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Abstract: Asymmetric alkylations of allylic geminal dicarboxylates with dialkyl malonates have been
investigated. The requisite allylic geminal dicarboxylates are prepared in good yields and high isomeric purities
by two catalytic methods, ferric chloride-catalyzed addition of acid anhydridesStainsaturated aldehydes

and palladium-catalyzed isomerization and addition reactions of propargylic acetates. The complex of palladium-
(0) and the chiral ligand derived from the diamidet@ns-1,2-diaminocyclohexane and 2-diphenylphosphi-
nobenzoic acid most efficiently catalyzed the asymmetric process to provide allylic carboxylate esters with
high ee. By systematic optimization studies, factors affecting the enantioselectivity of the reaction have been
probed. In general, higher ee’s have been achieved with those conditions which facilitate kinetic capture of
the incipient -allylpalladium intermediate. These conditions also proved effective for achieving high
regioselectivities. The minor regioisomeric product was formed when reactive substrates or achiral ligands
were employed for the reaction, and could be minimized through the use of the chiral ligand. Under the
established conditions, the alkylation of varigemdicarboxylates afforded monoalkylated products in high
yields with greater than 90% ee. The process constitutes the equivalent of an addition of a stabilized nucleophile
to a carbonyl group with high asymmetric induction.

Introduction Strategies to effect such transformations derive from recognition
. . . L of the stereochemical courses in each step of the catalytic cycle
The palladium-catalyzed allylic alkylation reaction is one of and analysis of symmetry elements imparted in the substrates
the most poweriul tools for the controlied mt_roductlon .Of or intermediates. The current strategies involve differentiation
carbor’rcarb%n and carberheteroatom bonds into organic (1) the enantiotopic leaving groups mesecompoundg#-16
compounds. Recent employment of chiral ligands in t.h's. (2) the allylic termini of symmetric intermediaté’;2° (3) two
process _has proylded an opportunity to perform th_e reaction in interconverting intermediatéd;2* (4) the enantioface of
an enantioselective fashion, thereby greatly increasing the utility alkene€5-27 and (5) the enanti’ofaces of nucleophitess
. 1> . - ’ : _ S
of this method. Upllke most transition metal gatalyzed Another strategy is represented by the desymmetrization
processes, asymmetric allylic alkylations offer multiple mgch-. transformation in eq 1 wherein the two enantiotopic leaving
anisms as a source of asymmetry because the enantlo'd's'groups located on the same carbon atom of an achiral substrate

criminating event can arise in any one of many steps in the are differentiated. The asymmetric induction of this system,
catalytic cycle. Thus, this unique feature of the asymmetric

allylic alkylation (AAA) reaction allows for the conversion of
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however, is complicated by the fact that there are two prochiral system offers a good testing ground to examine the ability of a
elements present in the substrate, the leaving groups and thechiral ligand to control other types of selectivities beyond
n-faces of the alkene. Since both the complexation and the enantioselectivity. Herein, we report a full account of our efforts
ionization steps are a potential source of enantioselectivity, thein the development of asymmetric alkylationgg#fmdicarboxy-
AAA reaction of this type presents a formidable control problem. lates with malonate estefs.
In addition, due to the unsymmetric nature of thallylpalla- Preparation of Allylic gemDicarboxylates.To evaluate the
dium intermediate, there is a regioselectivity problem depicted efficacy of various acid catalyst$rans-2-hexenal %a, R =
in eq 1. Thus, differentiation of the two enantiotopic leaving CsH;) was selected as a model substrate and reacted with acetic
groups by a substitution process constitutes a rare example inanhydride (eq 2). The mixture &a and 2-5 equiv of acetic
which asymmetric catalysis is achieved by chiral recognition anhydride neat or in methylene chloride was treated with various
between two geminal Sp-sp® bonds3* Lewis acids (BEOEbL,*® PCk,** H,SOy,%° 15,46 K-10 Clay?’
FeCk,*8 etc.). In all cases, the reaction was complete within 2
/\)X\ Nu™ Nu j“\A h at 0°C, providing the desirettans-1,1-diacetoxy-2-hexene
RONSX Sao) L R/\)«\x R D (78 as the major product in 6895% vyields. However, the
2 3 formation of minor isomer8 (5—15% by GC) was also detected
before the complete consumption of the starting aldehyde. It
The geminal dicarboxylated,(X = OCOR in 1), also known appeared that the Lewis acid catalyzed not only the formation
as “acylals™>3%are a simple addition product of acid anhydrides of allylic gemdiacetate7 but also its rearrangement to vinyl
and aldehydes and are well suited as a substrate for reaction agcetates. The allylic rearragement is particularly undesirable
in eq 1. The seemingly labilgemdiester functionality has

1

served as an interesting protective group for aldehydes due to /\j (RCO)0
its considerable stability to acid yet ease of removal under R = cat. Lewis Acid
very mildly basic conditions, complementing the commonly 5
used base stable acetal-protecting gréup. wide variety of o
Lewis and Bimsted acids can catalyze this process to produce oc|0H3 gCH3
the diesters of allylic 1,1-diol% Thus, the requisite allyligen S 3\%%
: : R occH,  * R occH, (D
carboxylates are readily available from3-unsaturated alde- e fir
hydes5. Alternatively, they can be prepared from the corre- Y ©
sponding propargylic acetatédy a novel Pd-catalyzed redox- 7 8
isomerization and intermolecular addition reactfén. and complicates the interpretation of the result because the
(RCO),0 stereochemical outcome of the asymmgtric alkylatior_1 is inevi-
J tably affected by the presence of racemic ch&arhus, it was
R cat. Lewis Adid necessary to quench the reaction before a significant amount
5 of the desired product underwent rearrangement in order to
Cﬁ secure hig.h isomeric purity at thg expense of yield. Among the
CR RCOH various acid catalysts tested, ferric chloride gave the best result,
A\j\ . R——\ giving rise to desiregemdiacetatera (R = C3H;) in 67% yield
R ofR cat. Pd(0) OCOR and greater than 95% isomeric purity. Table 1 summarizes the
4 ° 6 range of enals examined in the current study.

The gemdiesters possessing a carboxy moiety other than an

The Pd-catalyzed alkylation in eq 1 has been demonstrated@CetoXy group could also be prepafé&Employing propionic
in a nonchiral fashion through the utilization of allylgem and isobutyric anhydride in the same manner as acetic anhydride

diacetates (¥= OAC)4041|n these studies, it was demonstrated furnished the correspondingemdipropionates andyemdi-
thatgemdiacetates could undergo an allylic substitution reaction iSebutyrates (Table 2). The reaction of crotonaldehytdiith
with stabilized nucleophiles to afford products suci2and3. acetic anhydride generated a mixture of desgedhdiacetate

It is worth noting that the alkylation generated monoalkylated 122 as the major product and the isomeric vinyl acetates of

products in good yields despite the presence of two leaving /P& 8 as minor products (entry 4). Similarly, both tigem
groups in the startingemdiacetate. Partial or complete control  diPropionatel2band thegemdiisobutyratel 2cwere prepared

of the product distribution was achieved, depending on the in good vyields albeit with somewhat lowered isomeric purity
nature ofgemdiacetates and nucleophiles. of 89% (entries 5 and 6). Nevertheless, simple chromatographic

While employment of a chiral ligand could potentially induce PUrification increased their isomeric purity to 94%. .
asymmetry for this process, it is of interest to see whether the Vhile most of thegemdiesters were prepared from their
guidelines of chemo- and regioselectivities established within correspondingx,f-unsaturated aldehydes, some were synthe-
the context of nonchiral reactions can be applicable to the (42) Trost, B. M.; Lee, C. B.; Weiss, J. M. Am. Chem. Sod.995

asymmetric process. In this regard, the AAA of the present 117, 7247.
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(36) Hurd, C. D.; Cantor, S. Ml. Am. Chem. S0d.938 60, 2677. New York, 1955; Collect. Vol. lll, p 441.

(37) Green, T. W.; Wuts, P. G. MProtective Groups in Organic (46) Deka, N.; Kalita, D. J.; Borah, R.; Sarma, J.JCOrg. Chem1997,
Synthesis3rd ed.; Wiley: New York, 1999; p 306. 62, 1563.

(38) Sydnes, L. K.; Soderberg, B. Cetrahedron1997, 53, 12679. (47) Li, T. S.; Zhang, Z. H.; Fu, C. Gletrahedron Lett1997, 38, 3285.

(39) Trost, B. M.; Brieden, W.; Baringhaus, K. Angew. Chem., Int. (48) Kochhar; Kanwarpal, S. B.; Balkrishna, S. D.; Rajadhyaksha, R.
Ed. Engl.1992 31, 1335. P.; Pinnick, S. N.; Harold, WJ. Org. Chem1983 48, 1765.
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(41) Trost, B. M.; Vercauteren, Jetrahedron Lett1985 26, 131. pure.



AAA Using gem-Dicarboxylates, Part | J. Am. Chem. Soc., Vol. 123, No. 16, ZB¥3

Table 1. Preparation of Allylicgem1,1-Diacetates Using Ferric Chloride

" Entry Reactant Reagents Temp., Time Product %Yield*
Ac
: A CHO 2 eq Ac,0 0°C,05h /\/\/iom 67
5a 0.2% FeCl, 7a
Ac
S -CHO 4eqAc,0 0 °C, 15 min Y\/iOAc 54
2 A 0.1% FeCl,
5b 7b
/\_/\/CHO Ac
5 %‘o 2eq Ac,0 0°C,4h jroy\iom 92
1% FeCl, .
Sc ¢
(?TBS QTBS AC
: X-CHO - N
4eq Ac0 25°C,8h OAc 73
4 /\r\/ 2% FeCl,
5d 7d
s/\/ﬁ ;
2eqAc,0 0°C,0.5h ™S "0hc 98
X~ CHO 2 s
> ™S 0.1% FeCl,
Te
Se
O
CHO
¢ " 4eqAc,0 0°C,0.5h O_{OAC 50
st 1% FeCl, 7f
Ac
. -CHO 4eq Ac,0 0°C,05h /\viom 88 (90
. 2 ) a
7 s 0.5% FeCl, ™
5g° 7g°
Ac
0 A ono 2eq Ac,0 25°C, 2 h )\io;\c 7
5h 0.1% FCC13 7h
n/\/?\A ;
5eq Ac,0 0°C,05h P " 0Ac 85
X -CHO 2 f
? PN 0.1% FeCl, .
5§
Ac
CHO 5eq Ac,0 0°C,1h pn/ﬁ/?\o;\c 97
PHT €q AC) ,
10 /Y 0.25% FeCl,
5j 7j
QOAc
y >/ O‘C”o 3eqAcO 25°C,4h >/ ®_<0Ac 86
0.2% FeCl
5k o Feh Tk

2|solated yield? E:Z = 10:1 by GC.E:Z = 8.3:1 by'H NMR. ¢ Isomeric purity measured by GC.

sized from propargylic esters by the palladium-catalyzed reaction of 61%. When the TBDMS protective group was replaced with
as summarized in Table 3. First, propargylic acetdenas the bulky and robust TBDPS group, more significant improve-
subjected to the previously developed conditions which typically ment was achieved as the yield B8cincreased to 81%.
employed 5% Pgiiba-CHCls, 50% triphenylphosphine, and 5 Initial Alkylation Results. With the requisitegemdiesters
equiv of acetic acid (entry £f. When heated in toluene for 4 in hand, the investigation on their asymmetric alkylation
h, 6a was cleanly converted tgemdiacetatel3a as a single commenced wittrans-cinnamyl 1,1-diacetaté’{) as a substrate.
isomer in 87% vyield. Performing the same reaction with Pd- The alkylation with sodium dimethyl alkylmalonat&4 and15
(PPh)4 as catalyst also proved effective, giving a yield of 89% was carried out with 2.5%-allylpalladium chloride dimer(6),
(entry 2). It should be noted that only 0.5% catalyst and 1.5 and 7.5% chiral ligand 7°%51 (P:Pd= 3:1) in THF at ambient
equiv of acetic acid were required in this case. Propargylic temperatures. The nucleophile was generated from 2.0 equiv
acetates bearing a stereogenic center were reacted under thes# sodium hydride and 2.5 equiv of dimethyl methyl- or
modified conditions to givegemdiacetates without affecting  benzylmalonate. The reactions proceeded to completion in 2 h
the stereochemical integrity (entries8). While gemdiacetate to give the desired producfs8 and 19 as single regioisomers
13bwas obtained in 51% yield from the TBDMS-protected ester in 92 and 75% yields, respectively (eq 3). The reaction using
6b, switching the ligand to the more electron-rich and sterically Pd.dba-CHCI; as the palladium source gave rather capricious
demanding trig-anisyl)phosphine gave a somewhat better yield results, leading to inconsistent yields and ee’s. The alkylation
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Table 2. Preparation ofcemDicarboxylates
Entry Aldehyde Anhydride Conditions Product %Yield
\/\/ﬂ)\COCHs
1 TBDPSO~_~CHO  (CH,C0),0  0.5% FeCl, TBOPSO -~~~ 0c0cH, 98
9 4eq 0°C,05h 10a
\/\icocsz
2 (GH,COL0  0.5% FeCl, TBOPSO A~ 0006, 88
2eq 0°C,2h 10b
\/\/(icowr
3 (-CH,COL0 2% FeCly TBEPSO A~ ocoie 78
2eq 0°C,05h 10c
COCH;
4 - CHO (CH,CO),0  0.1% FeCl, " 0COCH, 80 (93)
11 2eq -20°C,0.5h 12a
/\/oLcocsz
5 (CH,CO),0  0.5% FeCl, S 0C0C,Hs 85 (89)°
2eq 0°C,05h 12b
/\iCOi-Pr
6 (-C;H,C0),0 1% FeCl, 0C0LP: 81 (89)°
2eq 25°C,3h 12¢
a|solated yields? Isomeric purity of the crude product measured by GC.
Table 3. Preparation ofjemDiacetates from Propargylic Acetates
Entry  Propargylic Acetate Catalyst / Ligand AcOH  Time Product %Yield
_(equiv) ()
CHO " 0nc CHq Ao
1 5% Pd,dba,CHCl, 5.0 4 oac 87
6a 50% PPh, 13a
2 0.5% Pd(PPh,), 1.5 12 89
Ac
= OAc
3 Z 1% Pd(PPh,), 2.0 3 N oac 51
TB8DMSO  6b TBDMSO 131
4 1% Pd,dba;*CHCI, 2.0 2 61
8% P(o-MeOC,H,),
= OAc AC
5 1% Pd(PPh,), 1.2 1 N onc 81
TBDPSO  6¢ TBDPSO 3¢

a All reactions were run in toluene at 12C. ° Isolated yields.

products could be readily isolated in analytically pure forms
by typical flash chromatography on a silica gel column.

<’ Pd'CLPd \
{ —I =),
©C0:CHs 25% N ol /18

Ac
X + Na®F{
OAc CO,CH, Q
0, N o]
T 14R= CH3 7.5% N\H H
15 R =CH,Ph
PPh, Phj
17
Ac
. R
HsCO,C CO,CH;  (3)

18 R = CHj (92%)
19 R = CH,Ph (75%)

The ee of the products was determined by chiral shift studie
using (-)-Eu(hfcl in CDCl3.52 Only a single set of signals was

were greater than 95%. To confirm this conclusion, the
alkylation products were derivatized to tBemethylmandelate
ester$3 Due to a facile retro-aldol process upon hydrolysis of
the acetyl group18 and 19 were first reduced with LAH to
triols 20 and 21 and subsequently condensed with bo®)- (
and ©-O-methylmandelic acid using DCC independently to
provide the corresponding este?® and 23 in good yields
(Scheme 1). The signals for the two vinylic protons and
quaternary alkyl groups were completely resolved in tHe
NMR spectra of the two diastereomers froR)<{and §)-O-
methylmandelic acid. The appearance of only one set of signals
from 22 and 23 clearly indicated that the de was95%, and
thus the ee ofl8 and 19 was >95%.

(50) Trost, B. M.; Van Vranken, D. LAngew. Chem., Int. Ed. Engl.
1992 31, 228.

(51) Trost, B. M.; Van Vranken, D. L.; Bingel, 1. Am. Chem. Soc.
1992 114 9327.

(52) Sullivan, G. ETop. Stereochenl978 10, 287.

(53) Trost, B. M.; Belletire, J. L.; Godleski, S.; McDougal, P. G;
Balkovec, J. M.; Baldwin, J. J.; Christy, M. E.; Ponticello, G. S.; Varga, S.

S

observed in both cases, suggesting that the ee’s of these products; Springer, J. PJ. Org. Chem1986 51, 2370.
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Scheme 1. Derivatization toO-MethyImandeIate and Absolute Configuration

LAH, ether R O-methylmandelic acid x
1819 DCC, cat. DMAP R
HO o RO OR ook,

OH  CH,Cp. 1, 3h

20 R = CH3 (50%)
2 R =CH; (96%)
21R= CHzPh (64%) 23 R= CHzph ® 6%)
5064 (2.51,247) 85.58(5.75) §0.53 (2.29,2.12)
NG + Ny - 556.98(6.09)
) R’ : R Hb (o]
R R Ph
(A
“l(u\( P ' . Lme SN Ph
R . H R o R H ?a R =70 )
Hy H OCH,
S Y 74 (5.97) CHOH  5639(697)

The O-methylmandelate method to obtain diastereomers also Table 4. Comparison of Ligands in Alkylations dfOa
allows for assignment of the absolute stereochemistry of the entry ligand time (h) %yieltof 24 %yielPof 26 % eéof 24
alkylation reaction usin®®,Rligand17.58 TheH NMR signals g

1 PP 2 80 0 -
of the two vinylic protons H and H, in (§-mandelate22 2 dp[?p 05 33 57 -
appeared ab 5.74 and 5.58, whereas 6.39 and 5.98 were 3= dppp 18 0 86 —
observed for the corresponding chemical shifts in tRg ( 4 17 2 68 0 89
mandelate. The methyl group on the quaternary carbon also 5  27a 4 86 0 68
followed the well-established pattern of change in chemical 6 27 A o4 0 77

hifts: & 0.64 for th delate and 0.53 for th Zoozie 1268 > ~0
Shitts: ' or QS)_—man elate an : or the B)- 8 27d 24 no reaction - -
mandelate. This shieldingdeshielding pattern was equally 9 27e 24 no reaction — —
pronounced for the chemical shift (shown in parentheses) of 10  27f 1 70 0 )13
benzyl serie3. On the basis of thestH NMR correlation 11 279 4 82 _ 0 )10
results, the absolute configuration of the carbinol chiral centers ig glh ?1 e reaction o o
could be assigned to bér" as depicted. 14 27 5 55 0 )19

Ligand Comparison. With the excellent regio- and enantio-
selectivities obtained from the alkylation of the cinnamyl system, ;'2"uﬂ?/ag]}iﬂﬂilg\gerﬁllgelg(i[]fge%geﬂé‘g é?lzzsl\g/loligf;ﬁgs;r%gs) (‘)’}/ith
0
the investigation was then extended to other substrates. The he Ilqgand unless cr))therW|se ngtédsolated yields¢ Enantiomeric
straight-chain derivativelOa was subjected to the standard excess determined by chiral shift studies on the desilylated al@shol
alkylation conditions (eq 4). The reaction wifl# proceeded 420% of the ligand was use#3.0 equiv of nucleophile were employed.
smoothly to generate acet&é¢as a single product in 68% yield. " The ee of the opposite enantiomezn{-24.
An ee of 89% was obtained from chiral shift experiments on
desilylated alcoha?5which was prepared in a quantitative yield by various ligands was expected to exert differential chiral
by treatment of24 with TBAF. Performing the alkylation recognition in the enantio-discriminating ionization step due to
reaction at *C increased the yield to 85% and the ee to 91%. the different steric and electronic properties of each chiral ligand.
Through a number of repeated runs, it was found that the amountThus, the analysis of the outcome in terms of similarities and
of the catalyst could be lowered to 0.5%18 and 1.5% of17 dissimilarities of these ligands would provide a basis for
with no detrimental effect on the yield or enantioselectivity. ~ evaluating the structural and electronic aspects of the ligand
effect. The ligand27a—27e share the same chiral scaffold,
while they differ in the structure of linkers and metal binding

TBDPSO\/\j\ Q{COZCHB sites. Other ligands containing anthracengl7f( and 279,
CO,CH,4 diphenyl @7h), tartrate- R7i), or sugar-derived27j) chiral
10a 14 scaffolds were also tested for the alkylation. T&esymmetry
CO,CH3 present in the standard ligarid no longer exists in ligands
Ac CO-CH, 27b and27d.
RO ™ + RO = 4)

Although many ligands did generate the alkylation product
24, none of these ligands gave a better result than the standard
24 R=TBDPS 26 R = TBDPS ligand 17. A modest level of ee’s was still obtained with
25R=H naphthyl ligand27e** and non€,-symmetric ligand27b. On
the other hand, despite the identity of the chiral scaffold, ligand
27c possessing a sulfonamide linker generated a mixture of
monoalkylated?4 and dialkylated?6 in which the monoalky-
lated product was almost racemic (entry 7). Changing the metal
binding site from a phosphine to a nitrogen(s) resulted in no
reaction (entries 8 and 9). Ligan@3f and 27g, based on an
anthracenyl scaffold, gave results inferior to those seen with
the standard conditions. The “invertomer” liga2dgin which
the amide linkage was inverted gave a similar result as the
“normal” ligand 27£.5% Surprisingly, diphenyl derivativ@7h,

HLO0,C CO,CH, HLO,C CO,CH,

Having established a protocol for ee measurement, the
reaction of eq 4 was carried out with various achiral and chiral
ligands as summarized in Table 4. The alkylation was first run
with achiral ligands. The use of triphenylphosphine as the ligand
generated monoalkylated producag)-24 in 80% yield (entry
1). In contrast, the reaction employing dppp went to completion
in only 0.5 h to give a mixture of mono- and dialkylated products
(entry 2). In the presence of excess nucleophile, the same
reaction produced only the dialkylated produrdd)-26 as a
single regioisomer in 86% vyield (entry 3). A variety of chiral
ligands synthesized by a modular method (Figure 1) were tested™(54) Trost, B. M.; Bunt, R. CAngew. Chem., Int. Ed. Engl996 35,
for the reaction (entries-414)5! The chiral pocket provided  99.




3676 J. Am. Chem. Soc., Vol. 123, No. 16, 2001

L Q
WS oo

PPh2 2
27a 27b

Ar = 3,5-Diphenylphenyl
Ph,l
: :th
O

27f

(ﬁ(ﬂ?r

27¢

27h

Figure 1. Chiral ligands synthesized by a modular method.

Table 5. Solvent Effect in Alkylations ofLOawith Dimethyl
Methylmalonaté

N OHNCS

PPh2 PhaP

Pr\—_("h
PPh, Ph,P

Trost and Lee

Q48

27d 27e
~E v

w&o
sole's

27j
Ar = 3,5-Diphenylphenyl

PPh, Ph,P

27

Table 6. Effect of Base and Additive in Alkylations dfOa with
Dimethyl Methylmalonate

entry solvent base time (h) %yiéld % e¢

1 THF NaH 2 68 89
2 benzene NaH 4 61 66
3 CHCl, NaH 35 65 65
4 1,4-dioxane  NaH 2 65 81
5 DME NaH 2 93 88
6¢ DMF NaH 1 91 6
79 DMSO NaH 1 89 €)5°
8 THF CsCOs 10 92 39
9 CH.CI, CsCOs 12 80 12

10 CHCN CsCO; 10 68 )1z

11 DMF CsCO; 5 81 )1z

a All reactions were performed with 2.0 equiv of base and 2.5 equiv
of nucleophile at room temperature in the presence of 118%nd
3.0% of ligand17 unless otherwise noteflisolated yields® Deter-
mined by chiral shift studies on the desilylated alcol28l ¢ The
reactions were run at oC. ¢ ee of the opposite enantiomeenf)-25.

which showed the same efficacy d< in a number of
cases!%%was found to be absolutely ineffective for the reaction.
While tartrate derived ligan@7i gave a moderate ee, mannitol
derived ligand27j containing a sterically demanding metal
binding site proved much less effective. It is noteworthy that
the configuration of the major enantiomer can be predicted by
a sterochemical mnemonic which provides a structural and
physical link between the ligand chirality and the mode of
enantioselectio#®4251 On the basis of this ligand screening
result, the standard ligandl7, was used for all of the following
studies.

Solvent Effect. The solvent has an effect on both the
ionization and nucleophilic addition steps in the catalytic cycle,
thereby potentially influencing the 82As summarized in Table
5, the use of solvents other than THF for the reaction of eq 4
provided inferior results relative to the standard reaction. In the
cases of benzene and methylene chloride, the low solubility of
the nucleophile in these solvents led to the formation of a
heterogeneous reaction mixture and a longer reaction time.
While a modest range of ee’s was observed for these nonpola
solvents (entries 2 and 3), ethereal solvents gave significantly
better results (entries 4 and 5). In particular, the alkylation using
DME afforded an almost identical ee as the standard reaction.
Surprisingly, the use of polar solvents resulted in a dramatic
drop of the ee despite the rapid conversion and good yields

(55) Trost, B. M.; Breit, B.; Peukert, S.; Zambrano, J.; Ziller, J. W.
Angew. Chem., Int. Ed. Endgl995 34, 2386.

(56) Trost, B. M.; Shi, ZJ. Am. Chem. Sod.996 118 3039.

(57) Reichardt, CSobents and Seknt Effects in Organic Chemistry
2nd ed.; VCH: Weinheim, Germany, 1988.

I

time % %

entry  base solvent additive (h) yield®  ee
1 n-BuLi THF—hexane — 4 90 69
2 NaH THF - 2 68 89
3 KH THF - 5 57 73
49 KH THF - 6 64 86
5 t-BuOK THF — 6 58 48
6 CsCO; THF - 10 92 39
7 TMG® THF — 10 noreactioh —
8 NaH THF MaNBr 2 86 83
9 NaH THF 20% 18-C-6 3 88 87
10 NaH CHCl, - 3 65 65
11  NaH CHCI, MesNBr 3 79 60
12  NaH CHCl, HexsNBr 3 83 28
13 DBU CHCl, — 12 noreactioh —

a All reactions were run with 2.0 equiv of base and 2.5 equiv of
nucleophile at room temperature in the presence of 116%nd 3.0%
of ligand 17 unless otherwise noteflisolated yields¢ Determined by
chiral shift studies on alcoh@5s. ¢ The reaction was run with 3.8%6
and 11%17 at 0°C. ¢1,1,3,3-TetramethylguanidineUnreacted starting
materiall0a and aldehyd® were recovered.

(entries 6 and 7). When cesium carbonate was used instead of
sodium hydride, the effect of solvent polarity was more striking
(entries 8-11). The major enantiomer from polar solvents had
the opposite stereochemistry although the ee’s in this series were
much lower.

Counterion Effect. The dependence of the ee on the solvent
leads to speculation that counterions may also have an effect
since their role in the nucleophilic addition step should be
different in a given solvent due to the differential solvation
energy. Thus, a series of alkali metal hydride and carbonate
bases were tested for the alkylation (Table 6). Due to the kinetic
inefficiency of lithium hydride as base, the lithium enolate was
generated by the addition of a hexane solutiom-&uLi to a
THF solution of dimethyl methylmalonate at78 °C. Indeed,
different bases had a strong effect on the enantioselectivity of
the reaction. Interestingly, the relationship between the ee and
the size of cations exhibited a nonlinear behavior wherein
sodium proved to be most effective in contrast to our earlier
work involving nucleophilic attack on the-allyl intermediate
as the enantiodiscriminating evénfThe use of sodium hydride
provided a homogeneous reaction mixture and the fastest
reaction. In the case of lithium, an aggregated insoluble reaction
mixture, which remained as a heterogeneous suspension through-
out the course of the reaction, gave an ee of 69% (entry 1).
Large differences in the ee were noted within a category of the
same cation (entries-3%). Whereas the ee and yield were



AAA Using gem-Dicarboxylates, Part | J. Am. Chem. Soc., Vol. 123, No. 16, ZBY

Table 7. Concentration and Temperature Effects in the Alkylation  Table 8. Alkylation of 10awith Dimethyl Benzylmalonate
of 10a

16 17 temp equiv concn time % %

16 17 temp equiv concn time % % entry (mol%) (mol%) (°C) of Nu (M) (h) vyield® eé
entry (mol %) (mol%) (°C) ofNu (M) (h) yield eé 1 25 75 > 12 020 25 58 80
1 25 8.0 25 16 050 15 68 89 2 25 7.0 0 2.0 024 2 86 90
2 2.5 7.0 0 12029 2 76 91 3 2.0 6.0 0 40 020 2 98 90
3 2.0 6.0 0 15 014 2 8 91 4 05 15 0 12 035 3 76 90
4 1.0 3.0 Otort 15 055 6 87 90
5 2.5 75 —40 1.8 035 8 99 90 a|solated yields? Chiral shift studies on the desilylated alcot28l
6od 1.0 3.0 0 25 020 3 94 )93 using (+)-Eu(hfc) in CDCls.
7d 0.5 15 -5 20 016 3 87 93

2|solated yields of24. ® Determined by chiral shift studies on the pmtqco" the same ee could still be obtained when the catalyst
desilylated alcohoP5. © (S,3-17 was employed? Slow addition pro- loading was reduced to 0.5%6 and 1.5%17.
cedure.® Opposite enantiomerg)-24. In the initial studies with cinnamy! derivativé, the use of

15 as the nucleophile gave the same high level of 28506)

improved with higher catalyst loading and lower reaction as dimethyl methylmalonatel4). By contrast, the alkylation
temperatures, the enolate generated by potassitirhutoxide of 10awith 15 provided a much lower ee of 80% under the
resulted in a significantly lower ee. A much lower ee and a Standard conditions (eq 5 and Table 8). While the ee jumped to
longer reaction time resulted when cesium carbonate was90% by simply running the reaction with 2.0 equiv of the
employed (entry 6). An attempted reaction with a nonmetal nucleophile at 0C, the additional increase of the nucleophile

organic base such as TMG and DBU failed to produce the t0 4.0 equiv did not lead to further improvement. The application
desired product (entries 7 and 13). of the slow addition protocol to this system proved beneficial

again as a comparable result could be obtained with only 1.2
equiv of the nucleophile and a much smaller amount of the
catalyst (entry 4).

The notion that the low solubility of the nucleophile might
be responsible for low ee’s led to the exchange of the counterion
for a more soluble alkylammonium or crown ether complexed
cation. The addition of tetramethylammonium bromide caused

a slight lowering in ee; whereas, the ee obtained with a crown TBDPSO\/\/%AC . Na® ©F0CHs

ether was indistinguishable with that of the standard reaction OAc P CO,CHy see Table 8
(entries 8 and 9). The deterioration of ee by addition of alkyl- 10a 15

ammonium salts was equally observed when methylene chloride AC

was used as a solvent (entries-1IB). In particular, as the size R x h

of the cation increased from tetramethyl- to tetrahexylammo- HgCO,C CO,CHs ©)
nium, the ee further decreasedpposite to the case wherein 28 R =TBDPS
nucleophilic attack on a-allyl constitutes the enantiodiscrimi- 2 R=H

nating event’

Temperature and Concentration Effect. The large change
in the enantioselectivity with different solvents and counterions
clearly indicates the strong influence of the reaction parameters.

Other factprs (I)f k|n|et|c |r§port?‘nce are the teﬁnbpergture agld structure, the subsequent substitution can occur at either allylic
concentration. In early studies, there was a small but discernible, . ini to generate regioisomers, the “proximal’ and “distal’

effect of the temperature on the ee. Furthermore, the observed, ,cts with respect to the acyloxy substituent. However, the
reaction rate, though not rigorously measured, indicated thatalkylations of 7i (R = Ph) and10a (R = TBDPSOCH)
faster reactions generally gave better ee’s. On the basis of thes%niformly gave single regioisomers of ty&L which were
observations, it was anticipated that the ee could be improved yorived from nucleophilic attack at the carbon bearing the
by performing the reaction at higher concentrations or by using acetoxy group (path “a”).
excess nucleophile. However, attempts to carry out the alkylation - 1 jnyestigate the factors affecting regioselectivity, substrates
at high concentrations>(1.0 M) in THF met with difficulty with different substituents were examined (eq 6 and Table 9).
due to the limited solubility of the nucleophile. The use of a Apn ynsubstituted system (R H) was first subjected to the
large excess of nucleophile was not desirable because subsequequwation with dimethyl methylmalonate (entries-3). The
isolation and analysis of the alkylation products became previous work showed that the use IO-bis(trimethylsilyl)-
problematic. To avoid these experimental difficulties, high 5cetamide (BSA) as base and RRis ligand generate@4a
concentration of nucleophile was achieved by a slow addition gyising from distal attack exclusivetyyIn contrast, the alkylation
procedure in wh_|ch substrates were slowly added to a mixture using sodium hydride as base and dppp as ligand reoriented
of the nucleophile and the catalyst. the regioselectivity to the proximal attack to gi@8a as the
The results of alkylations dfOaat various temperatures and  major product. The alkylation was completed in only 0.5 h to
concentrations are summarized in Table 7. As described before,provide 79% of monoalkylated products as a 1.4:1 mixture of
an ee of 89% obtained from the reaction at ambient temperatureinseparable regioisomers and 7% of dialkylation prodifiz
was increased to 91% when the same reaction was performedJsing chiral ligandl7, the alkylation under standard conditions
at 0 °C (entries *4). Further lowering of the reaction generated a 5.5:1 mixture of regioisomers in 81% vyield. The
temperature to-40 °C did not improve the ee (entry 5). No  major regioisomeB3awas derived from the proximal attack,
reaction occurred when the alkylation was attemptee-2a8 and no dialkylated produ@5awas isolated. However, major
°C. Interestingly, the ee was rather insensitive to the amount of isomer 33a had only 13% ee, presumably due to a rapid
the catalyst and the final concentration. On the other hand, theenantioface interconversion process. The possibility of a back-
ee was increased to 93% by the slow addition protocol (entries ground reaction was excluded by a control reaction in the
6 and 7). It should be noted that using this slow addition absence of the palladium catalyst which proceeded very slowly

Regiochemistry.The ionization of allylicgemdicarboxylates
by a Pd(0) catalyst generatasallylpalladium complex30 in
which the allyl unit is differentially substituted by a carboxy
group and an alkyl group (Scheme 2). Due to this unsymmetric
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Scheme 2.Regiochemistry of the Nucleophilic Addition toszaAllyl Complex

Nu
patha
® L “proximal” R/\/I\OCOR
I\ / attack 31
/\/?\COR' Pd(0), L Pd
RTN-"0COR -R'COS R/<\V7\ OCOR'
b
@>a Nu
4 path b
n RJ\/\OCOR
k) *distal"
attack R
Table 9. Alkylation of gemDiacetate with Dimethyl Ac ®
Methylmalonate \ . N: C(2<COQCH3 1% 16, 3% 17
ratic® % Ohe " COCHy  THF, 0°C, 5 h, 75%
time % yielP —— yield® % 7o "
entry R ligand (h) 33-+34 3334 (E2° 35 ed Ac
¢ H PPh 11 70 01 (20:1) 0 — MCOZCHS ™
2 H dppp 05 79 141 951) 7- CO,CHg
3 H 17 05 81 551 (1.41) 0 13) »
4 CHs PPh 05 71 271 (20:11) O —
2 g"b cligpp 22 gg ilgll é132':11) 204 o2 (46 nucleophile, the alkylation ol2a gave a 67% yield of two
7 (Cﬁ)zCHg PPh 4 69 251 51'721; 0 — “3) allylic isomers37 and38in a much lowered 2.3:1 regioselec-
8  (CHy):CHs dppp 1 62 571 (27:1) 0- tivity (eq 8). In contrast to the alkylation with4 (see Table 9,
9 (CHy).CH: (S9-17 5 73 12:1 (2.0:1) 0 9%nd) entry 6), the minor product possessed onB)-geometry.

a All reactions were run at 0C in THF with 2.0 equiv ofl4 in the
presence of 2.5%6 and 7.5% ligand except for entries 4 and 7 where
5% Pd(PPk)4 was used as catalystisolated yields¢ (E)- and @)-
isomeric ratio of the vinyl acetate@4 measured by GC! The ee of
the major regioisomes3 determined by théH NMR integration ratio
of the derivatized tri€d-methylmandelate estersReference 41 . The
ee of the 11:1 mixture ofH)- and @)-34b determined by GC ratio of
the derivatized 9-a-methylbenzylamided. Slow addition procedure

was applied" The ee of én9-33c

Surprisingly, a discrepancy between the ee of the m&ay (
90% ee) and the minoBB, 83% ee) isomers was noted.

/\iA ;
N OAc

12a

® @ CO,CH
Na O P2 15
P’ CO,CHg

1% 16,3% 17
THF, t, 3h, 67%

Ac
. =
to give only vinyl acetate84aas the product in less than 5% P P“?('\AOAC (8)
; HyCO.C CO,CH, HaCO,C CO,CH,
yield at room temperature after 24 h. o =

®
Na”™ ) CO,CH,

While chiral shift studies revealed the ee of the major

JC H3C—<0020H3 regioisomers, their absolute configuration was determined by

R OAc derivatization to the corresponding t@&methylmandelates in
see Table 9 the same manner as Scheme 1. On the other hand, analysis of

H4COy \chzocgaH ng,cg,a the minor products was carried out by derivatization$pd-

HiCOL™ s e och, (6) methylbenzylamided1 as shown in Scheme®The sequence

R0 R0k R COCH, involving acetalization, oxidation, and amide formation reactions

3% R=H 34a R=H 3B R=H uneventfully furnished the amide derivatives. GC integration

ﬁ’ 2:5:—137 %bg:g::% 33:2 228;37 of 41 readily revealed the de and thus the ee34b and 38.

Leaving Group. The key element of chiral induction in the
present system is differentiation of the two enantiotopic leaving

Alkyl substitutedgemdiacetates were next examined (entries
4-9). The regiochemical preference for the “proximal” attack 9roups in the ionization step where the two leaving groups
was more clearly manifested regardless of the ligand employed.eXperience a chiral recognition process. It was anticipated,
Within the achiral reactions, dppp generally provided a better therefore, that bulkier leaving groups might give better enan-
regioselectivity than triphenylphosphine. Unlike the unsubsti- tioselection. Along these lines, two series of geminal dipropi-
tuted system, the alkylation of these alkyl substituted systems ©nates and diisobutyrates were subjected to the alkylation, and

with ligand 17 induced high enantioselectivities, giviBgb and
33c in 92% and 93% ee, respectively. Interestingly, the

their results were compared with those from ¢feendiacetates
(eq 9 and Table 10). Under the standard conditiayen

asymmetric reactions exhibited higher regioselectivities than dipropionate12b was reacted with dimethyl methyimalonate
achiral reactions in accord with the results from the unsubstituted t0 produce a 5.5:1 mixture of isome4&b and44b in almost
system. When the alkyl substituent became significantly bulky quantitative yield (entry 2). The ee’s of major isordb and
as in eq 7, Complete regioselection could be achieved. Thethe mixture of minor prOdUCtQ4b were determined to be 92

reaction of isopropyl substitutedb furnished36 as a single

and 51%, respectively. On the other hand, the alkylaticyeof

product in 95% ee. However, with Sterica”y more Congested d||SObUtyra.te12Q Containing the bulkiest |eaVing group within

substrates such &&l, 7e 7k, and13a the alkylation did not
take place even at an elevated reaction temperaturggp3n
these cases, the startiggmdiacetates or the corresponding
o,f-unsaturated aldehydes were recovered.

The nucleophile also had an influence on the regioselectivity.

Using less reactive dimethyl sodiobenzylmalondt8) @s the

the series, gave a much lower regio- and enantioselectivity (entry
3). In the series ofemdicarboxylated0, all of the experiments
were performed under the standard conditions and duplicated
by using §9-17 as the ligand (entries 49). While the

(58) Hoye, T. R.; Koltun, D. OJ. Am. Chem. Sod998 120, 4638 and
references therein.
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Scheme 3.Derivatization of the Vinyl Acetates td5f-a-Methylbenzylamides

H
8 cat. TsOH Hy OCHg Jones
§ ~one CH4OH, 65 °C : OCH , acet
,65° 3 , acetone
H3CO,C CO,CHj3 3 CO,CH,

H4CO,
34b R = CH, 39a R = CHj (97%)
38 R =CH,Ph 39b R = CH,Ph (47%)
Cl
©
H3 H3 / { @ | H3 H3
R CO.H N—CHs
HN"Ph \— R N Pn
HsCOC CO,CH, TEA, CH,Ch, 90% HaCO,C CO,CH, M
40a B = CH, (89%) 41a R = CH, (90%)
40b R = CH,Ph (86%) 41b R = CH,Ph (98%)

Table 10. Alkylation of gemDicarboxylate with Dimethyl Methylmalonégte

entry R R ligand product % yieldl ratic® % ee
1 CHs CHs (89-17 (en)-42a+ (enh-44a 86 11:1 92 (43y
2 CHs CoHs (89-17 (en9-42b+ (en)-44b 99 5.5:1 98(51y
3 CHs CH(CHs), (RR-17 42c+ 44c 93 1.6:1 70(nd)
4 TBDPSOCH CHs; (RR)-17 43a 85 - or
5 TBDPSOCH CHs (89-17 (end-43a 76 - 89
6 TBDPSOCH CoHs (RR)-17 43b 95 - o1f
7 TBDPSOCH CoHs (89-17 (end-43b 97 - 89
8 TBDPSOCH CH(CHg), (RR)-17 43c 87 - 79
9 TBDPSOCH CH(CHs). (89-17 (end-43c 83 - 74

2 All reactions were run in THF at €C with 2.5%16 and 7.5% ligand® Isolated yields¢ Isomeric ratio determined by G@Determined byH
NMR integration of the trig®-methylmandelate® The ee of the minor isomeE(Z = 6.8:1) determined by GC ratio of th&)¢o-methylbenzylamide.
fChiral shift studies with)-Eu(hfc) on the desilylated alcohols.

alkylation in this series gave only one regioisomer as the Diastereoselective Alkylation.So far, all of the substrates
alkylation product, the ee showed a similar pattern as the methyl-employed in these asymmetric reactions had been achiral.
substituted substrates. Namely, the propionate-leaving groupHowever, substrates possessing a stereogenic center adjacent
gave a comparable ee, and the isobutyrate-leaving group led tato the allylic alkylation site may experience effects on their

a precipitous decrease in ee (entries 8 and 9). diastereoselectivity, thereby creating an issue of reagent versus
® substrate stereocontrol. To address this issue, two chiral
/\j\cow Na  ©CO,CHy  2.5% 16, 7.5%17 substrates were subjected to the alkylation with dimethyl
*  HC R . .
" X"ocoRr S cocH, T sodlomc_athylmqlonate (eq _ll, Table 11). The alkylat|or_1 of
d-mannitol derived7c exhibited rather strong stereochemical
HLO,G L bias when achiral triphenylphosphine was used as ligand. The
HCOCS— . TYO0:CH, f RR)-17 reinforced the pref i ing the d
P A _ ©) use of RR)-17 reinforced the pre erence increasing the dr to
RN ocor R OCOR 96:4. On the other hand, the formation of a 1:1 diastereomeric
42 R=CHs 44 R = CHg mixture was observed witt§(S)-17 which apparently caused a

43 R =TBDPSOCH, mismatched event. Similarly, acyclic chiral substra8e was

The adverse effect of a larger leaving group was more clearly also examined (entries—fl?). The. alkylation uging dppp Iiga_md
noted when the alkylation was carried out witB. With this occurred ina nonselectwg fashion resulting in the formation of
nucleophile, even the propionate-leaving group no longer the two dlaster_eomers in equal amounts. Employment of
provided a result comparable to that of the acetate (eq 10). TheliPhenylphosphine revealed a small stereochemical bias of the
alkylation of dipropionatel2b with 15 gave rise to a mixture ~ Substrate. The reversal of intrinsic bias, albeit to a small degree,
of regioisomers in which the major isomd# had only 67%  Was realized by the use oRR)-17. However, the reaction
ee. Furthermore, the reaction occurred more slowly, giving a Suffered from poor conversion as the starting material was
much lowered 2.3:1 regioselectivity. This result stands in Mostly recovered after prolonged reaction time. The slight
contrast to those from the alkylation &2awith 14 (Table 9 preference for8b by triphenylphosphine ligand was switched
entry 6) and the alkylation af2awith 15 (eq 8). to complete control of diastereoselectivity by chiral liga8b)-

17, which in this case represented a matched ligand.

@ ©,00:0Hs
a
/" co,cH
CHs O O P 5 00 Na® © LOLCH,
A o o Ac Ha
0" CoHs 1% 16,3% 17 CO,CH,
THF, 1t, § h, 82% RN"opc

12 o Pd(0), Ligand

A CoHs JOL Ac QAc
7 ?
. P + o) CoHs ( 10) R X . R/\/?( ( 1 1)
H3CO,C CO,CH;, HaCOC COCHy HyCO,C CO,CH, H3CO,C CO,CHZ

45 (67% ee) 23:1 46 (EZ=6.311) p .
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Table 11. Diastereoselective Alkylation

Entry R Ligand Time ¢h) Product % Yield* dr°
47 : 48
A~
1 S(O PPh, 8 47a + 48a 50 88:12
2 7e (R,R)-17 4 77 96 :4
3 (S,8)-17 6 81 50:50
YLLi
4 TBDPSO dppp 8 47b + 48b 50 50: 50
5 PPh 8 50 38:62
13¢ ?
6 (R,R)-17 12 21 54 : 46
7 (8,8)-17 8 55 0:100

2|solated yieldsP Diastereomeric ratio determined By NMR integration.

Scheme 4.Mode of Enantioselective loinzation and Stereochemical Mnemonic

OCOR' . R'OCO
OCOR
Pd(0) Pd(0) . P
R/\\‘)\OCOR' — R/\/LOCOR, Roco)% R
J (RR)17 (5,917
—R'CC}ge CCW ionization CW ionization ‘ —R'COge
@ /%%ocon' ® HOC
RUEK Socor + R ROCO™ G R+ R
Discussion series supports this interpretation. Nevertheless, for simplicity,

the cartoon depicts the time-average situation. Considering the
effective Co-symmetry of the ligand and the geometry of the
allyl unit (M or W shape), there are four possible transition
states for the ionization. First, two different trajectoriegp

and endq for the ionization arise due to the structure of the
m-allyl complex in which the metal cants toward tlati
substituents to allow a better overlap between the metal and

The results of the present investigation demonstrate the
feasibility of discriminating two enantiotopic geminal leaving
groups by the AAA reaction. The allylic substitution reactions
using ligandL7 give only the mono-alkylated product with high
regio- and enantioselectivity. It is worth noting that the
corresponding desymmetrization by enzymatic hydrolysis or

acylation is not feasible with t.hese 1,1-diol derivatives. More- the allyl unit. These two pathways differ in their orientation
over, the absolute stereochemistry of the product can be correctlyrelative to therr-allyl. The exopathway involves departure of

Pt o e e o Sl Seeherica PO e eaving group o he e of sttt hereas
P pny 9 in the endopathway the same event takes place from the side

L g ad g i
grli;?f::?éna;?oéz(zt rsnl?gdgeesiftrllzrt"tzh%e“ﬁckc\_/‘ilsg: o?eczuﬁ{etrr;?ock- of the anti substituent. Within these two pathways, @eo
wise rotation of the ligand with respect to the substrate occur pathway should be preferred since this trajectory is closer to
. : . . . the optimum angle with respect to the newly forming pal-
in a highly selective fashion (see Scheme 4 and earlier #ork ladium—carbon bond. Given this stereoelectronic argument, the
{g:}é;ﬁgﬁr gﬁ)ig;gt'gzccgnzgzr:iyeiechnmg?i?'ﬁpg:ﬁn;mi_th's additional consideration of a steric interaction provided by the
orientation of the allylic substituent within one mode of chiral ligand suggests that the expulsion of the leaving group
ionization since thavr andanti-r-allvl complexes would lead through the raised flap should be favored. It is conceivable that
to the formation of )(/enantiomeric pr)(/)ductsp the difference in the transition-state energy between ionization
. . ST . of this fashion and that of other modes becomes larger since
Thbe selzcnotn p(rjogesses |nlthe 'O(;"Tat'og arnol a(ljlgylalzt!o?ﬁstezpsthe development of an anionic charge on the leaving group is
%?]r.] N utn ers O% | y?.s'm?he mo d‘? t"’.‘s epicte :‘nth Igure I. accompanied by solvation in the transition state. This transition
clockaise or counterclockwise fotation-based mnemonic, and SCie 19uMment, © a firstorder approximation, is equally appii
ST ) e . o cable to the nucleophilic addition step based on the principle
more significantly, imparts physical interpretations. While the of microscopic reversibility (X~ = Nw- in Figure 2).

model adopts a representation 'm{OIV'@ symmetry, this In theexoionization event that occurs through the raised flap,
representation does not likely describe the instantaneous strucs

ture. The ligand bound to the metal likelv adopts conformations the substrate can ionize through another transition state, leading
Iead.in tog non-¢ symmetrical structli/res \I/)vhose dynamic to the formation of asynanti-z-allyl complex (Figure 3).

9 ymim . y However, this transition state involves the development of
behavior creates a functional equivalent@fsymmetry. The

observed memory effeé&and an X-ray structub€in a related (60) Trost, B. M.; Bunt, R. CJ. Am. Chem. S0d.996 118, 235. Also
see: Lloyd-Jones, G. G.; Sephen, SGbem. Eur. J1998 4, 2539; Poli,

(59) Trost, B. M.; Toste, F. DJ. Am. Chem. S0d.999 121, 4545. G.; Scolastico, CChemtracts: Org. Cheml999 12, 837.
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Figure 2. Transition state models for ionization (and nucleophilic addition).
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Figure 3. Transition states fosyn,syn andsyn,antiz-allyl complex formation.

unfavorable A3-allylic strain between thanti-substituent and of formation of the dialkylated produc26 is important in
the anti-hydrogen, and the steric hindrance betweenahi: interpretating the resulting enantioselectivity due to the kinetic
substituent and the wall of the chiral pocket. Furthermore, the picture shown in Scheme 5. In the first alkylation, becat&i)f
preference for asynsyngeometry by ligandl7 is consistent 17 favors the ionization of th@ro-Sleaving group, reaction
with all of the results from other acyclic systems such as the “a” should be faster than reaction “b”, leading to an excess of
1,3-dimethylallyl systeni>62 Thus, the high enantioselectivity — enantiome®4 over enf-24. On the other hand, this same ligand
obtained from the present reaction is believed to stem initially may promote the second alkylation via the ionizationeff(
from the preference for the formation of the diastereomeric 24 to a greater extent tha. As a consequence, the eeZsf
synsyns-allyl intermediate. Although this intermediate is not can be enriched by over-reaction at the expense of the yield.
necessarily the most stabteallyl species, it may well be the  Since the dialkylation was never observed in the reactions using
most reactive intermediate since the nucleophilic addition chiral ligand17, the obtained ee should reflect the true chiral
process undergoes a reverse mechanistic pathway of ionizatiordiscrimination. From the ligand-screening experiments, the
with respect to the interactions between the chiral ligand and strong dependence of the enantioselectivity on all of the
the substrate. Therefore, this model can be applied to both thecomponents of the ligand is readily noted. Although it is rather
ionization and nucleophilic addition steps to fully explain the difficult at this point to formulate the requirements for a good
observed pattern of enantio- and regioselectivities. ligand in this reaction, the results clearly support that all of the
In contrast to the alkylations using achiral ligands, asymmetric structural and electronic elements of the parent lighficre
reactions produce only the monoalkylated product. The dialky- significant for the successful alkylation.
lation seems to be a result of the rapid second ionization by the Although solvents participate in many different aspects of
sterically less demanding palladium{@ppp complex. The lack  the reaction, often making interpretation of their specific role
(61) Trost, B. M.; Krueger, A. C.; Bunt, R. C.; Zambrano,JJ.Am. very dlffl?Ult, th.e.y have qn effect On. the |on|z_at|o.n and
Chem. Soc1996 118 6520. nucleophilic addition steps in the catalytic cycle which involve
(62) Trost, B. M.; Radinov, RJ. Am. Chem. S0d.997, 119, 5962. charge development and neutralization proce3s€ke degree
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Scheme 5. Kinetic Amplification of Enantioselectivity by Dialkylation

o
fast RO RO siow P
pro~(S) m~na SN one xn c COiCHz
e o 2 ® %
QA(I:-l Pd(0) N..T CQ<0020H3 Na @ CO.CHs
: Ha—<
RO ~0ac (RAI7 \ = COLH, O cocHy
\ " " FOCHa
10a R=TBDPS ~ Pro-(R) slow Qhe, fast £-C0,CHy
_Slow . Ro_ CO,CH;, RO~ CO,CH,
nb CO,CHjZ xnd wcochs
(ent)-24 (ent)-26

of chiral recognition can vary due to the differential solvation The results from the effect of temperature and concentration
of the incipient ionicr-allyl complex in the enantio-discriminat-  lead to a simple conclusion that a lower reaction temperature
ing ionization step. Similarly, the rate of nucleophilic addition and a higher nucleophile concentration give a better enantiose-
is affected by solvation of the electrophile and the nucleophile, lectivity. The increase in ee observed in cooling from°25to
both of which are charged species. The observations from the0 °C seems to arise from better chiral recognition at a lower
solvent-screening experiments indicate that the origin of the reaction temperature. However, no improvement of the ee by
effect on the ee lies both in the polarity of solvents and their further lowering the reaction temperature suggests that the good
coordinating ability. Ethereal solvents of intermediate polarity enantio-discrimination achieved in the ionization step should
(e.g. THF, DME, and 1,4-dioxane) provide the best results. be followed by a fast nucleophilic addition. Given the fact that
Nonpolar solvents appear to be a medium for good chiral the enantioselectivity of these alkylations is rather insensitive
recognition although the subsequent nucleophilic addition is to the amount of the catalyst, the direct metadetal displace-
sluggish due to their poor ability to solvate the nucleophile. To ment mechanism is unlikely to be the source of lowering the
the extent that the ionization is reversible, the slow rate of the ee. The slow addition procedure, which would make occurrence
nucleophilic addition fails to reflect the initial enantiodiscrimi- of this process more likely due to the increased catalyst
nation because the “mismatched” ionization becomes more concentration with respect to that of substrate, generally gives
competitive in this situation. The opposite may be true for cases better ee’s instead.
with polar solvents. The good ee’s obtained with ethereal The regioselectivity of the alkylation is primarily reflective
solvents suggest that an optimal compromise may be reachedf the strong electronic effect of an oxygen atom that stabilizes
between the degree of enantioselective ionization and the ratethe a-cation through resonance favoring nucleophilic attack at
of the nucleophilic addition owing to the relatively nonpolar, that carbon. This preference is reinforced by the effect of the
yet coordinating nature of these solvents. substituents as in the case @f (R = Ph) and10a (R =

The nonlinear relationship between ee and the ionic radius TBDPSOCH). While the aromatic ring favors formation of the
of the cation attests to the complex nature of these alkylations. regioisomers in which the resultant double bond is conjugated
Given that the enantio-discriminating event occurs in the with the phenyl group (path “a” in Scheme 2), the silyloxy-
ionization step, the nature of the nucleophile should, a priori, methyl substituent irlOa disfavors nucleophilic attack at the
not affect the initial asymmetric induction process. Therefore, adjacent carbon (path “b”) due to its destabilizing effect on a
the observed variance of ee appears to be the consequence gfartial cationic charge, and thus leads to a “proximal” alkylation
an indirect effect derived from the rate of the nucleophilic product. In addition to these substrate originated factors, the
addition®? Since the different counterions can cause the dif- ameliorative influence of the chiral ligand on the regioselectivity
ferential solvation and aggregation of the nucleophile, it is is readily apparent from the results. The higher regiocontrol in
conceivable that the efficiency of quenching thallyl inter- the asymmetric reaction relative to achiral reactions stems from
mediate by a nucleophile can vary, depending on the counterion.the chiral recognition by ligand?. If the chiral ligand favors
In cases where the nucleophile is slow to react, reversal of thea certain mode of ionization, the reverse pathway, which
“matched” ionization occurs and ultimately leads to significant involves a nucleophilic attack at carbon where the leaving group

competition of the “mismatched” ionization. Since 8255% was placed, should also be favored.
of (73-C3HsPdCl), (16) was used as a palladium source, the  The formation of E)- and @)-alkenes in the minor regio-
reaction mixture always contains *6.0% chloride ion. isomer is indicative of the presence of the c—sr isomerization

Therefore, it is likely that the additive effects reside mostly in among thez-allyl intermediates prior to the nucleophilic addition
the cation rather than aniéAThe addition of alkylammonium  (Scheme 6). This isomerization represents an enantioface
salts did promote solvation of the nucleophile, providing interconversion process in the case of=RH, presumably
homogeneous reaction mixtures. However, this increased solu-leading to the poor enantioselectivity of the unsubstituted
bility did not translate into an increase in the reaction rate. system. It is important to note thafZ)talkene was never
Instead, nucleophiles with an alkylammonium cation generally observed as the major isomer. This fact suggests that the
retarded the reaction, with the retardation increasing with anti,syncomplex is not formed or that otharallyl complexes
increasing siz&} and decreased the ee. Interestingly, the smaller are more reactive. It is also possible that #mi,syncomplex
alkylammonium cations give higher ee’s in accord with the trend undergoes nucleophilic attack exclusively at the distal carbon.
observed in the solvent-screening experiment; faster reactionsThe much lower ee’s of the minor products relative to the major
give higher ee’s. This effect is again opposite to that observed isomer is in part derived from the fact that the ee was determined
when nucleophilic attack is the enatiodiscriminating evént.  from a mixture of E)- and @)-isomers. The configuration of

(63) Burckhardt, U.; Baumann, M.; Togni, Aetrahedron: Asymmetry the distal .Carbon in theynsyn and synanti -isomers WO.U|d
1997 8, 155. be opposite to each other because theo—sm mechanism

(64) Trost, B. M.; Bunt, R. CJ. Am. Chem. S0d.998 120, 70. entails ar-facial interconversion process, leading to a change
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Scheme 6.lsomerization ofz-Allyl Complexes viar—o—x
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in both the configuration of the stereogenic center and the
geometry of the olefin. Therefore, the ee obtained from E)e (
and @) mixture of 34 should reflect the consequence of the

isomerization process to give a much lower ee than that of the

major isomer33.

However, the lower ee @8 relative to37 raises an interesting
mechanistic question as to the origin of the minor product. The
factors that lead to higher ee’s (i.e. high concentration of the

J. Am. Chem. Soc., Vol. 123, No. 16,

leaving groups become diastereotopic. While the leaving group
anti to then?-palladium-olefin complex is ionized, the rotation
about the C+C2 bond can change the orientation of the leaving
group. To the extent that a preequilibrium between these two
species is established via this bond rotation and the reversible
complexation, the ionization favors the formation ef1f)-50
over (@nti-50. If the R group is sterically demanding, steric
interactions between the carboxylatel®sand the pocket might
begin to disfavor49s relative to 49a The fact that 1,3-
disubstituted allyl systems bearing sterically bulky substituents
are poor substrates with these catalysts support this conté&htion.
As a consequence, the degree of differentiation between the two
species becomes smaller, and thus competitive formation of
(en)-2 lowers the ee. Alternatively, it is possible that the
preference of the remaining carboxy group to assumeittie
position becomes larger as the steric demand increases. Indeed,
such change a$ynversusanti preference by chiral ligand7
has been utilized in the stereoselective synthesis of)a (
alkenet®

The results of the diastereoselective alkylations attest to the
presence of the matched and mismatched ionizations. As is
evident from the results with achiral ligands, the two substrates

nucleophile or slow addition of the substrate) suggest the 5.6 5 stereochemical bias. It is interesting to note that the

existence of a mechanism eroding the ee before the nucleophilic

addition step. Although the background reaction could form
vinyl acetate38 in a racemic fashion, the slow rate of this
process in the control experiment and the excludgjegéometry
make this possibility less likely to be responsible for the lower
ee. Instead, a simple rationalization evolves from the possibility
that the generated-allylpalladium intermediates may have
differential reactivities toward the nucleophile. As is shown in
Scheme 7, ligand.7 generates the two diastereomerieal-
lylpalladium intermediated7 and 48 with different rates. In
the case of the matched ionization, the nucleophilic addition
leading to the formation of allylic aceta8¥ should be favored

since it constitutes another matched process (i.e. microscopic
reverse of the ionization). When the subsequent nucleophilic

addition is slow, the return of the-allylpalladium intermediate

to starting diacetat®2acompetes with alkylation. With the less
reactive nucleophild5, more significant competition between
the matched and mismatched ionization would cause an erosio
of the ee. Furthermore, “distal attack” of the nucleophile to the
mismatched intermediats becomes a matched process leading
to preferential formation of enantiomeric vinyl acetaenf-

38. Consequently, the ee of minor ison®8 and the regiose-
lectivity of the overall alkylation deteriorate. Therefore, for the
maximum chiral induction and regioselection, the kinetically
preferred -allyl intermediate47 must be captured by the
nucleophile before it undergoes any kind of selectivity-lowering
process.

The similar acidity (jKs) of acetic (4.75), propionic (4.86),

structural feature of these systems permits an opportunity for
1,4-asymmetric induction, and thus the alkylation product is
equivalent to a vinylogous FelkirAnh adduct. The bias is
believed to arise from the conformational preference of the
allylic systems upon coordination to Pd(0) (Scheme 9). In the
case of achiral ligands, the initial facial selectivity in the
complexation more or less determines the de of the reaction.
On the other hand, a certain mode of ionization (clockwise vs
counterclockwise) is favored by the chiral ligands. Since the
coordination is reversible, this two-stage selection process allows
the chiral ligands to amplify the inherent stereochemical bias
of the substrates in the matched cases.

Considering the factors discussed thus far, a unified kinetic
picture that outlines the pathways for enantio- and regioselective
alkylation of gemdicarboxylates can be formulated (Scheme
10). In this scheme, all of the favored pathways are drawn as a
solid line. With ligand R R)-17, the initial ionization that occurs

"n a counterclockwise motion and generatesyasynr-allyl

intermediate is kinetically preferred. While this intermediate can
undergo an isomerization process via-ac—m mechanism to
generate isomerig-allyl complexes, the mode of the nucleo-
philic addition to each complex is again influenced by the chiral
pocket, providing control of regioselectivity. The major product
is derived from a series of kinetically favored events, each of
which constitutes a matched process. It is remarkable that the
alkylation using ligandlL7 produces the major product out of
numerous kinetic possibilities in a highly enantio- and regiose-
lective fashion.

and isobutyric (4.84) acids suggests that the unexpected inverse
relationship between the ee and the size of the leaving groupconclusions

may be mostly steric in origin. In particular, precipitous drops
of the ee’s by changing leaving groups from a linear propionate
to a branched isobutyrate indicates that chiral ligaidas a

well defined chiral pocket to differentiate the branching in the
leaving group. However, the complicated nature of the chiral
recognition process, which originates from the two prochiral

In summary, a new strategy in the enantioselective allylic
alkylation reaction has been developed using all\diem
dicarboxylates as substrates and alkylmalonates as nucleophiles.
The complex derived from palladium(0) and ligahdwas most
effective, giving rise to the alkylation product in high enantio-

elements, the two faces of the double bond, and the two and regioselectivities. The sense of induced stereochemistry can

enantiotopic leaving groups, makes it rather difficult to rational-

be correctly predicted on the basis of a simple stereochemical

ize these results. Nevertheless, a simplified picture wherein only mnemonic. Simple comparison of the results from the achiral

counterclockwise ionization is considered, may explain the

observed results (Scheme 8). Upon coordination of the pal-

ladium(0)-17 complex to the double bond, the two enantiotopic

(65) Trost, B. M.; Oslob, J. DJ. Am. Chem. S0d.999 121, 3057.
(66) Trost, B. M.; Heinemann, C.; Ariza, X.; Weigand,J5Am. Chem.
So0c.1999 121, 8667.
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Scheme 7.Matched and Mis-matched lonization and Nucleophilic Addition
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reactions and their asymmetric version reveals that chiral ligand represents a novel process of differentiation between two
17 not only performs the alkylation in a highly enantioselective geminal carborroxygen bonds, a difficult transformation by
fashion but also provides excellent chemo- and regioselectivities. enzymatic methods. Synthetically, the present reaction consti-
By systematic studies, various factors affecting the stereochem-tutes the equivalent of a stabilized nucleophile addition to a
ical outcome of the reaction have been probed and analyzed.carbonyl group with high asymmetric induction.

Proper control of reaction conditions proves critical for obtaining ) .

high ee’s &90%). Among reaction parameters, the solvent and EXPerimental Section

the concentration of the nucleophile are most important. The  1-Methoxy-1-(3,3-diacetoxy-1(E)-propen-1-yl)-cyclopentane (13a).
observed solvent and concentration effects suggest that twoProcedure A.Freshly distilled acetic acid (0.70 mL, 12.2 mmol) was
conditions must be met in order to obtain good enantio- and added to a solution of Rdba-CHCls (41.4 mg, 0.040 mmol) and
regiocontrol of the reaction: (1) a good level of chiral triphenylt|ohosphirt1e (I%ﬂmgt’ho-m(l) rt‘_’mo')t_i” c:jefgasssed_ toluencla (t:?o mlf_)
recognition in the ionization step and (2) the effective capture &t 00M lemperature. Alter the solution stirred for > min, a solution o
of the kineticz-allyl intermediate in the nucleophilic addition. 6a(0.785 g, 4.00 mmol) in toluene (20 mL) was added, and the resultant

A . f th Its f fi f structurall mixture was heated at 1EC for 4 h. The reaction mixture was cooled,
comparison of the results from reactions ot Structurally c,ncentrated, and purified by flash chromatography on a silica gel

different geminal diesters such as diacetates, dipropionates, andoymn (hexanes/ethy! acetate 15:1) to yield diacetaas a clear
diisobutyrates provides further mechanistic insight into the chiral oj| (0.897 g, 87%).

recognition process and the kinetic picture of the reaction. The  Procedure B. Acetic acid (0.43 mL, 7.52 mmol) was added to a
mode of asymmetric induction achieved in the present study solution of Pd(PP§), (29 mg, 0.025 mmol) in degassed toluene (20
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Scheme 10.Reaction Pathways for Asymmetric Alkylation gémDicarboxylates
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mL) at room temperature. After the solution stirred for 5 min, acetate and the progress was monitored by TLC or GC. After complete
6a(0.985 g, 5.02 mmol) in toluene (10 mL) was added, and the resultant consumption of the starting material or cessation of the reaction, the
mixture was heated at 12C for 12 h. The reaction mixture was cooled, reaction mixture was poured into 10% aqueous Nali&®@ extracted
concentrated, and purified by flash chromatography on a silica gel with ether or ethyl acetate. The combined organic extracts were washed

column (hexanes/ethyl acetate 15:1) to yield diacei&=(1.150 g, with brine, dried over anhydrous MgQQconcentrated, and purified
89%): t, = 7.94 min (GC); IR (film) vmax 1766, 1676, 1436, 1373, by flash chromatography on a silica gel column with ethyl acetate/
1242, 1204, 1069, 1009, 961 ct *H NMR (300 MHz, CDC}) 6 hexanes (or petroleum ether) mixture as an eluent.

7.15 (dd,J = 6.0, 0.9 Hz, 1H), 6.02 (dd] = 16.0, 0.9 Hz, 1H), 5.65 B. Slow Addition Procedure. The nucleophile 14 or 15) was

(dd,J = 16.0, 6.0 Hz, 1H), 3.11 (s, 3H), 2.09 (s, 6H), 1-8083 (m, generated in the same manner as described in the standard procedure.
2H), 1.80-1.57 (m, 6H);3C NMR (75 MHz, CDC}) 6 168.8, 139.7, A solution of the palladium catalyst and the ligand in THF was added
122.9, 89.3, 86.1, 50.9, 35.7, 23.0, 20.8; Anal. Calcd faHgOs: C, to the nucleophile solution via a cannula. To this mixture was added a
60.92; H, 7.87. Found: C, 60.82; H, 7.71. solution of the geminal dicarboxylate in THF by a syringe pump over

(9)-1,1-Diacetoxy-4-ert-butyldimethylsilyloxy)-pent-2(E)-ene (13b). an indicated period of time (35 h). After the addition was complete,
Freshly distilled acetic acid (0.028 mL, 0.490 mmol) was added to a the reaction mixture was stirred for an additional hour and worked up
solution of Pd(dba}-CHCl; (2.5 mg, 0.0022 mmol) and tof in the same manner as the standard procedure.
methoxyphenyl)phosphine (6.8 mg, 0.019 mmol) in degassed toluene  Dimethyl (2'E,1'R)-2-[1'-Acetoxy-4-(tert-butyldiphenylsilyloxy)-

(1.5 mL) at room temperature. A solution of acetébe(62 mg, 0.242 2'-buten-1'-yl]-2-methylmalonate (24).Following the standard pro-
mmol) in toluene (1 mL) was added, and the resultant mixture was cedure, the reaction of diacetal®a (0.325 g, 0.762 mmol) with
heated at 110C for 4 h. After cooling to room temperature, the reaction dimethyl sodiomethylmalonatel4), prepared from sodium hydride
mixture was concentrated and chromatographed on a silica gel column(60% dispersion, 50 mg, 1.25 mmol) and dimethyl methylmalonate
(hexanes/ethyl acetate 15:1) to yield diacetaté3tsa clear oil (46.5 (0.200 g, 1.37 mmol), was performed in THF (1.5 mL) at room

mg, 61%): t, = 8.02 min (GC); ft]p +0.11 € 2.37, CHC}); IR (film) temperature fo2 h in thepresence ofr-allylpalladium chloride dimer
vmax 1766, 1682, 1473, 1442, 1372, 1247, 1205, 1142, 1094, 1051, 16 (7.0 mg, 0.019 mmol) andR(R-17 (42 mg, 0.061 mmol).
1007, 964 cm?; *H NMR (300 MHz, CDC}) 6 7.14 (d,J = 6.3 Hz, Purification by flash chromatography on a silica gel column (hexanes/
1H), 6.02 (dddJ = 15.5, 4.4, 0.8 Hz, 1H), 5.70 (ddd,= 15.5, 6.3, ethyl acetate 15:1) afforded acet@teas a colorless oil (0.265 g, 68%,
1.1 Hz, 1H), 4.39-4.30 (m, 1H), 2.08 (s, 6H), 1.21 (d,= 6.4 Hz, 89% ee). Following the slow addition procedut®a (0.410 g, 0.964
3H), 0.89 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3HC NMR (75 MHz, CDC}) mmol) in THF (3 mL) was reacted with4 by adding to a mixture of

0168.82, 166.79, 141.3,121.4,89.2, 67.7, 25.7, 23.7, 20.7, 18.9, sodium hydride (48.7 mg, 1.93 mmol), dimethyl methylmalonate (0.325
—5.0; HRMS Calcd for @H2s03Si (M* — C,H30,) 257.1573, Found g, 2.41 mmol),16 (1.8 mg, 0.0049 mmol), andi7 (10.0 mg, 0.0145
257.1576. mmol) in THF (2 mL) via a pump driven syringe at5 °C over 3 h.
Pd-Catalyzed Asymmetric Allylic Alkylation. General Proce- After stirring for an additional hour followed by a standard workup,
dures. A. Standard Procedure.To a suspension of sodium hydride  flash chromatography on a silica gel column (hexanes/ethyl acetate 15:
in THF (or an indicated solvent) was added dimethyl methyl- or 1) gave24 as a colorless oil (0.429 g, 87%, 93% eej]d —8.95
benzylmalonate at OC. The mixture was stirred until evolution of  1.05, CHCY); IR (film) vmax 1748, 1590, 1429, 1372, 1227, 1112, 1022,
hydrogen ceased. To this mixture was added a solution-alfylpal- 824 cnt!; 'H NMR (300 MHz, CDC}) 6 7.67-7.63 (m, 4H), 7.43
ladium chloride dimer6), ligand17 (or an indicated ligand), and the ~ 7.35 (m, 6H), 6.025.99 (m, 1H), 5.845.83 (m, 2H), 4.19 (s, 2H),
geminal dicarboxylate in THF (or an indicated solvent) via cannula. 3.71 (s, 3H), 3.70 (s, 3H), 2.05 (s, 3H), 1.47 (s, 3H), 1.04 (s, 91D);
The resulting orange solution was stirred &00(or room temperature), NMR (100 MHz, CDC}) ¢ 170.1, 169.7, 169.4, 135.6, 135.5, 134.7,
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