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1. Introduction

During the past decade, there has been a remarkablez' Asymmetric Catalysis by Chiral DMAP

increase in interest in “organocatalytic” processéspart, Catalysts
this has been driven by the desire to develop environmentally  Perhaps the most straightforward approach to the design
friendly methods that obviate the need for potentially toxic of a chiral variant of DMAP would be to introduce the
metal-based catalysts. One particularly useful mode of asymmetric environment by incorporating an appropriate
reactivity of organocatalysts is as nucleophilic catalysts.  substituent in the 2 position. However, as demonstrated in
Among nucleophilic catalysts, 4-(dimethylamino)pyridine Litvinenko and Kirichenko’s original study, the presence of
(DMAP) has proved to be particularly versatile. Its utility even a small group (methyl) adjacent to the nitrogen
in organic chemistry was first described in two pioneering markedly erodes the activity of pyridines as nucleophilic
reports in the late 1960s. Thus, in 1967 Litvinenko and catalysts (eq 13.n a nutshell, it is this sensitivity of pyridine-
Kirichenko established that DMAP provides &406ld rate based nucleophilic catalysts to substitution at the 2 position
enhancement (versus pyridine) in the benzoylation of 3-chlo- that has provided the central challenge in the design of a
roaniline? Very soon thereafter, Steglich and#todescribed ~ chiral DMAP derivative: how can one best project an
the use of DMAP as a catalyst for the acetylation of a effective chiral environment without paying an unacceptable

sterically congested alcohol, 1-methylcyclohexahol. cost with respect to reactivity?

Since these initial studies, the breadth of applications of oyridine
DMAP as a catalyst in organic synthesis has increased PN i catalyst )OL 0
dramatically, and these developments have been the subject PR™ OH e 7 P ™N0” ph
of a number of excellent reviewis.In view of the versatility NMe,
of DMAP, a logical next step was to devise a chiral variant ~ x N
that would achieve asymmetric catalysis, and the first O Q |
progress toward attaining this objective was reported by relative N N"*"Me N ,
Vedejs in 1996. Beginning with that seminal work, this rate 1 0.047 87x10
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reaction. [Reprinted with permission from ref 11. Copyright 1981
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2.1. Kinetic Resolutions
NMe,
2.1.1. Resolutions of Alcohols N
S . . | ()
The kinetic resolution of racemic secondary alcohols has NT N FBU
served as the primary testing ground for the design and de- OMe

velopment of chiral DMAP derivatives. Enantiopure second-
ary alcohols are important targets in organic chemistry (e.g.,
natural products, bioactive non-natural products, and chiral
ligands), and a diverse array of approaches have been de-
scribed for their synthesfKinetic resolution via enzymatic

derivatives4.

acylation/deacylation is one widely used method, although gcheme 1

this strategy can suffer from drawbacks such as low

1

and yields. Displacement of the chloride with HNjMend
alkylation of the alcohols then furnished the chiral DMAP

volumetric throughput, high cost, and poor generdfity. R'Max T Bakor T
The selectivity factor (selectivity factos s = [rate of [ LN 1 _Bakersyeast (N 1
fast-reacting enantiomer]/[rate of slow-reacting enantiomer]) NTeN TEET SN R 0B N R
provides a measure of the efficiency of a kinetic resolution. 2 ’ 3 OH
For calibration, a kinetic resolution that proceeds with a  R=Cl NMe, R'=Me, Et, n-Pr, Bu, Ph ReCl
selectivity factor greater than 10 furnishes unreacted starting HNMe,
material with>90% ee at 62% conversion. This valuse quant.
10) is often employed as the threshold for a synthetically NMe, NMe,
useful kinetic resolution. Of course, even higher selectivity )
factors are desirable, e.g., a process with50 affords start- B PR LAEE (s B
ing material with>99% ee at 55% conversion (Figurelt). N 1g.orown6 N>R
2.1.1.1. Catalysts with a Stereogenic Centeflhe first 24 OR? ’ OH
R* = Me, n-Bu

report of the development of an effective chiral DMAP deriv-
ative was provided by Vedejs and Chen in 1996. this o ) »
pioneering study, a 2-substituted DMAP was employed as a Under otherwise identical conditions to those reported by
stoichiometricchiral acylating agent for the kinetic resolution  Vedejs and Chen, the catalysts prepared by Gotor were tested
of racemic secondary alcohols (eq 2). In a typical experiment, in the kinetic resolution of £)-1-phenylethanol. Inferior
enantiopure DMAP derivativé (for the synthesis of, see  levels of selectivity up to 10.1 (catalydt R* = Bu, R¢ =

eq ¥) was treated with 2,2,2-trichloro-1,1-dimethyletnyl Me) were observed for the most selective analogue.
chloroformate, thereby generating an acylpyridinium salt  n 1997, Vedejs and Chen reported a resolution protocol
(identified by *H NMR spectroscopy). This adduct did not where_ln two st0|ch|ometr|.c chiral reagents were employed
react with typical secondary alcohols at room temperature, t0 achieve a parallel kinetic resolution (eq®#}*“Because
However, addition of a tertiary amine @&t or 1,2,2,6,6- the quasienantiomeric acylating agents prefer to acylate

pentamethylpiperidine) and a Lewis acid (anhydrous ZnCl

or MgBr,) led to the desired acyl transfer reaction. iMe2 Me
Kinetic resolutions of a broad range of arylalkylcarbinols | = 07 A

(selectivity factors up to 53) as well as one allylic alcohol Me Mo N >y FBY OH Me Me '

(s = 14) were described. Enantiopure DMAP derivatiive ol cxo/l*o OMe Ar “Me  ChC” 0" 7O

that was recovered from the reactions after aqueous workup ° cr racemic 46% yield, 88% ee @

could be reused without any loss in selectivity. NMe, MgBr, Me
Gotor reported an alternative synthesis of various ana- N EtN

logues of DMAP derivativd (Scheme 1}2 Thus, treatment
of 2-cyanopyridine2 with a Grignard reagent followed by
Baker’s yeast reduction of the resulting ketone furnished the
corresponding secondary alcoh8lsy moderate to high ee’s

Me I t-Bu

N Y
Me/& 0Bn
[e o] or
Me

Me k
Ar = 1-naphthyl O “Ar
Me /&
o” 0
Me

49% yield, 95% de
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interactions are important for selectivity. Interestingly, a

Tsteps_ 1) ‘ pivaloate-protected 1,2-diol could also be kinetically resolved
FQ N : by catalyst5 with good selectivity ¢ = 8).
HOZC o 2)PdCH,
@) O qOCOR 5% () OCOR (OCOR
resolution (i-PrC0),0 (0.7 equiv) @: @
(- )camphorslalfonlc acid " O|_-| PhMe, r.t. ont ocor Pr
racemic n=1-3 s=5-12
H : ’i R = 4-(Me,N)CeHy
N7 2 oH o N N
H O Nk Kawabata and Fuji later demonstrated that cataélysin
fj @ 599% e also achieve kinetic resolutions of cycl@s-1,2-amino-
SN O N alcoholst® As observed for 1,2-diols, protection with the
)5 4-(dimethylamino)benzoate group leads to the highest
_ ) . _ e selectivity factors (Figure 4; 5%-)-5, 0.7 equiv of
Figure 2. Synthesis of Fuji’s chiral PPY derivative. ((i-Pr)COY0, 1 equiv of collidine, rt).
D> Catalysts is generally not effective for kinetic resolutions
.-‘ of acyclic 1,2-aminoalcohols, although Kawabata and Fuji
Hg—H . o determined that a particulamti-aminoalcohol 7) can be
N‘Q""&Me resolved with promising selectivitg & 7). Under the same
O H e conditions, acylation of the syn diastereomer proceeds with

no selectivity § = 1).16
Figure 3. Proposed “closed-conformation” adopted by Fuji's

catalyst. Me NHCOR
\ R= 4'(M€2N)CGH4
. . . HO  CO,Et
different enantiomers of 1-phenylethanol, the racemic alcohol 107

is resolved in very good yield and ee via separable carbonate
derivatives.

Unfortunately, Vedejs was unable to employ any of his
2-substituted DMAP derivatives as chidtalysts presum-
ably due to the steric demand of the substituent ortho to the
pyridine nitrogen. Cognizant of the difficulty in retaining
activity in the case of 2-substituted DMAPS, Fuji pursued
an alternative approach to developing an asymmetric cata-

lyst.!®> Specifically, he chose to synthesize a chiral PPY . )
derivative 6; PPY = 4-pyrrolidinopyridine) in which the N showed via X-ray crystallography that upsralkylation

stereogenic centers are part of the 4-dialkylamino group & 3-Substituted pyridine undergoes a conformational change
(Figure 2). that allows a pendant aromatic group to stabilize the

pyridinium ion via an-stacking interactiof?

In 2005, Yamada described the design and utility of a
family of chiral DMAP derivatives that are believed to
operate by a “conformation-switch” mechanism related to
that proposed by Fuji).'” Specifically, Yamada synthesized
compounds that bear pendant thiazolidine-2-thiones and
related heterocycles from 4-aminonicotinic acid (ed®5.
This design was based on Yamada’'s 2002 study in which

At first glance it may not be apparent that the asymmetric

environment of the 4 substituent will be effectively conveyed Vool
€2

to the vicinity of the nucleophilic nitrogen. On the basis of MexN 1) S0¢! )J\
NOE studies Fuji proposed that, whereas pyricirresides N OO TP @/k

in an open (none-stacked) conformation, upon acylation the Sy | 2) BN, S

catalyst adopts a “closed-conformation” in which the naph-

thyl group and the pyridine ring arestacked §; Figure 3).

This preferred conformation has the potential to furnish an 8y’

effective chiral environment for asymmetric catalysis. 70%

Fuji reported that cataly& can kinetically resolve certain
secondary alcohols, specifically, mono-acylated 1,2-diols (eq Yamada hypothesized that upon acylation of a chiral
5). He found that the choice of the acyl protecting group DMAP derivative an attractive interaction between the
has a significant impact on the efficiency of the resolution. thiocarbonyl and the pyridinium subutfitwould bring the
For example, in the case of benzoates, a more electron-richasymmetric environment of the 3-substituent close to the acyl
aromatic ring leads to a higher selectivity factor. Fuji group, thereby allowing effective kinetic resoluti&rindeed,
concluded that this trend supports the hypothesis that theYamada was able to establish that the illustrated chiral
catalyst adopts the “closed-conformatioB) (ipon reaction DMAP derivative can achieve resolutions of a range of

with the acylating agent (isobutyric anhydride) and tiratr secondary alcohols with interesting levels of selectivity
OH
. L O O
NHCOR NHCOR O NHCOR NHCOR NHCOR
s >1 >12 21 17 10

R = 4-(Me,N)CgHy
Figure 4. Kinetic resolutions of racemic 1,2-aminoalcohols by the Fuji/Kawabata cataty$5)(
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Conditions: 0.5% Me,N O )SL substrate s
Z N" s
| \J OH .
NT e Ph” “Me
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Figure 5. Yamada’'s design of a chiral derivative of DMAP:
application to the kinetic resolution of secondary alcohols.
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Figure 6. Yamada’s chiral DMAP derivative: application to the
desymmetrization ofnesediols.
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Figure 7. Connon’s chiral PPY derivative: application to the
kinetic resolution of secondary alcohols.

(Figure 5)" The feasibility of these stacking interactions
has been further explored by Zipse in a recent computational

study?3

In a follow up study, Yamada applied this catalyst to the

desymmetrization of varioumesediols (Figure 6).° The
resulting monoesters could be isolated in moderate to high Campbell examined the efficiency of his catalysts (Figure

ee’s and yields.
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{ \ substrate S
N (o] OH
N, Ph)\ﬂ/c:one 38
Conditions: 1% | _
N~ Ar OH
HO A COMe 13.1
2! .
AY = 8.5-(CFaCaHa 2-(MeO)CsH4)W(
1.5 equiv (i-PrC0),0 OH
0.8 equiv NEt; cN
CH,Clp, -78 °C Ph 3.6

Figure 8. Connon’s chiral PPY derivative: application to the
kinetic resolution of Baylis-Hillman adducts.

Scheme 2
Ho_~_~S0zPh ><
NN PV2
>< \ BnNH,
o 0o /Tso/)—&\ SOZPh
Z_S\ / SO,Ph
OH
(o)
570, | 1 PUC 3
2) 4-bromopyridine,
Pd,(dba)s, BINAP
> >
Z_SQH(SOZP“ 1) n-BuLi Z—S\/sozph
"R 2) BnBr N
Z 40% >

X X

N

In addition, Connon successfully expanded the scope of the
kinetic resolutions to include secondary alcohols of Baylis
Hillman adducts (Figure &%

Diez pursued another strategy in order to benefit from the
pendant attractive interaction exploited by Yamada. Thus, a
series of chiral PPY catalysts containing a sulfone tethered
to a pyrrolidine ring was prepared (Scheme&®2)Infortu-
nately, selectivities in the kinetic resolution oft)-1-
phenylethanol were low<2).

Stimulated by the Fuji/Kawabata investigations, Campbell
studied a group of catalysts based onodnfethyl)proline
derivatives of DMAP (eq 7; Figure 9y.Use ofa-methyl-
proline avoided the possibility of racemization of the catalyst,
which had sometimes been observed during the preparation
of analogues derived from proline itséfCampbell included
compounds in his catalyst library that could exploit the
“induced-fit” mechanism proposed by Fuji and Kawabata
(e.g., aromatic substituents) as well as those that could not.

O\Me

CO,H O\ Me «Me
2 4,6-collidine Nu H N
cal CO,H Nu @)
220°C (uwave) - T hAatu A0
X | Hunig's base |
NS NS
N N

2
N

9) for the kinetic resolution of a cyclic diol that had been

In 2005, also building upon the 2002 Yamada study, explored by Fuji and Kawabata (eq 5). Although some
Connon described the synthesis and utility of a 3-substituted catalysts that include an aromatic group are effective, so too
chiral PPY derivative with a pendant aromatic group (Figure are catalysts that lack such a substituent. PPY derivatives in
7)24 The selectivity factors were generally moderate for which the side chain was a secondary amide were relatively
arylalkylcarbinols. One dialkyl carbinolirans-2-phenyl-
cyclohexanol, was resolved with very good selectivayH

30).

effective § = 8—13), whereas if a tertiary amide or an ester
were present, a poor selectivity factor was obsensed (

In a subsequent study, it was shown that modest2). Campbell suggested that hydrogen bonding to thé¢iIN

improvements in selectivity were possible when electron- was likely a key component for good selectivity since the
deficient aryl groups were incorporated into this cataf§st.

best substrates for kinetic resolution contained a carbonyl



5574 Chemical Reviews, 2007, Vol. 107, No. 12 Wurz

OCOR 5% catalyst O:OCOR . O,.\OCOR
oH  (FPrCO)0 (0.7 equiv) OH OCOIPr

PhMe, r.t.

-

racemic
R = 4-(MeyN)CgHy
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Me Me Me
N N(Me)Et N NHEt N NH
PN ~ .0 < N0 < o)
] g g |
N N N

=
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13

5
=z
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s 14 1.4 8
Figure 9. Selectivity trends in kinetic resolutions of monoprotected 1,2-cyclohexanediol in Campbell’'s DMAP catalysts.

Scheme 3 /O wine
oy Ar =
= & a—=_ N =, O
O\ Br@N.HC| N COQI'BU X
N~ YCOptBu ————————— l _
N Pd(BINAP),, Cs,CO3 = | N
NS

88% (RR)8

Figure 11. Inanaga’sC,-symmetric 4-(pyrrolidino)pyridine cata-

1) 4 MHCI O\«H .CO:Me lyst.
2) L-Trp-OMe N X
HOB, EDCI, DMAP @ | Campbell. The source of chirality in these catalysts is from
J
N

p=4

35% (2 steps) NH a proline-derived dipeptid€. These DMAP analogues were
prepared with greater ease than Campbell due to the absence
of the a-chiral quaternary center (for the synthesis, see

group in proximity to the hydroxyl group being acylated, Scheme 3).

which may serve as a point of hydrogen bondifigf. . . . .
Campbell immobilized derivatives of these catalysts on a For the resc_)lutlon od:|s-_am|no alcohols, the most selective
solid support, enabling the successful recovery and recycling€talysts again had amide-¥ bonds present. T;’VO of the
of the catalyst, although with slightly diminished levels of MOSt selective catalysts are depicted in Figuré®10.
selectivity when compared to the parent compotinithis Kotsuki also reported the synthesis of two proline-derived
represents one of the few reports of a polymer-bound chiral PMAP derivatives using high pressure (0.8 GPa) in-63
DMAP derivative. 65% vyields (eq 8} These catalysts were briefly examined

The a-methylprolinyl amide-derived catalysts reported by " the kinetic resolution of£)-1-phenylethanol, affording
Campbell in 2003 fared better in the kinetic resolution of disappointing levels of selectivity (up to 20% ee at 12%

certain amino alcohols with selectivities ranging frens 9 conversion).
to 1927 Crucial to success in these resolutions was again

the presence of the 4-(dimethylamino)benzoate protecting C,_CN,HQ (1.5 6quiv) D\/R
group on the amine. Since strongly acidic conditions (6 N O\/R 7 N g
HCI) are required for cleavage of this protecting gréép, N 0.8 GPa, 100 °C Z ®
other protecting groups were also examined. To this end, R = OPh, 63% SN |

the trifluoroacetyl protecting group was found to be best with = NBnPh, 65%

selectivity factors ranging from 5 to 8.The polymer-
supported catalyst again gave slightly poorer selectivities in  In 2000, Inanaga reported the filGt-symmetric 4-(pyr-
this resolution, but it has the advantage of being easy to rolidino)pyridine derivative in enantiomerically pure form
recycle and reuse. (8; Figure 11)*® This catalyst used a terphenyl group to
Around the same time Kawabata and Fuji reported a classeffectively project a chiral environment from the remote
of catalysts structurally related to those developed by stereocenter to the reaction site.
Key to the synthesis of the Inanaga catalyst was the

O»\OH 5% catalyst O.\\OH . OCOPr preparation ofrans-his(arylethylnyl)pyrrolidined, which was

(FPCO),0 (0.7 equiv) accomplished in four steps fromMi-methoxybenzyl-2,5-

NHCOH collidine (1 equiv) NHCOR NHCOR diethynylpyrrolidine (Scheme 4). Introduction of the-
racemic CHCls, 20 °C terphenyl blocking groups to the terminal acetylenes using

R = 4-(MezN)CoHe a Sonogashira coupling proceeded in 77% yield. Kinetic

H  CoMe H  coMe discrimination of the diastereomers, formed froae-9 and
O\(N S O\(N . (R)-(chloroformyloxy)phenylacetate, with Sgnlafforded
catalyst = N 0 N 0 OO enantiopured in 30% vyield. Buchwale-Hartwig coupling
Z | \ NH Z | of 9 with 4-bromopyridine furnished Inanaga’s cataly8} (
SN SN in 73% yield3®
s 8 11 The C,-symmetric 4-(pyrrolidino)pyridine cataly& can
Figure 10. Proline-derived DMAP analogues reported by Kawa- successfully resolve secondary alcohols with selectivity
bata and Fuji. factors ranging frons = 2 to 14 (Figure 12§°
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Scheme 4
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Ar-B oy
e /Q =_

o —_— PACI(PPhg), A" Ar
Cul, EtsN, 50 °C
MeO 7% MeO

(R)-PhCH(OCOCI)CO,i-Pr

Ar Ar  Ar /& Ar
proton sponge, reflux o Yo o Yo
99%
CO,i-Pr h/'\002i-Pr
— SN —_—" k
kinetic resolution Ar%g) Ssarfa™ N S

. /& not used in

Sml; (1.5 equiv) O" "0 .99%dr | nextstep

30%

4-Br-pyridine /O, =~
EEE——— A N \\Ar

Pdadbag, BINAP
73% |

Ph”” >CO,i-Pr

(RR)-8

Structurally relatedC,-symmetric catalysts reported by Scheme 6

Spivey were prepared from a dimesylate (Scheme 5), which N
is available fromp-mannitol (5 steps, 42% overall yieléd. NMe, 0o © J;;
OoH pyridine MezN

Hydrogenolysis of the benzyl ethers afforded the correspond- o NH: o] oN O
ing diol in 94% vyield, from which a variety of aryl ethers | Me Me 96% o
were introduced via Mitsunobu reactions in yields ranging N Mé Me

from 81% to 88%° The C,-symmetric catalysts reported
by Spivey resulted in dramatically lower selectivity factors
for the kinetic resolution of)-1-phenylethanol. It appears 4y cocy),, then Ji;
that there is ineffective transfer of chirality from the more  1,1-binaphthyl-2,2-diamine  MezN

flexible C,-symmetric catalysts as selectivities of only%.1 ELN. DMAP oN Q g ‘ NHAc
. 3N, (0]
1.8 were obtaineéf 2) Ac,0 2@ o &
Jeong designed chiral DMAP derivatives based on Kemp's 31% (2 steps) Me Me OO

triacid and a binaphthyl framewofk.The chiral binaphthyl Me 1

substrate R s
OH
Conditions: 10% catalyst 8 P Me 24
0.70 equiv (RCO),0 | 2-naphthyl” "Me
0.70 equiv NEt3
PhMe, r.t.

Ph
O’ Me 2.1
“'OH
OCONPh;
O: iPr 14
OH

Figure 12. Resolution of secondary alcohols using Inana@a's
symmetric 4-(pyrrolidino)pyridine catalyst.

Scheme 5
OMs NH, KO
NaH NT
Bno\/'\/Y\OBn S BnO OBn
| ) 0% A
OMs N |

\

KQ I\ Mitsunobu KQ \

81-88%

ArO ﬁj OAr
- X
=4-(NO,)CgHy | P2
h N

= 2-naphthyl
=4-(MeO)CgH,

Pd/C, Hp

S, HO OH
94% | X
_ Ar
N

unit is tethered to the 3 position of DMAP to avoid inter-
ference with its catalytic activity. In the calculated minimized
conformation, the 4-dimethylamino group of the DMAP is
positioned away from the neighboring binaphthyl unit in
order to avoid otherwise severe steric repulsion between the
two groups. Consequently, the pyridine nitrogen atom is in
close proximity to the dissymmetric binaphthyl moiety.

The synthesis of Jeong’s catalyst is relatively straightfor-
ward. 3-Amino-DMAP and anhydride acitD were heated
at reflux in pyridine to give the imide acid in 96% vyield
(Scheme 6). After activation of the imide acid with oxalyl
chloride, coupling with §-1,1-dinaphthyl-2,2diamine (47%),
followed by acetylation with AgO (67%), furnished Jeong’s
catalyst11.%7

Catalystll gave modest to good levels of selectivity for
the resolution of racemic secondary alcohols in the absence
of additional baseg = 4—21, Figure 13}’ It was found
that thes value increased as the steric bulk of the alkyl group
of the alcohol increased. The best result was obtained for
the acylation of racemitrans-2-phenylcyclohexanol, which
proceeded witts = 21.

In 2005, Levacher reported the synthesis of a chiral DMAP
catalyst bearing a chiral sulfoxide as a chiral inducer (eq 9;
Figure 14)3® The catalyst was readily prepared from
3-bromo-DMAP via metathalogen exchange wiihPrMgCl
followed by addition of a chiral sulfoxide, furnishing catalyst
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substrate s
OH
Conditions: 1% catalyst 11 Ph /I\M 4.4
1 equiv Ac,0 e
t-amylOH, 0 °C OH
8.3
2-naphthyl” "Me
OH
Ph” tBu 13
Ph
O 21
"OH

Figure 13. Kinetic resolution of secondary alcohols with Jeong’s
catalyst.

substrate s
OH
Conditions: 5% catalyst 12 Ph M 3.4
2 equiv Ac,0 e
0.6 equiv NEtg OH 30
acetone, -78 °C Ph  Et
OH
4.5
2'(M€O)CGH4 Me
OH
2.9
4-CICgHs~ Me

Figure 14. Kinetic resolution of secondary alcohols with Levach-
er's catalyst.

12in 60% yield. Catalysi2 gave modest levels of selectivity
(s = 4.5) in the resolution of arylalkylcarbinols in acetone
at —78°C.

NMe, NMey|
Br 1) FPMgCI gpTol
N X0 ©)
_ 2) chiral sulfoxide | _
N 60% N
(5)-12

2.1.1.2. Catalysts with a Chiral Axis.In 1998, Spivey
introduced the first members of a novel family of chiral
DMAP-based nucleophilic cataly$fsinspired by axially
chiral biaryls such as BINOL. In this case, the asymmetry
stems from restricted rotation about an argtyl bond

appended to the 3 position. These catalysts show activity

comparable to DMAP in the acylation reaction of 1-meth-
ylcyclohexanol by acetic anhydrid@.
Since the first report by Spivey, an extensive series of

analogues of these atropisomeric biaryl 4-aminopyridines has
been prepared due to their success in kinetic resolutions of_

alcohols (Figure 15%° In order to prevent thermal racem-
ization of the biaryls, both the 4-amino group and the
placement of substituents on the naphthyl ring were vaffed.
Attempts to improve upon the ease of synthesis and
performance of these catalysts led to derivatlée which
has a more sterically demanding substituent in thgo2ition
for a more effective chiral environmetf

In 2001, Spivey undertook an extensive evaluation, both
experimentally and computationally, of a variety of analogues
of their catalysts to determine the barriers of rotation leading
to racemizatiort! Surprisingly, they found that the barriers
of rotation in derivatives based on the 5-azaindoline core
(catalysts13, 14, 16) were lower than those in the corre-
sponding derivatives based on the 4-(diethylamino)pyridine
core (catalystl5).

Wurz
i MeN ' MeN i NEt,
® » ®
OBn 7 Ph N Ar N
13 14 15
S
O MeN Me O Me
[ O O
Ar =
N Me Me
16
Figure 15. Spivey’s biaryl analogues of DMAP.
Scheme 7
. )
BrA_Br  OgO  A%COs 5%Pd(PPhy)s O al
ooyt " J
N
Ph P
e N
17
1) i-PrMgClI then H,0, 99% O‘ NEt, O‘
2) Et,NLi, Et,NH x B NEt
Ph N7 Ph N

30%
15

62%
19

Spivey developed a three-step route (24% overall yield)
to the atropisomeric-DMAP derivatives, furnishing)¢15
(Ar = Ph) from commercially available 3,5-dibromo-4-
chloropyridine via a 3,4-pyridyne intermediate (Schem&%).
This protocol involves a Suzuki coupling between 3,5-
dibromo-4-chloropyridine and boronic ester as the first
step in 80% yield. The 4-chloro-substituent in dihalopyridine
18 proved resistant to amination via eitheg/ or Buch-
wald—Hartwig coupling with diethyl amine, presumably due
to steric constraints. They reasoned that the steric situation
would be more favorable for an eliminatioaddition
pathway via 3,4-pyridyne formation. To this end, preparation
of biaryl 15 by treatment of dihalopyridin&8 with i-PrMgCl
and quenching with water resulted in 3-debromination.
Refluxing the debrominated product with lithium diethyl-
amide and diethylamine gave clean formation of a readily
separable 1:2 mixture of the desired 4-diethylamino product
15 and its 3-diethylamino isomel9.
A gram-scale method for the classical resolutiod ®{Ar
Ph) usingN-Boc-O-benzyl-§)-tyrosine as a resolving
agent affords enantiomerically pure biaryb in ~34%
isolated yield. More recently, analogues with different biaryl
groups, including a terphenyl group, have been prepared from
a common triflate precursdf*42The enantiomerically pure
catalysts were obtained by separation using semipreparative

chiral HPLC (eq 10¥2

O NEt  gzuki or Kharasch O INEt,
N ————— X (10)
coupling
OTf N/ 7

|
oW
Ar Ar

20
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Table 1. Kinetic Resolutions of Secondary Alcohols with
Spivey’s Catalyst (15)

Ph
1% (-)-15

(i-PrC0O),0 (2 equiv)
Et3N (0.75 equiv)
PhMe, -78 °C

OH OCOi-Pr  OH

AR AR

racemic

Arr R

substrate
OH

Ph™ "Me
OH

A

OH

8.4
Ph i-Pr

20
Ph t-Bu
OH
25

2-MeCgH;”~ ~Me

In 2000, the first applications of these catalysts in the
kinetic resolution of secondary alcohols were reported (Table
1)4% Using atropisomeric catalyst5, modest levels of
selectivity ranging frons = 8 to 25 for a series of secondary
alcohols were observed. The selectivity factor initially

decreases as the steric demand of the alkyl group increases

(Me toi-Pr), but the order changes for the most bulky alkyl
group (-Bu). If ortho substitution is present on the aryl ring,
a marked increase in selectivity is observed. Catalyst
derivatives based oil-methylindolines (e.g., catalystd)
generally showed inferior levels of selectivity under these

Chemical Reviews, 2007, Vol. 107, No. 12 5577

for the sake of clarity,
the NEt, group has been omitted

Figure 17. Transition-state representation of a kinetic resolution
involving Spivey’s catalyst,i{PrCO)0, and a secondary alcohol.

Table 2. Kinetic Resolution of &)-1-(1-Naphthyl)ethanol

Ph N/

1% (9)-15

(i-PrC0),0 (2 equiv)
Et3N (0.75 equiv)

NR,

| X

HO.__Me Me

HO_Me i-PrOCO.,,

selse

racemic PhMe, -50 °C

NR> S
pyrrolidino 3.5
NMe, 10
NEt, 24
Nn-Pr, 25
Ni-Pr, 15
Nn-Bu, 31
Nn-pent 30
Nn-hex 9

the biaryl catalysts had a noticeable influence on the

conditions. This was even the case for analogues containingselectivities in the resolution ofH)-1-(1-naphthyl)ethanol
more sterically demanding terphenyl groups (e.g., catalyst (Table 2)42 The selectivities range from 4 for the 4-(pyrro-

16) for better projection of chirality®®

The scope for the kinetic resolution was extended to
include a range of structurally diverse secondary alcohols
with selectivities ranging from 6 to 20 (for conditions, see
Table 1 and Figure 169 These results mirror behavior

OH Br Ph oH
0COPh 0COPh “OH “OH
2 5.9 93 8.4

s 14 0

Figure 16. Kinetic resolutions of diverse alcohols by Spivey’s
catalyst ¢)-15 (Ar = Ph).

OH

found with Fuji’s catalyst §), for which 7— interactions
were postulated.

lidino)pyridine biaryl analogue to 31 for 4-di-butylamino-
derived catalyst. There appears to be no clear correlation
between steric bulk and chain length, although the sense of
induction is the same in all cases.

Recent efforts by Spivey have been directed toward biaryl
catalysts containing terphenyl ‘blocking groups’ (e.g., catalyst
20).* These derivatives are the most selective atropisomeric
catalysts thus far for kinetic resolution of secondary alcohols.
Selectivities up to 39 for£)-1-(1-naphthyl)ethanol have
been observed (AO, toluene,—78 °C), although the rate
of acylation was slower.

2.1.1.3. Planar-Chiral Catalysts. A conceptually different
approach to developing an effective chiral nucleophilic
catalyst was pursued by Fu beginning in 199@he two
mirror planes of symmetry of DMAP were eliminated

Spivey proposed a transition-state representation for kineticthroughzz complexation of a metal (Ml to the pyridine

resolution using catalyst5 and a secondary alcohol that is
based on minimization of steric interactions (Figure 47).

ring and incorporation of a substituent (R) in the 2 position
of the pyridine ring (Figure 18). The resulting catalyst is

This model envisages attack by the alcohol, oriented so asnow well differentiated and contains a tunable chiral

to minimize steric repulsion with both the naphthalene and
the isopropyl groups, from the opposite face of the acylpy-
ridinium ring to the phenyl substituent. The irregular
selectivity exhibited by most of theis-1,2-diol monoben-
zoates was originally proposed to arise from the intervention
of attractiver—u interactions. Recent, computational studies
by Zipse suggest the probable absence-ofr interactions
due to the rigidity of thes framework??

Another interesting observation noted by Spivey was that
minor changes in the nature of the 4-dialkylamino group of

environment in the vicinity of the nucleophilic nitrogen.

DMAP a planar-chiral DMAP
MeN—<C N MeN—<CN

@

two planes of symmetry ' no planes of symmetry

Figure 18. Design of a planar-chiral DMAP derivative.
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Me,oN
MesN o %—@
S e e NMe NMe, N~ |
N="] N~ N=T] I § O wel e
Me_ & Me Me ® Me Me_ & Me | | /@\
_ _ Me Me
Me/t;\Me Me Me  Me Me N N Me
Me Me Me DMAP 22
21 (PY*) 22 (DMAP*) 23 (PPY*) AHpyn (kdmol™) 78.4 821 128.0
T. (acetyl-transfer reaction) ' ’ ’
Me,N N :N: Figure 20. Calculated reaction enthalpies for the acetyl-transfer
éWQGID éﬁﬁcﬁ éﬁﬁ? reaction.
Ph. E _Ph Ph."E _Ph I Table 3. Kinetic Resolution of Arylalkylcarbinols b
ylalky! y
Ph/t;\Ph Ph Ph  Ar Ar (=)-DMAPC Phs (24y
Ph Ph Ar s (selectivity factor)
24 (DMAPC4Phs) 25 (PPYC4Phs) 26 (PPYCsArs) unreacted alcohol
5T 5778 Ar = 3,5-Me(CgH3) major enantiomer. Et,0 t-amyl alcohol
. . — 2% catalyst 1% catalyst
Figure 19. Fu's planar-chiral DMAP derivatives. o el
Scheme 8 OH
14 43
Cl Ph™ "Me
| X 1) HyO,/AcOH | X 1) MeReOy/H,0, OH
N 2) POCl, N 2) HNRo/KoCO3 J 52 95
83% (2 steps) NR; = pyrrolidino 88% Ph™ “tBu
= NMe, 88% OH
12 32
NRz NR; |:,h/k/Cl
| A 1) Ac,0, A | A
+ 2) HySOy, A P OH
N idino 48% 22 65
(')_ NR; = pyrrolidino 48% Me
= NMe, 58%
RoN
NR; 1) n-BuLi éK@ aConditions: 0.59 or 0.75 equiv of #&; 0.60 or 0.75 equiv of A©.
N 2) "R'sCpFeCl" F|e
NG NR, = pyrrolidino, R = Me 88-91% 5@3 _ for planar-chiral DMAP* @2), for which the acetylajed
=NMe; R'=Ph79-93% R~ —r "R cation is stabilized by-128.0 kdmol~1. The acetylation
resolved via two crystallizations energy is dramatically Iarg_er (more negative) _thar_1 a DMAP
of the appropriate tartaric acid salt derivative that only contains an annulated ring in the 2,3

position due to the electron-donating ability of the ferrocenyl
The most effective catalysts contain either a dimethyl- moiety.

amino or pyrrolidino substituent in the 4 position of the In 1996, Fu and Ruble introduced the first examples of

pyridine to enhance the nucleophilicity (Figure 19)Com- planar-chiral DMAP catalysts for the kinetic resolutions of
plexed pentamethyl- or pentaphenylcyclopentadienyl groupssecondary alcohofS. In this preliminary communication,
are the most convenient ligands complexed to iron. Ruble and Fu demonstrated that DMAP22{ provided

The nature of the metal fragment, MLis quite important higher reaction rates in the resolution éf)¢1-phenylethanol
to the ability of the catalyst to function. An electron-rich with diketene when compared to PY21) and azaferrocene-
metal enhances the nucleophilicity of the catalyst, and the derived catalysts.
choice of ligand provides a means to tune the chiral Fu reported a second-generation kinetic resolution the
environment of the catalyst. To date, nearly all studies have following year involving the treatment of secondary alcohols
focused on iron complexes, although other metals such aswith Ac,O.5° He found that increasing the steric demand of
ruthenium have also been examirféd. the 7 position of the pyrindinyl ring by addition of a methyl

An improved synthesis of these planar-chiral catalysts hasor a trimethylsilyl substituent resulted in ineffective catalysts.
recently been realized (Scheme 8). The racemic catalysts carOn the other hand, replacement of theCsMes group of
be prepared in yields ranging from 31% to 34% over seven DMAP* (22) with a more sterically demanding®CsPhs
steps’’ A classical resolution with dp-toluoyl-tartaric acid provided an effective catalyst for secondary alcohol resolu-
provides enantiopure PPY28). On the other hand, diben- tions. Thus, in the presence of 2% of DMAFREs (24) and
zoyl-tartaric acid is the most effective resolving agent for one equivalent of BN, selectivity factors from 12 to 52 were
DMAPCGCsPhs (24). In recent years, two of these planar-chiral obtained (Table 3).
catalysts have become commercially availaBl¢hereby It was subsequently determined that solvent plays a critical
facilitating use of these catalysts. role in determining enantioselectivitiert-Amyl alcohol was

Vedejs demonstrated that placement of a bulky chiral found to be the optimal solvent in terms of reactivity as well
group in the 2 position of DMAP prevented catalytic as selectivity (e.g.s = 14 for (+)-1-phenylethanol at rt),
turnover® However, if an annulated cyclopentadiene ring is and reactions could be performed &t®to further increase
present in the 2,3 position, it is small enough to avoid a loss enantioselectivity. Thug values ranging from 32 to 95 were
of catalyst activity. Computationally, Zipse has shown that obtained for various arylalkylcarbinol substrates (Tablé!3).
this analogue stabilizes cation formation-y8.4 kmol ™, The nature of the metal and its effect on the selectivity
only slightly less than DMAP (Figure 205.Interestingly, factors have also been examined. For the kinetic resolution
the highest stabilization calculated in his study is predicted of (+)-1-phenylethanol, Ru-DMAP4Ph; gave inferior levels
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of selectivity compared to DMAP£Phs (24) (s = 10 versus Table 4. Kinetic Resolution of Allylic Alcohols by
s = 43)46 This may be attributed to a longer Ru metal ~ (1)-DMAPCsPhs (24y

Iigand bond. entry unreacted alcohol, selectivity factor
The kinetic resolution of racemic amesediols has been major enantiomer (ee of unreacted alcohol)
investigated. Racemic dioR7 undergoes acetylation to OH
provide diol27 and diacetat@8 in excellent enantiomeric ] ~ip 54
excess £98% ee); approximately 16% of the monoacetate JI/\' ' '
is produced (eq 113 meseDiol 29 undergoes an efficient n-Pr
desymmetrization process to afford the monoaceata oH
>99% ee and 91% yield (eq 12). 2 fMe 64
OH OH 1% DMAPCsPhs (24) Ph
: Ac,0 OH
Me Me e, 3 Bu. o o5
Me Me t-amyl alcohol Th
racemic 0°C
# Me 4
OH OH OAc OAc 4 ]ﬁMe 80
Me/D\/LMe Me/5©\/\Me (1) Ph
Me Me Me Me QH
98% ee 99% ee 5 Me iPr 29
43% 39%
27 28 Me™ Me
aConditions: +2.5% catalyst; 0.59 equiv of NEt0.59 equiv of
OH OH  1%DMAPCsPhs(24)  OH OAc Ac20; tert-amylOH, 0°C.
; ; Ac,0 ; ;
Me/U\Me NEts Me/j©\/\Me (12) Table 5. Kinetic Resolution of Propargylic Alcohols by
Me Me t-amyl alcohol Me Me (—)-DMAPC sPhs (247
meso 0°C 99.7% ee entry unreacted alcohol, selectivity factor
91% major enantiomer (ee of unreacted alcohol)
29 30
OH
Several families of allylic alcohols also undergo kinetic 1 /LMe 20
resolutions with good selectivity using—2.5 mol % e
DMAPC:Ph; (24) in tert-amyl alcohol at O°C (Table 4)>2 OH
Allylic alcohols that do not possess a substituent either ﬁ/'\
. . . 2 FZ Me 12
geminal or cis to the hydroxy-bearing group are usually o.
resolved with modest selectivity, although the presence of a Me
phenyl substituent in the trans position leads to substantially '
improved enantioselection (entry 4). 3 /Me 10
An application of this methodology is demonstrated by =
the successful resolution of racendt, a key intermediate n-Bu
in the Sinha-Lerner total synthesis of epothilone A (eq £3). OH
4 %Et 7.9
Et Me

a Conditions: 1% catalyst; 0.75 equiv of A8; tert-amylOH, 0°C.
1% (+)-DMAPC;Ph; (24)

MeO Ac0 NEt
Me ;.amy|o|-|3,ooc obtained with smaller alkyl substituents and no added
| Et base. The kinetic resolution of propargylic alcohols by
Me DMAPCsPhs (24) is more efficient when the remote position
rac-31 of the alkyne is substituted with an unsaturated group (e.g.,

MeO aryl, carbonyl, alkynyl, alkenyl) rather than with an alkyl

group (selectivity factor for=)-3-octyn-2-ol= 3.9).
In 2005, Johannsen reported chiral DMAP derivatives with
a planar-chiral ferrocene substituent at C2 or C3 (catalysts

MeO 98.0% e, 47% yield 32 and 33; Figure 21)*®> The synthesis of these catalysts
s=107 commence from enantiopure ferrocene sulfoxddéScheme
(+)-31 9). A naphthyl blocking group is introduced in 66% yield

over four steps. Cleavage of the chiral sulfoxide auxiliary,
Propargylic alcohols can be resolved with moderate transmetalation with tin, followed by Stille coupling with
selectivity factors ¢ values up to 20) by DMAPEPHs (24) 2-bromo-4-nitropyridine or 3-bromo-4-nitropyrididéoxide
in tert-amyl alcohol (Table 55 In contrast to trends observed  affords intermediate85 and 36, respectively, in 55% yield
with arylalkylcarbinols, the highest selectivity factors are (three steps). Intermedia&s can then be used to access
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Fe Q Fe N\
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MezN
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32 33

Figure 21. Johannsen’s planar-chiral catalysts.

planar-chiral DMAP derivative32 in 83% vyield (2 steps).
Similarly, intermediate36 was treated with P@land then
HNMe,, affording planar-chiral DMAP derivativ@3in 18%
yield (two stepsf®

The authors found that the C3-substituted cataBats
preferentially acylated over the C2-substituted derivagige
by approximately 16 kinol™%, corresponding to a difference

Wurz

group is transferred preferentially to one enantiomer of the

secondary alcohol to form an enantioenriched ester, enan-
tioenriched alcohol, along with protonated catalyst. Regen-

eration of the catalyst is then facilitated by an auxiliary base

such as triethylamine.

In addition to chiral derivatives of DMAP, a variety of
other effective organocatalysts exist for the resolution of
alcohols, including a chiral diamine reported by Oriyatha,
chiral phosphines developed by Ved&jand catalysts based
on fS-turn peptide fragments that contain nucleophNe
alkyl-imidazole residues developed by Mill@turthermore,
Birman and Li recently reported a benzotetramisole catalyst
that furnishes selectivity factors up to 355 for the kinetic
resolution of secondary alcohd’s.

A real test for the use of low molecular weight chiral
catalysts for kinetic resolution is whether they will offer the
selectivities possible with enzymes and be economically

in reactivity of almost 3 orders of magnitude. As would be yiaple in an industrial setting. Few of the chiral DMAP
expected, this large difference is due to steric interactions derivatives are commercially available with the exception
in the 2-substituted DMAP derivative. The catalysts were of the Fu planar-chiral catalysts. In addition, the full synthetic

tested in the kinetic resolution oft)-1-phenylethanol, for
which only catalyst33 displayed high reactivity, although
no selectivity was observed.

In 2007, Richards reported a straightforward synthesis of

a Cysymmetric DMAP derivative37 with ferrocene sub-
stituents at C3 and C5 (Scheme ®Yhe chirality of this
catalyst is derived from §,3-hexane-2,5-diol. A Stille

scope of most of the catalysts discussed has yet to be
explored. Hopefully, in the near future the strengths and
limitations of these catalysts will be more clearly defined.

2.1.2. Resolutions of Amines

Amines represent a much more challenging class of

coupling is used to introduce the ferrocene subunits, furnish- substrates for kinetic resolutions using acylating agents. This

ing catalyst37 in 54% yield over three steps.
Modest levels of selectivitys(= 2.5—5.0) were observed

arises from the fact that very basic amines are easily acylated
without the involvement of the chiral catalyst, leading to

for the kinetic resolution of arylalkylcarbinols using catalyst significant background reactions. In 2000, le and Fu reported

37 (Table 6).

a development in this fielt It involved the use of a

The currently accepted mechanism for the chiral DMAP- stoichiometricquantity of a preformed acylated planar-chiral
catalyzed acylation of secondary alcohols is illustrated in adduct prepared upon treatment of PRFK; (25) with AcCl.

Figure 22. Acylpyridinium formation with the acyl donor
forms chiral adduc88in a reversible fashiof. In the rate-

This adduct was then treated with 8 equiv of a racemic
primary amine, and the resulting amide could be generated

as well as the stereochemistry-determining step, an acylwith enantioselectivities up to 91% ee (Table 7).

Scheme 9
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Scheme 10 Table 8. Kinetic Resolution of Amines Catalyzed by {)-PPY*
NH (23)
2
Br. N Br (0]
o MsClI oM L O)J\OM 0
H S H N e
Me/\/\-/ Me = Me/\/\»/Me Nari NH, t-Bu\(k 10% (-)-PPY* (23) )J\
o 3 - Z ——  HN” “OMe
OH o, OMs 0, o o
91% 72% Ar” TR N= CHClg, =50 °C BY
2-naphthyl AR
= naphthy
SnB F
Me“.Q‘Me ?/ et ° Me..(zN y entry Ar R selectivity factor
B . — © 1 Ph Me 12
| . PdCl,, P(t-Bu)s N= - 2 1-naphthyl Me 27
N7 CsF, Cul 7 3 4-(MeO)GH, Me 11
82% 4 4-(CR)CeH4 Me 13
5 Ph Et 16

Table 6. Kinetic Resolutions of Arylalkylcarbinols with
Richards’ Catalyst (—)-37

substrate s
OH
Conditions: 0.5% catalyst 37 5.0
0.7 equiv Ac,O 4-(NO2)CeHs™  Me
0.7 equiv i-ProNEt OH
PhMe, —40 °C 2.4
4-(MeO)CgHy™ “Me
OH
2.7
1-naphthyl” Me
OH
o gy 25

These results suggested that good enantiodifferentiation
might be possible using planar-chiral derivatives of DMAP
as catalysts under the appropriate reaction conditions. In orde

to address the significant background reactions observed withy,

Ac,0, other acylating agents were examined. A number of

I

using 10% of PPY* 23).%2 The resolution appeared to be

quite general for benzylic primary amines (Table 8).

Mechanistically, it is believed that the first step of the
reaction is catalyst acylation by the O-acylated azlactone to

furnish an ion pair39, which is the resting state of the

catalytic cycle (Figure 23). The transfer of the acyl group to

¥ X
HN” “OMe PPY* O~ "OMe
)\ tBu \/k o
Ar R
N=(
2-naphthyl
+ t-Bu \%\
AR PPY*J\OMe Y
racemic N:<
39 2-naphthyl

Figure 23. Proposed mechanism for amine acylations catalyzed
y PPY* (23).

acylating agents, namely, O-acylated azlactones, were foundthe amine and regeneration of the catalyst is the rate- as well

to react much more readily with the catalyst than with a
primary amine. Using O-acylated azlactonek)-(L-phenyl-
ethylamine can be resolved with a selectivity factor of 12

JOJ\+ X" 38
R™ “cat*
=

OH
R1J\ 2

R
)

Figure 22. Mechanism for the kinetic resolution of secondary
alcohols.

stereochemistry
determining step

L

R+ R?

Table 7. Enantioselective Acylation of Amines by {)-PPYCsPhs
(25)

(0]
NH (0]
e . CH,Cly HNJ\Me
Ar” 'R (-)-PPYCsPhg Me _7g°c A~
racemic CI- AT R
8.0 equiv 1.0 equiv
entry Ar R % ee of amide
1 Ph Me 87
2 1-naphthyl Me 90
3 2-MeGHa4 Me 91

as stereochemistry-determining step.

Recently, Arp and Fu reported an expansion in the scope
of kinetic resolutions of amines to include indolirfé&nder
the conditions developed for benzylic primary amines there
was no acylation of the indolines due to their comparatively
low nucleophilicity. Exploratory studies using stoichiometric
chiral reagents found that addition of halide salts resulted in
increased levels of selectivity with catalyZ. In particular,
addition of LiBr/18-crown-6 leads to the highestalue that
has been observed to date in these resolutions. Interestingly,
the use of other crown ethers results in lower selectivity as
does omission of 18-crown-6 and/or LiBr. A large number
of acylating agents were surveyed, and O-acylated azlac-
tone$* were again found to be the most effective.

The catalysts employed in this resolution were structurally
modified in order to further increase the selectivity. Although
PPY* (23) is virtually inactive, use of a bulky pentacyclo-
pentadienyl leads to a more effective acylation catalyst that
can achieve the desired kinetic resolution with a useful
selectivity factor (Table 9). The optimal selectivity factor
was achieved using PPY derivati26 (Ar = 3,5-MeCgHs),
whereas its slightly more demanding analogu@®{Ar =
3,5-EbCsH3) provided a slightly lower selectivity.

The scope of this resolution is fairly broad for an array of
2-substituted indolines, including functionalized compounds
(entries 1-4). 2,3-Disubstituted indolines are also suitable
substrates (entries%).

The roles of LiBr and 18-crown-6 are not fully understood
in this resolution, especially since this crown ether is
considered to be a mismatch for the lithium cation, and other
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Table 9. Kinetic Resolution of Indolines by )-26

OAc
tBu—~7 "0
o=
R 0.65 equiv Ph R!
l\\ . 5% (-)-26 |\\ .
Z~N 1.5 equiv LiBr Z N
H 0.75 equiv 18-crown-6 H
PhMe, —10 °C to r.t.
entry indoline s
1 R= Me 25
2 mR n-Pr 26
3 N CH,CH,Ph 18
4 H CH,OTBS 14
n
6 N 31
H

CO,Et
MeO
7 Me 19
N
H

suitable crown ethers gave lower selectivitiés. NMR

Wurz

ee wheni-PrOH is employed as the nucleophile. Unfortu-
nately, ring opening under these conditions is extremely
slow (1>, = 1 week). Under otherwise identical conditions,
Ru-DMAP* (22) was also tested and found to display slightly
enhanced stereoselectivity (57% ee versus 54% ee (R
H)).46

In 2005, Johannsen also briefly examined this dynamic
kinetic resolution process using planar-chiral catadastand
he obtained selectivities up to 42% ee for the benzyl-
substituted azlactorf&.Usingi-PrOH as the alcohol led to
a decrease in selectivity and reaction rates.

Chiral DMAP-catalyzed dynamic kinetic resolutions of
azlactones do not yet approach the current state-of-the-art
results provided by other low molecular weight catal{fsts
or enzymatié' dynamic kinetic resolutions, but these results
serve to illustrate the breadth of the utility of chiral DMAP
derivatives, and further progress can be expected.

2.2. Cycloadditions

2.2.1. Synthesis of 3-Lactams

The medicinal importance @i lactams, such as penicillins
and cephalosporins, as antibiotics is enormous. This makes
the synthesis of non-natural analogues a pressing objective.

studies indicate that the resting state of the catalyst duringin addition to their biological importancg-lactams also

these indoline resolutions is the free catalyst, which contrastsserve as useful building blocks for the synthesig-amino
with observations made in resolutions of benzylic amines. acids ang3-amino alcoholg?

In 2006, Anstiss and Nelson reported the desymmetrization One efficient and convergent method for the facile

of a centrosymmetric piperazine using Fu's DMAPG;
(24), Spivey’s catalystX5), and Vedejs’ TADMAP catalyst

synthesis off-lactams involves the Staudinger reactién,
which is an overall [2-2] cycloaddition of a ketene with an

(40).%% Enantioselectivities up to 70% were possible with low  imine. The pioneering work of Lectka has established that a
to moderate yields (Table 10). Superior levels of enantio- quinine derivative can effect a highly stereoselective coupling
selectivity (up to 84% ee) were obtained using chiral of a range of monosubstituted ketenes and one symmetrical
acylating reagents. disubstituted ketene with an electron-deficient imife.
e . In 2002, Hodous and Fu demonstrated the utility of planar-
2.1.3. Dynamic Kinetic Resolutions of Azlactones chiral DMAP catalysts in the Staudinger reacti(% wiF'Eh the

One straightforward route to the synthesis of protected successful coupling of disubstituted ketenes with a range of
o-amino acids involves the ring opening of azlactones by imines’® PPY* (23) gave the highest levels of selectivity in
alcohols or water. Azlactones have a propensity to racemizethis [2+2] cycloaddition reaction (Table 12). Broad scope
(pKa ~ 9); therefore, a dynamic kinetic resolution (or is observed for a variety of aryl-, heteroaryl-, and alkyl-
deracemization) should be possible. derived tosylimines with symmetric disubstituted ketenes

In 1966, Steglich reported one of the first clear examples allowing for the rapid synthesis of a range of trisubstituted
of a nonenzymatic dynamic kinetic resolution of an azlactone f-lactams (entries 43). Staudinger reactions of unsym-
with a chiral amino esté® Since this time numerous metrical ketenes furnish two contiguous (one quaternary and
examples involving chiral reagents or catalysts have appearedne tertiary) stereocenters with very good ee, yield, and dr
in the literature?.67.68 (entries 4-5).

In 1998, Fu reported the methanolysis of azlactones The presumed mechanism for this reaction is illustrated
catalyzed by DMAP* 22) using benzoic acid as an addi- in Figure 24. Reaction of the catalyst with the ketene affords
tive 52 Modest levels of enantioselectivity, 4461% ee, for a zwitterionic adduc#l, which couples with the tosyl imine.

a range of protected amino acids were obtained (Table 11).Cyclization affords the5-lactam and liberates the catalyst.
The selectivity of the dynamic kinetic resolution increases  Obviously, in the case of thesga-disubstitute¢b-lactams,
as the steric demand of the alcohol increases, reaching 78%he trans diastereomer cannot be generated from the cis

Table 10. Desymmetrization of a Piperizine
(0] Oy _-OMe

9y 0 Y NMe, H p—
Me, N 0" "OMe 1) catalyst, CHCl;  Me~. N N Yoac
[ l +Bu \(k o N [ l | P2
N~ Me _ 2) 2-naphthoyl chloride N” YMe N
H N EtsN, CH,Cl, A
2-naphthyl 07 “2-naphthyl 40 (TADMAP)
entry catalyst mol % temp?C) % ee % yield
1 (+)-24 20 —18 44 25
2 (—)-15 5 —42 —70 20

3 (-)-40 5 —42 64 22
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Table 11. Dynamic Kinetic Resolution of Azlactones Table 13. Catalytic Asymmetric Synthesis oftrans-f-Lactams
(0] o o] (0]
o %0 MeOH 5% (=)-DMAP* (22) RA‘)J\OM /\i NT# 10% (-)-PPY* (23) :ljm
N={ 10% PhCO,H HN. O © o R H JJ\R1 CH,Cl, and/or PhMe ~ Ph= e
Ph PhMe, r.t. \f -78°Ctor.t.
racemic Ph
entry R R trans:icis % ee % yield
R % ee % yield
1 Me Ph 98:2 81 83
H 54 98 2 Et Ph 86:14 63 60
Me 44 94 3 i-Bu  Ph 97:3 63 72
CH=CH, 61 94 4 Me 4-FGH,4 96:4 85 84
i-Pr 55 95 5 Me 4-(MeO)GH,4 81:19 82 76
Ph 56 94 6 Me  o-tolyl 81:19 99 89
CH,SMe 50 94

aEpantiomeric excess of the trans diastereor¥ield of the
mixture of diastereomers.

Table 12. Staudinger Reactions Catalyzed by—<)-PPY* (23)

o)
0 0 PPY" NTH
Ji NTs  10% (-)-PPY* (23) NTs NTF Py
, J, R-\T—K; R H™ R
R” "R H” "R PhMe, r.t. g R? R R
2 : on
entry R R R % ee % yield RW/\N-” NT
1 —(CHz)6— Ph 81 84
2 E Bt 2-furyl 92 93 Ryt M,
3 —(CHy)6— cyclopropyl 94 89 *ppy+
4 Ph i-Bu  Ph 98 (8:1 dr) 88
5 Ph Et cyclopropyl 98 (10:1 dr) 98 o

o PPY* 0
NTs j\
R , R™ R Figure 25. Possible mechanism for Staudinger reactions-triflyl
R R imines.

— O—
+* i NTS1 +*J\(R # first” pathway (Figure 25) and that this may be the origin of
PPY R PPY the observed reversal in diastereoselectivity.
RR R In conclusion, relatively f thods have been described
, y few methods have been describe
\—< for the catalytic asymmetric synthesis/®factams’*’” and
NTs those that have are typically cis selective. Planar-chiral
- I?IMAP cier:!vﬁiv?s serve las \q/?elrsatile catal)cljstﬁ for t?e syn-
i . : _ thesis of highly functionalize@-lactams, and the cis/trans
I(:zl%ure 24. Mechanism for Staudinger reactions catalyzed by PPY* selectivity can be controlled through appropriate use of the
' protecting group on the imine.
isomer through base-induced epimerization. Therefore, in .
order to access the trans diastereomer, the Staudinger reacZ-2.2. Synthesis of [B-Lactones

tion itself has to be trans selective. Development of a p-Lactones serve as useful intermediates in organic

trans-selective variant was possible through the use ofsynthesis since the strain of the four-membered lactone

N-triflyl imines. Table 13 illustrates the scope and trans- provides an opportunity for a range of functionalizations.

selectivity that is possible when thetriflyl protecting group  For example, treatment @tlactones with nucleophiles can

is used’® react via two modes: either at the carbonyl group through
This observed dependence of the cis/trans diastereoselecan addition-elimination sequence or at the-© single bond

tivity on the choice of theN-sulfonyl group prompted a  through an §2 process. A number of recent total syntheses,
mechanistic investigation. Although there is no evidence by sych as those of~()-laulimalide’® and ()-malyngolide’®

H NMR of an interaction between PPY2§) and arN-tosyl have exploited enantiopugglactones as intermediates. In
imine (eq 14), the catalyst reacts quantitatively with a more addition, numerous biologically actiy&lactone-containing
electrophilicN-triflyl imine to furnish adduct42 (eq 15). natural product® and unnatural products have been de-
NTe NTs scribed, including .salinosporamideBA. .
PRY* Py i (14) Cinchona alkaloid-based catalysts provide accegslao-
H” Ph PhMe, r.t. PPy tones from monosubstituted keterfésin an analogous
manner to the [22] cycloaddition of ketenes with imines,
NTY -NT expansion of the scope of this reaction to acegssdisub-
PPY* P — o (15) stituted3-lactones has been realized by Wilson and*¥u.
H™ "Ph PhMe, rt. +ppy* Wilson and Fu tested the conditions developed for the

enantioselective Staudinger-type cycloaddition of ketenes

with imines, replacing the imine with an aldehyde. In this
On the basis of these observations, it was suggested thaexperiment, essentially none of the desifethctone was

the triflyl amide may be reacting preferentially via an “imine- formed. Interestingly, simply by lowering the reaction tem-

42
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Table 14. Catalytic Asymmetric Synthesis of-Lactones Table 15. Catalytic Asymmetric [3+2] Annulations
0 0 Me siMe; F._O
/H\ )OL 5% (-)-PPY* (23) . \T_T o iMeg 10% (4)-PPY* (23) H oo
N M L T, ! O’ 7 CHCl,40°C
Me R Me li
entry R R % ee % yield
1 Et Et 91 92 entry R der % ee % yield
2 2 82 n 1 Ph 1211 78 60
2 3-F-GH, 71 58 51
3 3,5-(MeO)GH3 8:1 70 61
4 1-naphthyl 9:1 70 42
3 i-Pr Me 91 48 5 3-furyl 9:1 77 48
42 cyclopentyl Me 88 53

aCis:trans selectivity= 4.2-4.6:1. The ee value is for the cis
diastereomer, and the vyield is for the mixture of diastereomers.

perature from room temperature te78 °C the targeted

A possible mechanism for this transformation is illustrated
in Figure 26. PPY* 23) reacts with the acid fluoride to
furnish ion paird5. The liberated fluoride then binds to the
silyl group of the indené’ providing a new ion pai#é.
Conjugate addition of the indenyl nucleophile to -

[2+2] cycloaddition product was generated in high yield ynsaturated acylpyridinium counterion produces a zwitterion
using PPY* @3) as a catalyst (Table 14). In the case of 47 that bears two new stereocenters. Finally, fragmentation
unsymmetrical keteneg;lactones that bear two contiguous releases the catalyst and affords ketdBewhich cyclizes

stereocenters (one quaternary and one tertiary) can be preyig an ene-type process to generate the diquinane product.
pared with the cis diastereomer being formed predominantly

(entries 3 and 4). Under these reaction conditions, arylalky-
Iketenes, monosubstituted ketenes, very electron-rich alde-

(0]

Me
O PPY*
hydes, and nonaromatic aldehydes are not suitable substrates‘?_ / Y' |:
48 eAf;
|

2.2.3. [3+2] Annulations

In processes such as kinetic resolution of alcohols and

amines, the critical species is a chiral acylpyridinium ion
that acylates a nucleophile (section 2.1). In cycloaddition
reactions, the key intermediate is a chiral enolate, which
reacts at theo. position with an electrophile to furnish
enantioenriche@-lactams angh-lactones (sections 2.2.1 and
2.2.2). Generation of a chiralS-unsaturated acylpyridinium
ion as a reactive intermediate allows a third mode of
reactivity in which a nucleophile reacts in tifeposition.

Fu recently realized such a reactivity mode in the context of
an overall [3+-2] annulation proces¥.

PPY* (23) was found to catalyze the diastereo- and enan-
tioselective synthesis of a diquinane derivative from a sily-
lated indene and am,3-unsaturated electrophile in moderate
ee and yield (Table 15). Three contiguous stereocenters (on

scope of the [3-2] annulation is broad, as electronically
diverse aryl substituents (entries4) as well as a heteroaryl
group are tolerated in th@ position (entry 5).

This enantioselective [B2] reaction can be applied to
annulations of unsymmetrical indenes. Thus, an isopropyl/
methyl-substituted indene reacts to provide a 6:1 ratid3of
44 in 81% ee (39% yield) for the major diastereomer (eq
16).

Me

SiMez F.__O
10% (+)-PPY* (23)
O’ = CH,Cly, 40 °C
43:44 = 6:1
iPr Ph
Ph
Me
0 44
H
Mé Me

~ 7

PPY*

Me +

PPY* O-
| O‘ | 47
Me : ’
" Ar B . Ar Me SiMeg
X Me siMesF PPY™ oj
—
;/r Me
Me Ar
46

FSiMes
Figure 26. Possible mechanism for nucleophile-catalyzettZB
annulation.

(o)

s J

Me
Ar

Other coupling partners were examined in order to test
the proposed mechanism. When cinnamoyl fluoride was
replaced with cinnamic anhydride, a comparable ee but lower
yield was observed. Less efficient activation of the silylated
indene by the acetate, as compared to the fluoride anion,
could account for this observation. Consistent with the

. oo ®roposed mechanism, cinnamoy! chloride is not a suitable
quaternary and two tertiary) are formed in this process. The

annulation partner due to the inability of the chloride anion
to activate the silylindene.

2.3. Asymmetric Protonations of Ketenes

Due to their biological activity, arylpropionic acids
constitute an important family of targets for asymmetric
synthesis® One route to optically active arylpropionic acid
derivatives involves the stereoselective addition of an alcohol
to an arylalkylketene. Nearly all investigations of this process
have relied upon the use of a stoichiometric amount of a
chiral alcohol, such asjj-pantolactone, to induce asymmetry
(up to 99.5:0.5; eq 17.

OH fo) o
Me
)C\fo \/Me _— *Ro)J\_/Me (17)
Me 0 A diastereoselective H
addition Ar
99.5:0.5 R:S

Ar = 4-(-Bu)CgHy

One of the earliest attempts to conduct the reaction in a
catalytic asymmetric manner was reported by Pracejus as
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Table 16. Enantioselective Addition of 2-Cyanopyrrole to . NC

deprotonation *
Ketenes - H-PPY*
4 o
NC _ ) \/ R!
NC Ox 29% ( )-PPY* (23) R J~NH resting state )(

Syt &
R
@"' N T et C = (
= Ar NG o- 1 .
PPY* )\rR o
entry Ar R % ee % yield @ R H-PPY
1 Ph Et 90 93 49
2 Ph i-Pr 95 96 e O N
& Ph t-Bu 81 90 )S*(R] RS stereochemistry
4 o-tolyl Et 98 95 @l determining step
5 3-(N-methylindolyl) Bn 86 80 R
a5 catalyst was used. Figure 27. Mechanism for the enantioselective addition of

2-cyanopyrroles to ketenes.

early as 1960. Pracejus examined the quinidine-catalyzedTable 17. Catalytic Enantioselective Synthesis of Esters from
addition of methanol to two ketenes, and he was able to K€'nes
obtain modest levels of enantioselection to a maximum of

o 3% (-)-PPY* (23) o)
0, 8 R ——— -~ R
76% eée? _ _ _ _ N ©\OH \/ PhMe, r.t. Q\O)K(

Fu examined catalytic enantioselective addition of alcohols +Bu Ar +BU Ar
to ketenes. The first report involved the treatment of ketenes
with MeOH in the presence of planar-chiral azaferrocenes, entry Ar R % e % yield
which furnished modest levels of enantioselection<88%
ee)?g 1 Ph Et 91 89
o : . 2 Ph Me 79 87
The limitations of the Pracejus and Fu methods in terms 3 Ph i-Pr a1 66
of reaction scope and enantioselection prompted further 4 o-tolyl Et 92 84
exploration in this area. Of particular interest was the nature 5 3-thienyl i-Pr 79 94

of the nucleophile used in the reaction. In 2002, Hodous and
Fu reported a study of the addition of an achiral nltrogen ~5 is observed (H-2-cyanopyrrole versus M-2-cyano-
nucleophile to a keterf.The nucleophilicity of the amine  pyrrole). On the basis of these data, Hodous and Fu proposed
was crucial for success as simple amines can rapidly add tothat enantioselective additions of pyrroles to ketenes cata-
ketenes in the absence of a catalyst. Initial studies focusedyzed by PPY* @3) proceed through the pathway illustrated
on less reactive nitrogen nucleophiles, and it was determinedin Figure 27. In the stereochemistry-determining step of the
that pyrroles do not react at room temperature with ketenescatalytic cycle, proton transfer occurs to produce a chiral
such as phenylethylketene. In contrast, additions proceedN-acylpyrrole and liberate catalyg8. The role of catalyst
rapidly when a planar-chiral DMAP derivative is present. 23is to serve, in protonated form, as a chiral Brgnsted acid.
After surveying a variety of pyrroles, commercially available This contrasts with the typical mode of reactivity for these
2-cyanopyrrole was found to give the highest levels of catalysts where they function as chiral nucleophiles (Lewis
enantioselection in a reaction with phenylethylketene cata- bases).
lyzed by PPY* @3) (Table 16, entry 1). This first example of a planar-chiral DMAP derivative
Examination of a variety of ketenes established that this serving as a chiral Brgnsted acid was further exploited by
new method displayed an increase in reaction scope andwiskur and Fu for the enantioselective synthesis of esters
enantioselectivity (8298% ee) compared to earlier studies. from ketene$? In order to favor a mechanism in which the
Particularly noteworthy are the results for sterically demand- catalyst serves as a Bragnsted acid, rather than a nucleophile,
ing phenyl-isopropylketene and phenght-butylketene (en- more acidic alcohols were examined in order to generate an
tries 2-3), which furnisha-stereocenters that are relatively ion pair (eq 18).
difficult to generate by other methods (e.g., alkylation). An
increase in the size of the aryl group generally leads to an RO-H catalystt === RO" cataly;rt*—H (18)
increase in enantiomeric excess (entry 4), and heteroaryl nucleophile Bronsted acid
substituents are tolerated in this process (entry 5).
The N-acylpyrrole products could be derivatized under It was determined that phenol reacts with PP23)(to
mild conditions with=<2% racemization. For example, chiral quantitatively produce an ion pair (eq 18). Wiskur and Fu
acids, esters, and amides can be generated through reactiortaen examined a number of different phenols and discovered
with hydroxide, alcohols, and amines, respectively. In that addition of sterically demandingt@rt-butylphenol to
addition, by appropriate choice of reducing agent, an phenylethylketene proceeds with the highest level of selec-
aldehyde or alcohol can be produced selectively. tivity (91% ee, 89% vyield; Table 17, entry 1). The scope of
An investigation of the origin of stereoselection was the reaction was then examined. Although only moderate
pursued by Hodous and Fu, focusing on the coupling of ee was obtained for the reaction of phenylmethylketene (entry
2-cyanopyrrole with phenytert-butylketene. When 2-cyano-  2), good ee’s were observed for a range of other phenyl-
pyrrole was treated with PPY*2Q), deprotonation of the  alkylketenes (entries -35). The reaction predominantly
pyrrole and formation of an ion pa#9 resulted. This ion affords the enantiomer that had been anticipated on the basis
pair, not PPY* @3) itself, is the resting state of the catalyst of the mechanistic hypothesis of chiral Brgnsted acid
during the reaction. The reaction was found to be first order catalysis.
in phenyliert-butylketene, first order in PPY*2Q), and zero In 2005, Schaefer and Fu described an interesting variant
order in 2-cyanopyrrole. A primary kinetic isotope effect of of this asymmetric protonation of ketenes in which a carbonyl
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\(O\R( e

H (0]
o
. + 2
entry Ar R % ee % yield Ph%o- PPY*)S*(R PP\?*)\( R2

Table 18. Catalytic Asymmetric Couplings of Aldehydes with H O
Ketenes Ph ~ + R? PPY*

o
H O 1
0 R 10% ()-PPY* (23) Ph HR
Phw/go GARAMA Ay TN R
CHCl, 0 °C Yo
Ph Ar Ph

Ar

1 Ph Et 91 84 Ph H R! L

2 Ph Me 78 74 51 5

3 Ph i-Pr 08 05

4 Ph t-Bu 88 96 stereochemistry
5 o-tolyl Et 98 99 O determining step

Ph

H
Ph

compound serves as the proton soufcén a typical
experiment, a ketene was added dropwise to a mixture of a
carbonyl compound and PPY?23). Diphenylacetaldehyde HoQ

« R? PPY*
is the reaction partner of choice with phenylethylketene (91% Ph\%\o)j}( '? Ph 7
ee, 84% vyield; Table 18, entry 1), whereas a related ketone Ph HR S j)LH
s Ph

and an aliphatic aldehyde are not suitable. _ d;‘igﬁ;‘,’g;’;”j{g]
This methodology proved to be the most general in terms H o H
of reaction scope as a broad array of e.nol esters of LNZNUN R | by Ph \%\ i H-PPY*
a-arylalkanoic acids can be prepared via couplings of ketenes I8 ¢ O
with diphenylacetaldehyde. Thus, reactions of phenylalkyl- s Fh e
ketenes in which the alkyl group ranges in size from methyl \{
to tert-butyl proceed with moderate to excellent enantiomeric
excess (entries-24). The reaction is also tolerant of ortho- o R2

substituted aryl groups (entry 5).

The resulting enol esters are more reactive than the aryl
esters produced by addition oft@t-butylphenol to ketenes
and can be readily converted into other useful families of

compounds. For example, they can be hydrolyzed and practical alternative to using stoichiometric quantities of
reduced under mild conditions without racemization. ~  chiral alcohol® Furthermore, these methodologies allow
Two possible mechanisms were proposed for the coupling access tax-chiral arylalkanoic acid derivatives that cannot

of ketenes with diphenylacetaldehyde to generate enol esterspe readily accessed by alkylation chemistry using chiral
One possible pathway (top of Figure 28) involves nucleo- yyxiliaries.

philic addition of PPY* @3) to the ketene furnishing chiral In 2007, Fu extended the chiral Brgnsted acid mode of
enolate50. This enolate then undergoes diastereoselective reactivity of planar-chiral DMAP derivatives to the synthesis
protonation by diphenylacetaldehyde to furnish ion |8dir  of chiral amine$ In this case, the Brgnsted acid source is
Acylation of the enolate by the resulting acylpyridiniumion HN, Use of HN generates an acyl azide intermediate, which

then produces the enantioenriched enol ester and regeneratesan undergo a Curtius rearrangement to furnish enantio-
the catalyst. Alternatively, PPY*2@) may be acting as @  enriched amines (eq 19).

Bragnsted base/acid (bottom of Figure 28). According to this

R1
Figure 28. Proposed mechanisms for the enantioselective coupling
of diphenylacetaldehyde to ketenes.

pathway, PPY* 23) deprotonates the aldehyde, furnishing o . o] ) H
an achiral enolate5@). This nucleophilic enolate then adds  Na-H \/F“ catalyst” Na)f\rﬂ‘ _RoH, F‘ZO\H/N\(R1 (19)
to the electrophilic ketene to produce a new achiral enolate R R A O R

(53), which undergoes enantioselective protonation by its
counterion (protonated PPY*, a chiral Brgnsted acid), thereby Previous studies have shown that Brgnsted acids derived

generating the enol ester. from pyrroles and phenols furnish the highest levels of
Schaefer and Fu made a number of experimental observa-enantioselectivity when addition of the nucleophile is
tions relevant to the reaction pathway. When PPX3)was conducted at low concentrations and in nonpolar solvents.

mixed with one equivalent of diphenylacetaldehyde, there One rationale for these observations is that the achiral HX
was no evidence for deprotonation of the aldehyde to form competes for protonation of the enolate of the ion pair. A
an ion pair, which contrasts with the previous method survey of a variety of planar-chiral catalysts revealed that
involving 2+ert-butylphenol. On the other hand, in the in order to obtain acceptable ee values with-dting as
presence of PPY*A3), thea proton of diphenylacetaldehyde the Brgnsted acid a planar-chiral pyriding4) lacking a
exchanges rapidly with f© at 0°C (in the absence of PPY*  strong electron-donating group in the 4 position would be
(23), there is essentially no exchange after 3 days at roomnecessary. This increases the acidity of the ion pair formed
temperature). In addition, the sense of stereochemical induc-between catalyst and HNelative to HN. Planar-chiral
tion is the same as that observed usintg2-butylphenol. catalyst b4), containing a methyl group in the 4 position of
The catalytic asymmetric methodologies for the synthesis the pyridine, was prepared with this goal in mind (Scheme
of a-arylalkanoic acids involving chiral DMAP catalysts 11).
allow access to this useful class of compounds in often Catalystc4was prepared in an analogous manner to PPY*
excellent enantiomeric excess. The three reported method{23) through complexation di6 (available in two steps from
ologies involving Fu’s planar-chiral catalysts afford esters the pyridine N-oxide 55) to a ferrocenyl subunit. Suzuki
or amides that can be readily derivatized and represents acoupling with methylboronic acid and separation of the



Chiral Dialkylaminopyridine Catalysts Chemical Reviews, 2007, Vol. 107, No. 12 5587

Scheme 11 Table 20. Rearrangements of O-Acylated Azlactones
Cl Cl o
1) Ac,0, A M o ©
S ) A0, B BnO” "0 2% PPV (23) MO
N 52&?5 e o N R\(ko kamyiOH,0°C R N={
O 55 olestep 56 N= ,,  Ar=4(MeO)CeH, Ar
r
Me
1) n-BuLi éﬁ@ R % ee % vield
2) "MesCsFeCl'
Me & Me 54 Me 91 94
3) MeB(OH),, Pd(PPhg)4 " " Et 90 93
60% (3 st e e
(3 steps) Ve CH.Ph 90 93
) ) allyl 91 93
enantllomers separated via CHchMez 92 o5
semi-preparative HPLC CH,CH,SMe 88 94
Table 19. Catalytic Asymmetric Addition of HN3 to Ketenes
10% (+)-(54) enantioselective delivery of an acyl group to a prochiral
o PhMe/hexane H enolate in an intramolecular or intermolecular fashion repre-
N3—H \/W ~780r-90°C_ MeO N\‘/F!1 sents an efficacious method for the synthesis of quaternary
R 2) A, MeOH o R carbons.
entry Ar R % ee % yield 2.4.1. O-to-C Rearrangements of Acyl Groups
1 Ph i-Pr 96 93 In 1970, Steglich and Hte reported that DMAP and PPY
g EE tCéC'OheXy' 7966 95312 catalyze the rearrangement of O-acylated azlactones to their
2 o-tolyl E't u 94 93 C-acylated isomers, thereby generating both a new carbon
5 Ph Et 4 89 carbon bond and a new quaternary stereocenter (eéf 20).

The products of these rearrangement processes represent
useful building blocks for synthetic organic chemistry since
nucleophiles react preferentially at the azlactone carbonyl
group to provide protected-alkylateda-amino acids”

enantiomers on chiral semipreparative HPLC furnished the
enantiomerically pure catalyst.

Planar-chiral pyridine derivative4 furnished the highest
ee values for ketenes with a bulky alkyl (Table 19, entries

3
1-3) or aryl (entry 4) substituent. Control experiments reveal . Qeon DMAP RSOC%
that for unhindered ketenes such as phenylethylketene the "o o PPY Rt O (20
uncatalyzed addition of HNs rapid even at low temperature N N_<R1
(entry 5).
Mechanistically, HN addition to the ketene is believed  |n view of Steglich’s discovery that the rearrangement of

to proceed in a similar fashion to that observed with O-acylated azlactones is subject to catalysis by DMAP, Ruble
2-cyanopyrrole (Figure 29). When the catalysf)(is treated  and Fu explored rearrangements with planar-chiral catalyst
PPY* (23).8 Optimization studies of the rearrangement

RO H>*<R1 A, ROH )OS%F{‘ catt revealed that an aryl group present in the 2 position of the
\[C]; e TN e \( HoNy azlactone furnished the highest enantioselectivities with the
4-methoxyphenyl group leading to the most rapid rates of
o rearrangement. Under the optimized conditions, PP23) (
\ )\rw et [N_ . ] catalyzes the rearrangement of an array of O-acylated
8 R s Hreat azlactones with high enantioselectivity and in excellent yield
58 57 (Table 20).
‘\4 The utility of these rearranged products was demonstrated
o ; by their conversion to dipeptide amdmethylserine deriva-
\/R tives (eq 21).
R
Figure 29. Mechanism for the enantioselective addition of {iN Me
to ketenes. Hz,\l/'\ﬂ/o""‘3 o Me
with HNs, deprotonation occurs, resulting in formation of © 8"02C}eLNHJ}(OMe
an ion pair 67; chiral Brensted acid). The azide anion adds i A = 4 0OICEH Mé NHCOAr O
. . BnO,C = 64 . .
to the ketene forming an achiral-enolat&8), In the Y o dipeptide 1)
stereochemistry-determining step of the catalytic cycle, Me N*{ NaBH
proton transfer from the Brgnsted acid produces a chiral acyl Ar u BOLCon
azide and liberates the catalys4. In a subsequent step, W2 Mé NHCOAr

thermally induced rearrangement of the acyl azide then protected a-methyl serine

furnishes the carbamate. The rate of rearrangement was found to be zero order in

. substrate. This observation is consistent with the pathway
2.4. C-Acylations outlined in Figure 30, wherein the resting state of the system

The synthesis of chiral quaternary carbon stereocenters isis ion pair59. The crossover experiment illustrated in Scheme
an important challenge in asymmetric cataly8isThe 12 indicates that reaction of the O-acylated azlactone with
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0] Table 21. Rearrangement of Oxindole Derivatives
o © BnO)J\O R' O qt 9
)VL PPY* R\(K { Y-om 5% (rPRYCSPhs @5) 2 on
oo R N=(O N—o N 0 CH,Cly, 35 °C . o
Ar rate-dzﬁg;m/nmg rapid ) Ar R2 R = CMe,(CCly) R2
o R\;\_ Ar = 4-(MeO)CeH, entry R R? % ee % vield
A 70 1 Ph Me 99 91
BnO™ PPY"  N= 2 2-thienyl Me 95 81
59 Ar 3 Ph Bn 98 88
) . 2 benzyl Me 94 82
Figure 30. Mechanism for the rearrangement of O-acylated 52 Me Me 93 72
azlactones.
a10% catalyst was used.
Scheme 12
jj)\ Table 22. Rearrangement of Benzofuranone Derivatives
MeO™ O BnOJ\O "' O R o}
MeS(H,C), \/ko Me \%o { YR 5% ()-PPYCPhs (25) “ P OoR
N=( N=( , S o CHClp, 35°C S o
Ar Ar R R=CMey(CCly "
due to scrambling 2% (-)-PPY* partial due to scrambling
i} conversion 3 entry R R? % ee % yield
j\ )OJ\ )iy j\ 1 Ph H 97 81
BnO” "0 MeO” O  BnO” O MeO™ O ga Slg l\|—/||e gg gg
MeS(HZC)Z\} o MeS(HZC)z\(‘\ o Me\(k o Me\%\ o
N={ N= N= N={ 2This reaction was run at12 °C with 10% catalyst.
Ar Ar Ar Ar
60 61
o o o o o o o o On the basis of the reassigned structure of diazonamide
A,1%1 a C-acylation strategy involving an oxindole instead
BnO” " O MeO” 0 BnO” X O | Me0” O fab f id b ired. In light of th
MeS(H,C) N={ | MeS(H,C) N={ me” h=( M N= of a benzofuranone wou e required. In light of the
Ar Ar Ar Ar potential significance of the reaction products, Hills and Fu
62 63 reported their findings on the use of planar-chiral DMAP

catalysts in asymmetric rearrangements of O-acylated oxin-
PPY* (23) (Figure 30, first step) is reversible (thereby doles and benzofuranones (eq 23)in preliminary studies,
forming scrambled “starting material§0 and61) and that ~ they discovered that PP¥Eh; (25) successfully catalyzes
the counterions of the ion pair can exchange (thereby formingthe rearrangement of an oxindole-derived carbonate to
compound$0—63). In addition, Ruble and Fu demonstrated  Provide a new quaternary stereocenter with promising ee (R
that the rearranged products are configurationally stable under= Me; 58% ee). It was subsequently determined that an

the reaction conditions, which provides evidence that the final increase in the bulk of the carbonate group and electronic
step (Figure 30) is irreversible. activation, specifically, the use of a trichlotert-butyl group

(derived from commercially available 2,2,2-trichloro-1,1-
In 1986, Black demonstrated that DMAP also catalyzes_ dimethylethyl chloroformate), led to excellent enantiomeric

the rearrangement of O-acylated benzofuranones to the'rexcess (98% ee).

C-acylated isomer¥. This rearrangement was then em- With trichloro-tert-butoxycarbonyl as the migrating group
0 = ’
ployed by Moody®°to generate the quaternary stereocenter rearrangements catalyzed by PRPG, (25) afford a variety

Iz?s ss|t;r? éﬁs S?rllrji(t:ltﬁg ct,?v:r? édpglgnfy;rng ;’1 c()grtgg ecr"?%ir:;lgn_of oxindole derivatives with high enantioselectivity (Table
amide A! A few years later, Vedejs described a modestly 21). The O-to-C rearrangements proceed cleanly with either

. . ; aromatic or heteroaromatic groups in the 3 positior; (R
dla)sltoezreoselectlve variant of the Black rearrangement (eqentries +-3). 3-Alkyl-substituted O-acylated oxindoles can
22). .

also be employed as substrates, although these rearrange-
ments are slower and require 10% catalyst loading in order
Br MeOC, NHTroc to obtain a satisfactory yield (entries-8). The reaction is

MeO.C, NHTroc

DMAP Al CO.R* not limited to N-methyl-substituted oxindoles: cataly2b
OMe THF, rt, ‘ o 2) also rearranges thd-benzyl-protected heterocycle in high
=0 8% o ee (entry 3).
R"O 3: 1 diastereoselectivity The conditions developed by Hills and Fu for O-to-C
Ph rearrangements of oxindole derivatives were directly ap-
R = %\ plicable to O-acylated benzofuranones (Table 22). Thus, for

both 3-aryl- and 3-alkyl-substituted compounds, PERIE
(25) generates the new carbenarbon bond of the quater-

o}
R' Q R! nary stereocenter with very good enantioselection. Under
5% (-)-PPYCsPhs (25 : L ' ,
EI\&C?\_OR CH.Ol 355 é ) @i ;@ these standard reaction conditions, the benzofuranone-derived
X e X substrates react more rapidly than the oxindole-derived

X =0, NR? compounds.
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NMe2 Scheme 13
Cl Cl  OH
>\—QR X 1) LDA, Et,0 o R enzymatic acetylation
| 2) RCHO | or
N R = Me, 68% N CrOg, enzymatic reduction
Et, 61% 65 73-91%
Bu, 65%
Ph, 90%
NMe
2 ¢l OR NMe,OR'
\ HNMe,, 100 °C
N\ | N R —Mm———— A R
0" S\ | R=Me Et Bu,Ph |
© P N R'=H, OAc N
RO™ ~O 66 high yields 67

64

Figure 31. Mechanism of DMAP-catalyzed rearrangements of Table 23. Steglich Rearrangement by £)-TADMAP (40)

O-acylated benzofuranones. 0 o 0
NMe, H PhO™ "O 1% (-)-TADMAP (40) M
JCPhy R\%\o t-amylOH, 0 °C Pno I~ 7
7 Yoa = N
| c N=(  Ar=4-MeO)CH, ar
N/ Ar
. . 40 (TADMAP) R % ee % yield
Figure 32. Vedejs second-generation catalyst. Me o1 95
, , CH,Ph 95 99
Concerning the mechanism for the rearrangement, Black allyl 91 90
suggested that DMAP-catalyzed rearrangements of O-acy- CH,CHMe, 91 90
lated benzofuranones proceed through the pathway illustrated Ph 58 95

in Figure 31. In support of this proposed mechanism, Hills

and Fu have been able to obtain a low-resolution X-ray

crystal structure of the ion pai6§) with PPYGPh; (25).103
More recently, Vedejs demonstrated that introduction of

a chiral center at C3 of DMAP (TADMARIO; short for : : . :
. . ' . enzymatic reduction (e.g., Baker's yeast) afforded enantio-
2,2,2-triphenyl-1-acetoxyethyl DMAP, Figure 32) furnishes mer)i/cally pure alcohs)lsg6 (Rt = H;/ in e)xcellent yields

a competent catalyst that delivers high levels of enantio- (73-91%). Displacement of the chloride with HNMe

selectivity in intramolecular O-to-C-acyl rearrangemefts. ¢ ished the chiral DMAP derivative? in near quantitative
It was hypothesized that the-acylpyridinium intermediate yields105

would be restricted to a geometry where the dialkylamino : .

group is nearly coplanar with the pyridine ring, thereby 'I:[ADI\/IS,?P Iqart]alyst €0) was ara[pll_erdt';? azcat?lytlc’:a\as,)llm-

maximizing nitrogen lone pair delocalization. The preferred metric Steglich rearrangement (Table 23).tert-Amy

orientation of the C3 substituent would place the benzylic alcohol gave the best overall results, although the solvent

hydrogen toward thertho-dialkylamino group. Gotor also gffect was small. The presence Of. a 4—.meth0xyphenyl group
in the azlactone was again beneficial in terms of selectivity

examined additional analogues of this catalyst involving less d i te. The vield d levels of tioselectivit
sterically demanding substituents than the trityl gréifp. ~ 2nd reaction rate. The yIelds and levels or enantioselectivity

Synthesis of the 3-substitited DMAP derivativid were similar to those reported by Fu and Ruble. The presence
developed by Vedejs is very efficient. Triphenylacetaldehyde 0]: anlan{_l Qtfol‘gg’ (R= Ph) leads to greatly diminished levels
was treated with the aryllithium derived from 3-bromo-4- of selectivity:

(dimethylamino)pyridine, and the resulting alkoxide was Ve€dejs also demonstrated that furan enol carbonates
quenched with AgD. Thus, racemiet0 was prepared on ~ réarrange to give a 10:1 mixture of and y-C-carboxy-

gram scale in four steps from DMAP in 37% overall yield lated isomers (eq 25). TADMAP-catalyzed carboxyl mi-
(eq 24)104 grations of benzofuran and indole-derived enol carbonates

also proceed with fair to excellent enantioselectivity
(49-92% ee).

NMe, H
® Bry, K,CO; Br 1) #Buli; Ph,CCHO +CPh,
N Vone | (24)
T A0 0

corresponding secondary alcoh6iin good yields. Kinetic
resolution of65 by lipase-catalyzed transesterification with
vinyl acetate or via oxidation with CrOfollowed by

877% (4 steps) ,321.40 PhO™ "O  10% 10% (+)-TADMAP (40) (25)
MG\Q THF, rt. :
Enantiomerically pure40 was obtained via a classical ={  Ar=4-(MeO)CcH,
resolution using {)-camphorsulfonic acid as the resolving Ar 83% y.e|d 7% y.em
agent. Using this protocol, 7.4 g of racemate was resolved 90% ee 80% ee
to give 0.7 g (9% vyield) of £)-40 (>99% ee) and 1.0 g
(14% vyield) of (+)-40 (98.3% ee) with 4.7 g (64%) of In 2006, Gotor reported that analogues of TADMAGTY
scalemic material available for further resoluti@h. possessing less bulky substituents than the trityl group (R
Gotor reported an alternative method for the synthesis of = Me, Bu, Ph) furnish inferior levels of selectivity in Steglich
various analogues of TADMAP (Scheme 1%).Thus, rearrangements of enol carbonates (ee’s up to 70%). Fur-

treatment of 4-chloropyridine with 2 equiv of LDA followed thermore, hindered protecting groups on the secondary
by quenching with an appropriate aldehyde furnished the alcohol of the catalyst, such as O-benzyloxycarbonyl (Cbz),
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Scheme 14 variety of aryl- (entries +3) and heteroaryl-substituted cyclic
NH, silyl ketene acetals (entries—).
Xy B The scope of this reaction was extended to include acyclic
OH mscl | oMe L7 silyl ketene acetal®® Thus, PPYGPh; (25) catalyzes the
Me™ > Me BN MeT Y Me Na C-acylation of silyl ketene acetals{R:1 mixture of olefin
OH 913% OMs 48% isomers) in very good enantiomeric excess (Table 25). The
high ee and high yield obtained establishes that botlEthe
o~ and theZ-isomers of the silyl ketene acetals are being
ph. Co _Ph converted efficiently into the same enantiomer of product.
Me" N\~ ~Me :@i Me"'@Me Optimization of the ORgroup of the ester revealed that as
gr _h Ph (j/ S the ester group increased in size the ee increased. In the case
Eﬁ/ PdCly(PPhg), N= o ph of the very bulkytert-butyl ester, high enantioselectivity is
Vi DIBAL Ph achieved at the cost of reduced yield; therefore, the optimum
68 50% 69 pp, Ph ester from the standpoint of ee and yield was the isopropy!

ester. For electron-rich and electron-poor aromatic groups

appeared to be detrimental to the enantioselectivity of the (Ar), the desired quaternary stereocenter is produced in good
rearrangement (R= Ac or Chz; 55% ee versus 41% e€j. €€ (entries £4). .

In addition to the research of Fu, other planar-chiral _ This nucleophile-catalyzed C-acylation process was not
catalysts have also been applied to the Steglich rearrangeimited to aryl-substituted compounds. An alkenyl-substituted
ment. Johannsen reported the application of planar-chiralSily! ketene acetal is also a suitable substrate (eq 27), although
catalyst33to the rearrangement of an O-acylated azlactne. ©Nly modest enantiomeric excess is obtained.

The rearrangement proceeded in 69% vyield and with low

enantioselectivity (25% ee). OSiMe, 5% C)PPYCPh:(25) o 0

Ac,0 (1.3 equiv)

Richards reported application of their first-generation chiral P o v Me” " "O-Pr (27)
PPY derivative to the Steglich rearrangem@hThis catalyst Et 3 days, 11 /= FEt
was constructed by appending a cobaditraphenylcyclo- 1 Ph 54% o6
butadiene moiety to the C3 position of PPY derivatB&: mixture of isomers 81% yield
furnishing catalys69 in 22% vyield over three steps from
(S,9-hexane-2,5-diol (Scheme 14). In support of the proposed mechanism for the transforma-

Catalyst 69 was applied to the asymmetric Steglich tion (Figure 33), Mermerian and Fu observed that the
rearrangement of azlactones. The highest level of enantio-C-acylation of silyl ketene acetals by anhydrides is catalyzed
selectivity (up to 76%) was possible when toluene was usedby Me;NOAc (eq 28). Since it is unclear how M¥OAC
as a solvent (eq 26), which is in contrast to the other might activate AgO, it is believed that the rate acceleration
successful catalysts. Interestingly, whimt-amyl alcohol is likely due to activation of the silyl ketene acetal through
was used as a solvent, racemic material resulted. generation of either an enolate or a hypervalent silicate

(72).110.111n addition, the enantioselectivity for C-acylations
catalyzed by PPYEPhs (25) is essentially independent of

ROJ\O 1% (069) o 9 the choice of the Silrgroup of the silyl ketene acetal. This
Me\e\ 7 ROMO (26) observation would suggest that a free enolate rather than a
~ o PhMe, 0 °C Me N= hypervalent silicate??) is an intermediate.
N= 100% conv., 76% ee Ar
Ar Ar=4-(MeO)CgH, OSiMeg

O O
R = CMe,(CCly) j\ j\ Ar\é %
~ "0 Me O (28
Me~ O° Me CD.Cl, A (28)
r.t.

2.4.2. Acylations of Silyl Ketene Acetals Ar = 4-(FoC)CeH,s '

In 2003, Mermerian and Fu reported ariermolecular no catalyst <2% conversion (100 h)
asymmetric delivery of an acyl group to a prochiral eno- 5% MeyNOAC  t,,=<0.1h
late1%8 In the proposed mechanism for this transformation,
the catalyst reacts with an anhydride to generate an acyl-
pyridinium ion (70) along with an acetate counterion (Figure

¢ 7 S . ; OSiMe;z0Ac

33). The resulting ion pair is a more active acylating agent Ar Me,N*
than the anhydride itself, and the Lewis-basic acetate is e
capable of complexing to the Lewis-acidic silicon of a silyl
ketene acetal, affording an enolafgll. Coupling of the 72
activated components of this new ion pair then furnishes a . . .
new quaternargl stereacenter. P 2.4.3. Acylations of Silyl Ketene Imines

In order to avoid the issue of the/Z geometry of the As an extension of the C-acylations of silyl ketene acetals,

proposed enolate intermediate, the first substrate class thasilyl ketene imines were also examined. Asymmetric acy-
was examined was silyl ketene acetals derived from lactones lation of these ambident nucleophiles on carbon would allow
With this substrate class, the silyl ketene acetal angDAc  access to enantiomerically enriched nitriles in which the
do not react in the absence of catalyst. However, PPYiC cyano group is bound to an all-carbon quaternary stereo-
(25) catalyzed the formation of the desired C-acylated center. Silyl ketene imines are readily prepared upon
products in good yields (Table 2%¢ In a mixture of EtO treatment of a nitrile with a Brgnsted base and a silylating
and CHCI,, satisfactory ee values could be obtained for a agent!!?
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Figure 33. Possible pathway for nucleophile-catalyzed asymmetric C-acylation of silyl ketene acetals.

Table 24. Intermolecular C-Acylation of Silyl Ketene Acetals Scheme 15
OSiMeg o O o .
0 0O Rt 5% (-)-PPYCsPhs (25) ( N—TBS
L z = UM XY 0 o Ac0
Me” ~0” "Me r  EtO/CHCI, rt R R 5% (-)-PPYCgPhs (25)
R CeFs, 1.t =P
OMe 729, 81% ee
entry R R % ee % yield OMe
1 Ph Me 90 80 &
2 4-(MeO)GHa Me 95 78 Me
3 4-(RC)CeHa H 90 84 ON
4 2-thienyl Me 76 84 tops Me™ 7~
5 3-(N-methylindolyl) Me 94 92 MeN QOMe
Table 25. C-Acylations of Acylic Silyl Ketene Acetals OMe
. MeO
OSiMe 0 O .
O O 3 (S)-verapamil
5% (-)-PPYC5Phs (25
Me)J\O)J\Me Ar%Oi-Pr 5% (PPYCsPhs (29) MeMOi—Pr MeO
R PhMe/CHzclg, r.t. AFC R
1.3equiv  mixture of isomers Heteroaryl ketene imines furnish ee values that are compa-
rable to the phenyl-substituted substrate (entry 6).
entry Ar R isomerratio %ee % yield The synthetic utility of the reaction was demonstrated in
1 Ph Et 1.81 85 92 an enantioselective synthesis of the drug verapamil in 31%
2 4-(MeO)GHa Et 1.4:1 90 83 overall yield from silyl ketene imin&3 (Scheme 15). The
3a 4-(RC)GeHa Et 2.1:1 92 96 target quaternary stereocenter was generated in 81% ee.
4 QSiMes 141 81 82 In analogy to the chemistry of silyl ketene acetals,
& N0iPr Mermerian and Fu believe that the acylations of silyl ketene
imines proceed through a pathway that involves dual
a CH,Cl, was used as solvent. activation (Figure 34). To provide support for this me(_:ha-
nism, compound34 and 75 were subjected to the reaction
Table 26. Catalytic Asymmetric Synthesis of Quaternary Nitriles Condltlons'. The two compounds furnished tbz_ecyano L
N-TES o carbonyl with the same sense and level of enantioselectivity
o o R\/ 5% (-)-PPYCsPhs (25) N (eq 29). This result is consistent with a common intermediate
E,)J\OJ\E, Ar 1.2-DCE, rt. Bt involving a silicon-free nitrile aniof6 for the two acylation
R Ar processes (Figure 34).
entry R Ar % ee % vyield N_TBS o o
1 Me Ph 81 89 Et\/ JL
2 CH.CHMe, Ph 83 93 on 74 Et” 0" Et o
3 cyclopentyl Ph 69 53 5% (-)-PPYCsPhs (25) =N
4 Et 4-(MeO)GH. 81 65 or 1 2.00E 11 g O (@)
5 Et 4-(RC)CeHa 53 50 N EPVE L Et Ph
6 Et 3-thienyl 7 72 ™S _C~ _N 81-82% ee
El Ph via | B -C7
Mermerian and Fu observed that in the presence of 75 Ph
PPYGPhs (25), silyl ketene imines undergo C-acylation to 76

furnish a-cyano carbonyl compounds. Upon choosing the
appropriate acylating agent, namely, anhydrides, good ee) g Halogenations

values can be obtained for the process (Table'Z6)he
reaction is sensitive to steric effects with the sterically = The enantioselective synthesis of alkyl halides has received

demanding cyclopentyl-substituted compound reacting with a great deal of interest in recent ye&sMost of the
somewhat diminished stereoselectivity (entry 3). With respect processes furnish secondary alkyl halides, whereas limited
to variation of the aromatic ring, introduction of an electron- progress has been made in the development of stereoselective
withdrawing group leads to an erosion in ee (entry 5). methodologies to access tertiary halié#s.16
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Figure 34. Proposed pathway for nucleophile-catalyzed asymmet
Table 27.a-Chlorination of Ketenes Catalyzed by )-PPY* (23)

Sy

3% ()-PPY* (23)

PhMe or Et20 .
—78°C cl ¢l Cl Ar
1.2 equiv
entry Ar R % ee % yield
1 Ph Me 91 74
2 Ph Et 94 86
3 Ph i-Bu 85 76
4 o-tolyl Et 67 84
52 Ph cyclopentyl 65 79

@ Reaction conducted at78 °C at room temperature.

In 2007, Fu reported the utility of planar-chiral DMAP
derivative, PPY* 23), in the successful chlorination of
ketenes to furnish enantioenriched tertiary halides (Table
27)17 A variety of chlorinating agents were surveyed, and
2,2,6,6-tetrachlorocyclohexanone proved to be the best in
terms of selectivity and yield. Modest scope is observed for
the chlorination with the best enantioselectivities obtained
with ketene substrates lacking sterically demanding substit-
uents (entries +3). Reduced levels of enantioselectivity are
observed when the substrate contains either an ortho-
substituted aryl group (entry 4) or am-branched alkyl
substituent (entry 5).

Functionalization of the enol esters can be accomplished
through treatment with Brfollowed by addition of a
nucleophile. Nucleophiles such as MeOH or lithium boro-
hydride furnish a methyl ester or an alcohol, respectively,
without erosion in enantiomeric excess (eq 30).

o
1) Bre )S/Et
Clo ~"2)DMAP,MeOH ~ MO 7%
Et 78%  (30)

o” 77

ci ¢ CI Ph 1) Brz Et

: HO™ 77
2) LiBH,4 cl' Ph

79%

Two possibilities for the mechanism have been postulated
for the enantioselective chlorination (Figure 35). In one
scenario, an ion paif7 can be formed by reaction of PPY*
(23) with 2,2,6,6-tetrachlorocyclohexanone followed by ClI
transfer to the achiral enola#@to generate the new stereo-
center. In an alternative mechanism, PP¥38)(adds to the
ketene to afford a chiral enolatéq), and the achiral chlori-

ric C-acylation of silyl ketene imines.

« R? PPY*
RO )@L
stereochemlstry

cl R
determining step
Cl .
Ro)\(R CI-PPY* Cl)ij/ cI-PPY
R! R=
78 77
O R2
R1
(0}
ro” R PPY* o
cl R! \/RZ
RI
. o (0] (o
+ R2 + 2
f ol c PPY*)S*( PPY*)\(R
- Cl R! R!
80 79
\—<% stereochemistry
0 determining step

cl cl
CH@G

Figure 35. Proposed mechanisms for the enantioselective chlorina-
tion of ketenes.

that, according t6H NMR, the resting state of the catalyst
during the reaction is the free catalyst (not chlorinated or
acylated). Second, no reaction occurs between 2,2,6,6-
tetrachlorohexanone and catalyst-ai8 °C or room tem-
perature. Last, the ee value of the product correlates linearly
with that of the catalyst, consistent with the presence of
monomeric species in the stereochemistry-determining step.

2.6. Michael Addition Reactions

The enantioselective Michael addition reaction provides
a powerful tool for carborcarbon bond formatiok'®
Recently, considerable attention has been directed toward
application of chiral organocatalysts in this reaction stimu-
lated by the desire to develop environmentally friendly
processest?

In 2004, Kotsuki reported the utility of chiral DMAP
catalysts in the successful Michael addition reaction involving

nating agent subsequently reacts furnishing a new stereoketones and nitroolefing® These chiral DMAP derivatives
center (intermediat80) and regenerating the catalyst. Several were prepared from cyclic sulfamat®l (derived from
relevant experimental observations were made; however, they -prolinol) upon treatment with pyridyllithium reagents (eq

do not preclude either mechanism. The first observation was

31). Hydrolysis of the resulting sulfamic acid salts under
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Figure 36. Mechanism for the Michael addition reaction.

Table 28. Michael Addition Reactions Catalyzed by {)-82a,b

(o} O Ar
_SUNO 10% (-)-82 _ANO;
Ar 5% 2,4-(NO,)CoH;SOH | =
X CHClg, 0 °C X
excess
entry catalyst X Ar syn:anti % ée % yield

1 82a CH, Ph 98:2 95 98
2 82b CH; Ph 98:2 99 95
3 82a CH, 1-naphthyl 97:3 98 92
4 82b CH, 1-naphthyl 97:3 93 100
5 82a  CH, 2-thienyl 94:6 88 92
6 82b  CH, 2-thienyl 93:7 90 98
7 82a S Ph 99:1 96 95
8 82b S Ph 98:2 92 98

a Enantiomeric excess of the syn diastereomer.

acidic conditions furnished catalysd®a,b in moderate to
high yields (56-80%; two steps).

R
® i
L Xy HC
N N™ "L | | X (31)
=§_o aR=NMe, N N/ A N N/
O b Ni:’ Lisdg 50-80% H
81 (-)-82

Catalysts 82a,b were found to successfully promote
Michael addition reactions of ketones and nitroolefins (Table
28). These catalysts furnished high yields {920%) and
high levels of diastereoselectivity>03:7 syn:anti) and
enantioselectivity (8899% ee) of the desired Michael adduct
when 2,4-dinitrobenzenesulfonic acid was used as an addi-
tive. Modest scope was observed for cyclohexanone (entries
1-6) and tetrahydrothiopyran-4-one (entries8) substrates
and a variety of aryl (entries-34, 7, 8) or heteroaryl (entries
5, 6) nitroolefins'?°

Mechanistically it is believed that treatment of the ketone
with catalyst 82 results in enamine formation, which
undergoes a face-selective Michael addition to the electro-
philic nitroolefin. The DMAP component of the catalyst was

anticipated to serve two roles, both as a base component to

facilitate enamine formation via-hydrogen abstraction and
to effectively shield one face of the enamine (Figure 36).
The corresponding benzene analogue of catadgstvas
prepared and showed no catalytic activity.

3. Conclusion
During the past decade, chiral DMAP derivatives have

established themselves as effective enantioselective catalysts

for a broad range of transformations in organic synthesis.
Their nucleophilicity and chiral environment can be tuned
using a variety of scaffold designs. As a result, chiral
analogues of DMAP now provide state-of-the-art methods
for the asymmetric synthesis of a number of chiral building
blocks.

The challenge in developing a useful enantioselective
variant of DMAP is to introduce an effective chiral environ-
ment without significantly eroding the nucleophilicity of the
catalyst. The high reactivity of DMAP is a consequence of
the capacity of the lone pair of the dimethylamino group to
donate to the pyridine nitrogen.

Undoubtedly, further improvements in catalyst design and
synthesis will lead to additional progress in the development
of powerful new asymmetric processes catalyzed by chiral
derivatives of DMAP.
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