHg~_CaHg C“HQYIC“”Q C“”"WC“”*’
demethylation with BBy furnished the biphenylendiolsa—f - 'o o, o
in 18—28% overall yields. A' a b P

Evaluation of the Reactivity of Bidentate Organoalumi- Me Me °“H9 CaHo Me Me
num Lewis Acids: Carbonyl Reductions. With this new O-O
synthetic scheme at hand, we are now in the position of
obtaining desired 2,7-disubstituted-1,8-biphenylenediol in a
reasonable quantity, and preliminary investigation was carried
out with 2,7-dimethyl-1,8-biphenylenediold, R = Me) as a
spacer. Althouglawas not as soluble in Gi€l,, introduction
of 2 equiv d a 2 M hexane solution of Mgl to the suspension
of 1ain CH,Cl, at room temperature under argon atmosphere
and subsequent stirring for 30 min gave a deep wine-red

prepareda (1.1 equiv) in CHCIl, and subsequent reaction with
BusSnH (1.1 equiv) at—78 °C for 20 min gave rise to the
corresponding 5-nonanol in 86% vyield (entry 1 in Table 1). In
marked contrast, however, reduction of 5-nonanone with
BusSnH in the presence of monodentate organoaluminum
reagentl1 under similar reaction conditions afforded 5-nonanol
in only 6% vyield (entry 2). These results clearly demonstrate
(31) Knochel, P. InMetal-catalyzed Cross-coupling Reactiori3iedrich, F., that the bidentate Lewis athstror)eg enhances .the reactivity
Stang, P. J., Eds.; Wiley’W’CH: Weinheim, 1998; Chapter 9, p 387 and  Of ketone carbonyl toward hydride transfer via the double

references therein. ili ivati i
(32) Iyoda. M. Kabir. . M. H.: Vorasingha, A.: Kuwatani, Y. Yoshida, M. electroph|I|9 activation of the carbonyl moiety. IF shogld bg noted
Tetrahedron Lett1998 39, 5393. that reduction of excess 5-nonanone (2 equiv) with bidentate
(33) Negishi, E.; Liu, F. IrMetal-catalyzed Cross-coupling ReactipBsedrich, ; w) i _7qQo
F., Stang, P. J.. Eds.; WileW/CH: Weinheim, 1998; Chapter, b 1 and 2a (1 equiv)/BuSnH (2.2 equiv) in CKCl, at —78 °C for 20
references therein. min lowered the yield of 5-nonanol (47%) (entry 3), suggesting
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Table 1. Comparison of the Reactivity between 2a (R = Me) and Scheme 3
11 in the Reduction of Ketones? o OH
)J\ 2 (1.1 eq), Bu3zSnH (1.1 eq) )\
% 1) 2a or 11, CH,Cl, OH Ph” “Me CH,Cly, =78 °C, 5 h Ph” "Me
R'"R?  2)BussnH,-78°C  R'R2
Me,Al AlMe, 22 : 91%
ketone react. % 3 5 2b ggé"
entry (R'R?C=0) equiv Lewis acid equiv  time (h) yield® R R gg 740/:
1 R=R’=CHy 10 2a(R=Me) 11 033 86 O-‘ 2e : 79%
2 10 11 11 033 6 A 43%
3¢ 20 2a(R=Me) 1.0 0.33 47 2a (R =Me), b (R = Ph), ¢ (R = Octyl)
4 1.0 11 20 033 10 d(R=i-Pr), e (R = c-Hex), f (R = H)
5 Rl=Ph,R=Me 10 2a(R=Me) 1.1 5 91
6 1.0 11 1.1 5 9 Scheme 4

aThe reaction was carried out in GEl, with 2a (R = Me) or 11 and
BusSnH (1.1 equiv) under the indicated reaction conditidrisolated yield.
¢Use of 2.2 equiv of BgsnH [based or2a (R = Me)].

the intervention of the 1:1 ketoré_ewis acid complexl() even
in the presence of excess ketone. Furthermore, use of excess
11 (2 equiv) resulted in the formation of 5-nonanol in 10% yield
(entry 4), implying the favorable monocoordination complex
(M) even with excess Lewis acids. A similar tendency is Bu' Me,Al  AMe, Buf
observed in the acetophenone carbonyl reduction as is also
included in Table 1.

MesAl (2 eq)
hexane, r.t.

removal
of solvent recrystallization

Buf Bu ——
(CH,Cly/hexane)

AlMe; 2g
/

Cy4Hg white precipitate

CaHo o C4Hg._C4H
j,/ Me Me 4 9ﬂ/ 4Hg
O"Af— Ol interestingly, the reaction using bis(organoalumin@a)with

0 a methyl group on the 2,7-positions gave the highest yield rather

TANTTA-
= Me o o
Me\©/'\"e Me Me than the one with the sterically more demanding cyclohexyl
" < />_Me group.

X-ray Crystallographic Study. Having been puzzled by the

On the basis of these results, we next investigated the effectresults, we sought to gain a clear picture of the exact structure
of 2,7-substituents of the biphenylene unit on the reactivity of Of this type of organoaluminum Lewis acids, which should be
bidentate organoaluminum Lewis aci#sBecause the OAI unequivocally determined by X-ray crystallography. For this
bonds have ample flexibility due to the rotation ofA® bonds, ~ purpose, we synthesized new biphenylenedpossessing a
the possible bidentate complex with carbonyl substrate could 3,5-ditert-butylphenyl substituent with the expectation of easily
unravel to the monodentate complex in solution in a reversible developing a suitable crystal of the corresponding bis(organo-
manner, especially when the 2,7-substituents are small. Here @luminum) for X-ray analysis.
we envisioned that the introduction of sterically more hindered  As shown in Scheme 4, preparation of bis(organoaluminum)
substituents would play a role to regulate the position of each 2gwas carried out by treatment & with 2 equiv of MeAl in
aluminum atom, thereby stabilizing the bidentate complex as hexane at room temperature for 30 min, and the resulting white
illustrated in Figure 4. precipitate, after removal of solvents, was recrystallized from

To confirm this hypothesis, we examined the reduction of the CHCl,/hexane solvent system. Surprisingly, single-crystal
acetophenone with a series of bis(organoaluminum) Lewis acid X-ray diffraction analysis of the colorless crystal thus obtained
2 under identical reaction conditions-{8 °C, 5 h) (Scheme revealed that2g exists as a dimer, where each aluminum
3). A substantially diminished yield (43%) of the corresponding coordinates to the lone pair of phenoxy oxygens, forming a rigid,
reduction product, 2-phenethyl alcohol, in the reaction \2ith eight-membered cyclic structure as shown in Figure 5. This
seemed understandable, and the similar yield obtained2bith  dimeric organoaluminum was found to be exceptionally stable
was mainly because of its insolubility even in chlorinated against moisture and oxygen and can be stored in a screw-cap
solvents. Although the chemical yields were found to be bottle for months without any indication of decomposition. This
increased as the steric bulkiness of the 2,7-substituents increasedjnexpected observation suggested that the dinfgiwould
such an effect was not as dramatic as we expected, andnot dissociate in solution even in the presence of carbonyl
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Side View

Figure 5. ORTEP diagram of the dimerizg. The solvent molecules and
all hydrogen atoms are omitted for clarity.

compound as a Lewis base. Indeed, initial treatment of aceto-
phenone witl2g (1.1 equiv) in CHCIl, and subsequent reaction
with BusSnH (1.1 equiv) at-78 °C for 5 h resulted in total

recovery of starting acetophenone. These results strongly implied

that the bidentate organoaluminum Lewis acids of {@meere
in equilibrium with their dimers in solution, which could be

greatly stabilized by the large 2,7-substituents and thus prevent

2 from exerting the inherent Lewis acidity through double
coordination to carbonyl oxygen. Consequently, we decided to
undertake further investigation of the reactivity and selectivity
of bidentate organoaluminum Lewis acids with bis(organo-
aluminum)2a.

Aldol Reactions. The double electrophilic activation ability
of 2awas further demonstrated in the Mukaiyama aldol reactions
as is depicted in Scheme 5. Reaction of 1-(trimethylsiloxy)-1-
cyclohexene and benzaldehyde under the influence of the
bidentate2a proceeded smoothly at78 °C, giving the aldol
product 12 (erythrdthreo = 1:3) in 87% yield, while its
monodentate counterpatil showed no evidence of reaction
under similar conditions.

Low-Temperature 13C NMR Measurements.Although the
double coordination behavior of the bident&a—carbonyl
complex is consistent with the above experimental findings,

Scheme 5
OSiMe3 O OSiMes
2aor11(1.1eq)
+ PhCHO ——— Ph
CH,Cl, 12
-78°C,3.5h

87% with 2a (erythrolthreo = 1:3)
~0% with 11

more direct evidence was obtained by low-tempera@f@eNMR
spectroscopy using DMF as a carbonyl substrate. The original
signal of DMF carbonyl carbon occurred@tl62.66 in the 75
MHz 13C NMR measurement, which shifted downfield do
164.05 upon complexation with monodentate aluminum Lewis
acid1lin a 1:1 molar ratioll) in CDCl; at—50°C. In contrast,
when DMF was treated with 1 equiv of bidente2a under
similar conditions, the original DMF peak experienced a more
downfield shift to appear ad 165.62, implying the strong
electrophilic activation of the DMF carbonyl by the intervention
of double coordination complexQ)). Addition of one more
equivalent of DMF to the 1:1 bidentaZa—DMF complex gave
two signals ath 163.71 and 165.63 in a ratio of about 1:1,
suggesting the equilibrium between the coordination complex
(P) and the double coordination comple®)(

3 165.62

MezN ( H

162.66
( 8 P MezAI A|M€2
H{_NMe, a (1.eq)
o CDCl3, -50°C  Me Me
O-‘ H\n/NMez
11 (1 eq) o (1eq)
CDCl3, =50 °C
$164.05 8 165.63 $163.71
(NMez MeZN\gH NMe;, KNMeg
|
Me .0, O/ H H o
AI‘ MezAI A|M62 Me AI Alee

+
Me\i i/ Me - i Me

Theoretical Analyses.We further studied the structure and
the properties of the bidentate Lewis a2a-carbonyl complex
by theoretical method with the aid of the Gaussian 98
programs** We chose formaldehyde as a model substrate, and
the structural optimization of the complex wigta was carried
out at the B3LYP/6-31G* level. The orbital analysis was
conducted utilizing the wave function obtained at the RHF/6-
31G* level for the B3LYP optimized structures to figure out
the possible mechanism for activation of the substrate. We also
performed similar analyses on the complex of monodentate
Lewis acid11 with formaldehyde.

Figure 6 shows the optimized structures of the 2&-
formaldehyde complex@) and the 1:111—formaldehyde

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98, revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.
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Figure 6.

Figure 7.

complex R). In the bidentate compleq, the two AHO pairs of fragment interaction orbitale:( andy") that included
coordination bonds have almost the same bond length and arenot only the HOMO of the donor part and the LUMO of the
longer by about 0.21 A as compared to that in the monodentateacceptor part, but also all of the occupied MOs of the former
complexR. Here, it is of significance to clarify how the carbonyl and all of the unoccupied MOs of the latter. The diagonal
substrate is activated by the Lewis acids. This can be well elements of the diagonalized matri®'j showed the strength
achieved by examining the orbital interactions between form- of the interaction of these paired transformed orbitals.
aldehyde and the Lewis acids, through which electron delocal-  Figure 7 illustrates two pairs of the interaction orbitals that
ization from the carbonyl oxygen to the aluminum sites takes represent electron delocalization from the formaldehyde frag-
place. For this purpose, we first expanded the MOs of the systemment to the2a fragment in complexQ. The two unoccupied
composed of formaldehyde molecule and the Lewis acid interaction orbitalgp:’ andyy,' are given, respectively, by the
molecules in a linear combination of the MOs of the two bonding and antibonding combinations of the vacant p-type
fragments (LCMO) and evaluated the strength of the interaction orbitals on the two aluminum sites. The interaction orbitgl
between MOs by the density matriP) obtained from their is bonding and overlaps in-phase with the sp-hybrid-type lone
LCMO coefficient. The unitary transformations of the fragment pair ¢;' of the oxygen atom of the formaldehyde, whilg' is
orbitals were then conducted simultaneously within the occupied antibonding and also overlaps in-phase with the p-type lone pair
MO space of one fragment and within the unoccupied MO space ¢;'. In contrast, the electron delocalization occurs through only
of the other fragment to diagonalizg the density maitix. (385) Fujimoto, H.; Yamasaki, T.; Mizutani, H.; Koga, N. Am. Chem. Soc.
Consequently, the electron delocalization was reduced to a few 1985 107, 6157.
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one pair of interaction orbitals in the monodentate comjitex
(Figure 8). Actually, the electronic charge shifted from the
formaldehyde to Lewis acid was calculated to be 0.171 for the
complex Q and 0.134 for the compleR, respectively?®

phenoxy group to 2,6-xylenoxyll), 2,6-diisopropylphenoxy
(14b), and 2,6-ditert-butylphenoxy 149 groups, theZ-selectiv-
ity decreased from 80:20 to 70:30, 67:33, and 33:67, respec-
tively. Based on the results, the stereochemical outcome of the
present organoaluminum-promoted Michael addition should be
discussed. TheZ-selectivity observed with sterically less
hinderedl4aor 11 is interpreted by the preferrable formation
of complexS. The aluminum phenoxid&4b or 14cpossessing
more hindered 2,6-substituents would tend to coordinate to the
carbonyl lone pair anti to the methyl group (complE) which
would be in equilibrium shifted to the conformationally more
stable complexU due to the steric repulsion between the
phenoxy ligand and ketone substituent, thereby increasing the
formation ofE-isomeric Michael addud®. In the ultimate case,
bidentate2a can be utilized to obtaiE-isomericl6 as a major
product via the formation of complex with s-transconforma-
tion (Scheme 6%8

Chemoselectivity. In addition to the stereoselectivity, the
chemoselectivity of the bidentate Lewis acids was investigated
in conjunction with our interest in the molecular recognition
ability of bis(organoaluminum®a. The chemoselective func-

suggesting that the carbonyl group is more strongly activated tionalization between carbonyls and their masked acetals is a

in Q toward an attack of a nucleophile.
Next, we evaluated numerically the extent of the activation

synthetically useful operation. Most of the ordinary Lewis acid
promoters activate both carbonyl and acetal functfdriehe

of the formaldehyde moiety by the Lewis acids. Because the discrimination of acetals over carbonyls is commonly achievable
SCF calculations for each complex system show that the using TiCL and MgSiOTf; these, for instance, induce selective

carbonyl 7* orbital is obtained as one of the canonical
unoccupied orbitals and is almost 100% localized on the

aldolization of acetal functionality with enol silyl ethers in the
presence of carbonyl groups by taking advantage of the inherent

carbonyl group as in the formaldehyde molecule in an isolated inertness of ketones and aldehydes toward enol silyl ethers under

state, the energy level of this* MO (LUMO) orbital can be a
good index for the reactivity of the carbonyl moiety. It has been
calculated to be 0.052 au i@ and 0.068 au iR, 0.086 and
0.070 au lower than the value of formaldehyde itself, respec-
tively. This, together with the result obtained above, directly
support the double electrophilic activation of the carbonyl group
by the bidentate Lewis aciga 13222723b.c

Evaluation of the Selectivity of Bidentate Organoalumi-
num Lewis Acids: Stereoselectivity.We then focused our
attention on examining the selectivity of bidentate Lewis acids
in organic synthesis and first applied bis(organoalumin@en)
to the regio- and stereocontrolled Michael addition of silyl
ketene acetals ta,3-unsaturated ketones as acceptéiReac-
tion of benzalacetone and silyl ketene acétawith dimethyl-
aluminum aryloxides of typel4 gave rise to a mixture of
Michael adductsl5 and 16 almost exclusively, where the
stereoselectivity was found to be profoundly influenced by the

the influence of them? However, the opposite selectivity, that
is, chemoselective functionalization of carbonyls, seems quite
difficult to attain in view of the high reactivity of acetal
counterparts for Lewis acids, and hence it has not yet been fully
realized in electrophilic reactions despite long-standing concern.
In this situation, chemoselective preference for carbonyl com-
pounds in the aldol reactions with ketene silyl acetals has been
achieved by use of organotin Lewis acidsytilizing the fact

that ketene silyl acetals intrinsically react with aldehydes more
readily than with acetals, whereas enol sily ethers are compatible
with acetals. Actually, reaction of a mixture of 1 equiv each of
benzaldehyde and its dimethyl acetal with 1-(trimethylsiloxy)-
1-cyclohexene under the influence of catalyticdBi©Tf (5 mol

%) in CHyCl, at —78 °C for 3 h afforded aldol productk2 (R

= H) and18 (86% combined yield) in a ratio of 9:91 (Scheme
7).40a.042 Swiitching a Lewis acid from MgSIOTf to TiCly
resulted in the loss of selectivity (ratio @2:18 = 59:41), and

steric size of a phenoxy ligand. Initial treatment of benzalacetone both SnC} and BR-OEt exhibited moderate and opposite

with dimethylaluminum phenoxidé4aand subsequent reaction
with 13in CH,Cl, at —78 °C instantaneously producéd and
16 in 74% combined yield, and th&516 (Z/E) ratio was
determined to be 80:20 bH NMR analysis. Switching the

(36) Mulliken, R. S.J. Chem. Physl955 23, 1833, 1841, 2338, 2343.

(37) (a) Heathcock, C. H.; Norman, M. H.; Uehling, D. E.Am. Chem. Soc.
1985 107, 2797. (b) Kobayashi, S.; Mukaiyama, Them. Lett1986 221.
(c) Mukaiyama, T.; Tamura, M.; Kobayashi, Shem. Lett1986 1017.
(d) Kobayashi, S.; Mukaiyama, Them. Lett1985 1805. (e) Heathcock,
C. H.; Uehling, D. E.J. Org. Chem1986 51, 280. (f) Mukaiyama, T.;
Hara, R.Chem. Lett.1989 1171. (g) Oare, D. A.; Heathcock, C. H.
Org. Chem.199Q 55, 157. (h) Sato, T.; Wakahara, Y.; Otera, J.; Nozaki,
H. Tetrahedron Lett199Q 31, 1581. (i) Lohray, B. B.; Zimbiniski, R.
Tetrahedron Lett199Q 31, 7273. (j) Grieco, P. A.; Cooke, R. J.; Henry,
K. J.; VanderRoest, J. Mletrahedron Lett1991, 32, 4665. (k) Fukuzumi,
S.; Fujita, M.; Otera, J.; Fujita, YI. Am. Chem. S0d992 114, 10271. (I)
Ranu, B. C.; Saha, M.; Bhar, Setrahedron Lett1993 34, 1989.

chemoselectivity (73:27 and 74:26, respectively). In contrast,
however, bis(organoaluminun®a as a bidentate Lewis acid,
on treatment with an equimolar mixture of benzaldehyde and

(38) TheE-isomerl6is a thermodynamically less stable product, and standing
of 16 resulted in gradual conversion to a thermodynamically more stable
Z-isomer15.

(39) Sato, T.; Otera, J.; Nozaki, H. Org. Chem1993 58, 4971 and references
therein.

(40) (a) Murata, S.; Suzuki, M.; Noyori, R. Am. Chem. Sod98Q 102, 3248.

(b) Noyori, R.; Murata, S.; Suzuki, MTetrahedron1981, 37, 3899.
(c) Mori, A.; Maruoka, K.; Yamamoto, HTetrahedron Lett1984 25,
4421.

(41) Otera, J.; Chen, Synlett1996 321. See also: Sato, T.; Otera, J.; Nozaki,
H. J. Am. Chem. S0d.99Q 112, 901. Mukaiyama, T.; Ohno, T.; Han, J.
S.; Kobayashi, SChem. Lett1991, 949.

(42) For reviews of the Mukaiyama aldol reaction, see: (a) Mukaiyama, T.
Angew. Chem., Int. Ed. Endl977, 16, 817. (b) Mukaiyama, TOrg. React.
1982 1043. See also: Mukaiyama, T.; Murakami, 8nthesid987 1043.

J. AM. CHEM. SOC. = VOL. 126, NO. 4, 2004 1157



ARTICLES Ooi et al.
Scheme 6
Ph.~ . 2a, 11 or 14 (1.1 eq)
+ OSiMez — —
D A a0l
OMe -78°C, 15 min
13
Ph Ph
~ ) + COzMe +Ph\d><C02Me
MeO,C OSiMe3 X OSiMes
15 (Z-isomer) OSiMe; 17 (1,2-adduct)
16 (E-isomer)
R
MezA"C’@ Lewis acid 14a : 74% (Z/E =80 : 20)
K 11 : 80% (70:30)
14a R = H) 14b @ 75% (67 : 33)
14b (R = i-Pr) 14c : 53% (33:67)
14c (R = +-Bu) 2a 73% (28 : 72)
CH3 g m mph\/\[rc W\WCHe \kﬂ/
\/\n/ R
A Oy O Me’Al Al‘Me
M62 M92 Me;
R R R
S T u v
Scheme 7 promoted allylation of aldehydes with allyltributyltin, and the
OSiMes opposite chemoselectivity is easily accessible using 4Tés|
0 OR 0 OMe promoter (entries 1215)4445
PhCHO + j’\'\"e Lewis acid (1eq) é/kph . ij/kph Activation of Ethers. The high activation and recognition
(1 6q) Ph“ eq‘)’Me CHCl,  -78°C 12 18 ability of bidentate Lewis aci@athrough double coordination
(R=H, SiMes) is, in principle, applicable to activation of the ethereal substrates,
principle, app
Lewis acid : Me3SIOTF (5 mol%) 86% (9: 91) and hence the Lewis acid-promoted Claisen rearrangement of
TiClg (1 eq) 77% (59 : 41) . 46
SnCla (1 eq) 92% (73 - 27) allyl vinyl ethers; one of the _most powerful t_ools for car_bﬁn
BF3+OEt, (1 eq) 66% (74 : 26) carbon bond-forming reactions in organic synthesis, was
2a (1.1 eq) 84% (97 : 3) investigated as a representative example. Treatmetrané
Ph. H Ph cinnamy! vinyl ether 21) with 2a in CH,Cl, at 0°C for 1 h
?3'/ MeOXO,Me cleanly produced the secondary alcol2® in 96% yield,
MezAI “"AIMeQ MezAI“\ "”AIMez indicating the rapid methyl transfer fro@a to the aldehyde

Me Me P
O-O

Me\“/Me

carbonyl derived in situ by the initida-promoted rearrange-
ment. With monodentate Lewis acld, however, the reaction
proceeded very sluggishly and resulted in almost total recovery
of the starting21 under comparable reaction conditions, which

its dimethyl acetal, is capable of activating aldehyde carbonyl unambiguously demonstrated the potential of bidentate Lewis
selectively as is evident by the subsequent reaction with acids for the activation of ethers (Scheme 8).

1-(trimethylsiloxy)-1-cyclohexene, givintR (R =
26:74 and R= H: 10% yields) almost

erythrdthreo =

SiMes: 71%;

Conclusion

exclusively (97:3). It should be added that the aldol reaction

with the monodentate counterpattl resulted in the very
reluctant formation of12 and 18 under similar reaction

conditions (4.5% combined yield).

We have successfully developed a new and reliable synthetic
procedure of 2,7-disubstituted-1,8-biphenylenediols starting from
commercially availablen-anisidine, which enables the prepara-

Our examination has advanced to the Mukaiyama aldol tion of a variety of (2,7-disubstituted-1,8-biphenylenedioxy)-
condensation of various aldehydes and ketones with ketene silylbis(dimethylaluminum) Z). Their reactivity as a bidentate

acetals in the presence of their acetals. As revealed in Table 2,
excellent chemoselectivity was uniformly observed with bis-

(43) The aldol reaction of cyclohexanecarboxaldehyde dimethyl acetal with
ketene silyl acetal3by 2awas attempted at 78 °C to evaluate the intrinsic

(organoaluminum®a, particularly in the functionalization of
ketone carbonyls, whereas the employment of;81@Tf or

reactivity of the acetal itself, which resulted in the formation of aldol product
in 37% vyield (cf. entries 1 and 2 in Table 2). Therefore, the high
chemoselectivity observed herein is ascribed to the rate difference between
the aldol reaction of carbonyl compounds and that of their corresponding

dibutyltin bis(triflate) (DBTT) as a catalyst brought a lack of

Vi i Vi acetals based on the double electrophilic activation of carbonyls.
selectivity dezendlng upon the reactivity of the substrates 44) Yamamoto, v Asao, Nchem. Re. 1993 93, 2207
(entries 1-11)* These results clearly demonstrate the effective- (45) preliminary report: Ooi, T.; Tayama, E.; Takahashi,

Tetrahedron Lett1997, 38, 7403.

pess oR2a for recognition and actlva.t|'on of .carponyl functional- (46) (a) Takai, K.: Mori, |- Oshima. K.: Nozaki, Hretrahedron Lett1981
ity based on the double electrophilic activation. Furthermore, 22,3985. (b) Takai, K.; Mori, I.; Oshima, K.; Nozaki, HBull. Chem. Soc.
virtually complete chemoselective functionalization of aldehyde =~ JPn.1984 57, 446. See also: (c) Maruoka, K., Nonoshita, K.; Banno, H.;
carbonyls was also found to be feasible in the Lewis acid-

M.; Maruoka, K.

Yamamoto, HJ. Am. Chem. So4988 110, 7922. (d) Maruoka, K.; Saito,
S.; Yamamoto, HJ. Am. Chem. Sod.995 117, 7, 1165.
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Table 2. Discrimination Reaction between Carbonyl Compounds and Their Acetals?

j\ MeQ_OMe Lewisacid Nu  HO_Nu  MeQ Nu
ROR T RIORY T ono, | o7sec. R ORY T ORY R
19 20
entry nucleophile  R3 R4 Lewis acid yield (%) b ratio ¢
(Nu) (19+20)
SiMe,
w/iOMe

1 13 CeHi1 H Me3SiOTf 89 (19a+20a) 26:74

2 2a 89 90: 10

3 CHis H  MesSiOTf 76 (19b+20b) 58: 42

2a 82 87:13

5 Ph H MesSiOTf 92 (19¢+20c) 79:21

2a 97 90: 10

CoHj9 CH3z  Me3SiOTf 81 (19d+20d) 11:89
8 2a 86 99 : <1

9 Ph CH3z  Me3SiOTf 81 (19e+20e) 57:43

10 BupSn(OTf), 4 75 16: 84
11 2a 88 >99 : <1

/\/SnBus .

12 CeH;y H  TiClge 87 (19£+20f) 14: 86
13 2a 80 >99 : <1

14 Ph H TiClg ¢ 81 (19g+20g) 12: 88
15 2a 86 >99: <1

aThe electrophilic reaction of carbonyl compounds and acetals (1 equiv each) was carried op€ClpdH 78 °C for 2—3 h with nucleophiles (1 equiv)
in the presence of either a catalytic amount ofsBI®Tf (0.05 equiv) or 1.1 equiv a2a. P Isolated yield.° The ratio of carbonyl and acetal adducts was
determined by 300 MH2H NMR analysis.9 Dibutyltin bis(triflate) (DBTT) (0.1 equiv) was used as catalyitlse of 1 equiv of TiCJ.

Scheme 8
AlMe; AlMe;
(0] 0
Ph Me O- Me Ph Ph
= 2a (1.1 eq) j{\|
J = 3
o CHCly o CHO
an 0°C,1h Al Al
21 2a
AlMe; (methyl transfer)
o
Me\©,m1e Ph Me
11 (1.1 eq) OH
no rearrangemenr | 22
CHxCl, .
0°C,1h 96%

organoaluminum Lewis acid has been evaluated in the reductionwhich has also been characterized by comparing it to that of
of acetophenone, and (2,7-dimethyl-1,8-biphenylenedioxy)bis- the corresponding monodentate dimethylaluminum 2,6-xylen-

(dimethylaluminum) 2a) gave the highest chemical vyield.

oxide (L1) in the reduction of 5-nonanone and the Mukaiyama

Single-crystal X-ray diffraction analysis of the colorless crystal- aldol reaction. The strong activation of carbonyls 2g was

line of bis(organoaluminum2g revealed its assembly into a

supported by low-temperatutéC NMR analysis and theoretical

rigid dimer; this suggests that the bidentate organoaluminum study using the Gaussian 98 programs. The bidentate Lewis acid

Lewis acids of type2 are in equilibrium with their dimers in

2a was found to exhibit unusual stereoselectivity in the

solution, which could be greatly stabilized by the large 2,7- Mukaiyama Michael addition and allowed highly chemoselec-

substituents and thus prevetitrom exerting the Lewis acidity

tive functionalization of carbonyl compounds in the presence

through double coordination to carbonyl oxygen. This under- of their acetals, representing salient features of bidentate Lewis

standing seems consistent with the highest reactivitRaf

acid in organic synthesis. In addition, application2afto the
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Claisen rearrangement of allyl vinyl ethers demonstrates the research. We believe the concept of bidentate Lewis acids may
effectiveness oRafor the activation of ether functionality. This  continue to have considerable impact on organic and inorganic
type of bidentate system seems to be gefierflland applicable chemistries as well as on molecular recognition chemistry.

to other metals including transition metals. Indeed, examples
utilizing Li,% Si 5! Sn52 Ti, 48653 7r 53¢ and HP3C have been
reported to date, and their potential utility in selective organic
synthesis including asymmetric catalysis has also been dem-
onstrated* contributing to the expansion of this field of
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(47) For other synthetic applications of the bidentate organoaluminum Lewis . . . . .
acid, see: (a) Ooi, T.. Takahashi, M.; Maruoka, Angew. Chem., Int. Supporting Information Available: Experimental procedures

ﬁja-r&glff §7vsy8n3tﬁé éitgoggié; K a“gguig%efé?n'ctgg?ﬁgrgg Ichikawa, H.;  and spectroscopic characterization of new compounds (PDF);
(48) For other éxamples of bidentate aluminum Lewis acids, see: (a) saied, Crystallographic data foRg (CIF). This material is available

O.; Simard, M.; Wuest, J. DOrganometallics1996 15, 2345. (b) Saied, i .

O.; Simard, M.; Wuest, J. DOrganometallics1998 17, 1128. (c) Saied, free of charge via the Internet at http://pubs.acs.org.

O.; Simard, M.; Wuest, J. Dnorg. Chem.1998 37, 2620. (d) Hanawa,

H.; Abe, N.; Maruoka, KTetrahedron Lett1999 40, 5365. (e) Abe, N.; JA030552S

Hanawa, H.; Maruoka, K.; Sasaki, M.; Miyashita, Metrahedron Lett.

1999 40, 5369. (f) Hanawa, H.; Maekawara, N.; Maruoka,Tetrahedron (53) (a) Poirier, M.; Simard, M.; Wuest, J. Drganometallicsl996 15, 1296.

Lett. 1999 40, 8379. (b) Asao, N.; Kii, S.; Hanawa, H.; Maruoka, Retrahedron Lett1998
(49) For arecentimpressive study by Scott on the discrete bimetallic aluminum 39, 3729. (c) Hanawa, H.; Kii, S.; Asao, N.; Maruoka, Ketrahedron

assembly with chlorine, see: Cottone, A., Ill; Scott, MOdganometallics Lett. 200Q 41, 5543. (d) Kii, S.; Maruoka, KTetrahedron Lett2001, 42,

2002 21, 3610. 1935. (e) Hanawa, H.; Kii, S.; Maruoka, Rdv. Synth. Catal2001, 343
(50) Ooi, T.; Saito, A.; Maruoka, KTetrahedron Lett1998 39, 3745. 57. (f) Morohashi, N.; Hattori, T.; Yokomakura, K.; Kabuto, C.; Miyano,
(51) (a) Asao, N.; Shibato, A.; Itagaki, Y.; Jourdan, F.; Maruokal &rahedron S. Tetrahedron Lett2002 43, 7769. (g) Hanawa, H.; Hashimoto, T.;

Lett 1998 39, 3177. (b) Shibato, A.; Itagaki, Y.; Tayama, E.; Hokke, Y.; Maruoka, K.J. Am. Chem. So@003 125, 1708.
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