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An asymmetric pericyclic cascade approach to 
3-alkyl-3-aryloxindoles; generality, applications 
and mechanistic investigations 

Edward Richmond,a Kenneth B. Ling,a Nicolas Duguet,a Lois B. Manton,a Nihan 
Çelebi-Ölçüm,b,c Yu-hong Lam,b Sezen Alsancak,c Alexandra M. Z. Slawin,a K. 
N. Houk*b and Andrew D. Smith*a   

The reaction of L-serine derived N-arylnitrones with alkylarylketenes generates asymmetric 3-
alkyl-3-aryloxindoles in good to excellent yields (up to 93%) and excellent enantioselectivity 
(up to 98% ee) via a pericyclic cascade process. The optimization, scope and applications of 
this transformation are reported, alongside further synthetic and computational investigations. 
The preparation of the enantiomer of a Roche anti-cancer agent (RO4999200) 1 (96% ee) in 
three steps demonstrates the potential utility of this methodology. 
	
  

Introduction	
  

 Cascade reactions are highly desirable owing to the ability 
to perform multiple sequential transformations without the 
necessity for additional manipulation or introduction of further 
reagents. Such approaches allow significant molecular 
complexity to be rapidly assembled, provided each subsequent 
transformation in the cascade unmasks a desirable, reactive 
functionality.1 Pericyclic cascades are particularly attractive 
given their predictable regio- and stereocontrol,2 coupled with 
the potential to readily generate multiple carbon-carbon bonds. 
Significant attention has focused on the expansion of this field 
toward both carbocyclic and heterocyclic frameworks.3 The 
3,3-disubstituted oxindole scaffold is an appealing target given 
the prevalence of naturally occurring species4 and medicinal 
agents containing this core structure.5 Notably, alkaloids 26 and 
37 have both been prepared from 3,3-disubstituted oxindole 
precursors (Fig 1).  
 

 
Fig.	
   1.	
   Oxindole	
   medicinal	
   agent	
   1	
   and	
   natural	
   products	
   2	
   and	
   3	
   accessed	
  
synthetically	
  from	
  3,3-­‐disubstituted	
  oxindoles.	
  

 As a consequence of their wide-ranging biological 
properties, and given the synthetic community’s interest in 
developing novel approaches toward the preparation of 

molecules with quaternary stereocentres,8 3,3-disubstituted 
oxindoles have emerged as ideal frameworks on which to 
develop new asymmetric methodologies.9 Typically, such 
approaches employ anilides, isatins or suitably substituted 
oxindole derivatives as starting materials (Fig 2), although 
numerous other standalone approaches have also been 
developed.9b,c,10-12 Asymmetric intramolecular anilide 
cyclizations13 or Heck reactions14 typically employ a palladium 
catalyst in combination with chiral ligands (a), and have found 
wide application in synthesis.15 In similar systems, direct 
coupling approaches, without the necessity for pre-activation 
have been developed.16 However, these approaches have yet to 
be rendered enantioselective. O-to-C transfer reactions (b) have 
also been used to great effect including Trost’s asymmetric 
allylic alkylation methodology,17 and Lewis base-catalyzed O-
to-C carboxyl transfer reactions.18 A plethora of catalytic 
methodologies has been developed over the past decade 
employing isatins (c) as starting materials,19 giving access to 3-
substituted-3-hydroxyoxindoles that serve as convenient 
synthetic intermediates.20 Latterly, both stoichiometric and 
catalytic asymmetric alkylation approaches (d) have been 
reported to access 3,3-disubstituted oxindole species.21 This 
manuscript details the asymmetric cycloaddition cascade 
reaction between nitrones and ketenes (e), allowing direct 
access to the unprotected 3,3-disubstituted oxindole motif. This 
method contrasts the commonly employed approaches that 
require protection of the amide functionality, thereby 
generating N-protected oxindoles. 
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Fig.	
  2.	
  Typical	
  approaches	
  toward	
  asymmetric	
  3,3-­‐disubstituted	
  oxindoles.	
  	
  

Previous Studies and Mechanism 

 The hetero-Claisen approach to oxindoles using N-
phenylnitrones and diphenylketene was first reported by 
Staudinger22 and subsequently investigated by Lippman23 and 
Taylor.24 Despite its synthetic potential, an asymmetric variant 
of this process was overlooked until we developed an 
asymmetric route to 3,3-disubstituted oxindoles (up to 90% ee) 
using Garner’s aldehyde derived N-aryl nitrones and 
disubstituted ketenes.25 Subsequent studies extended this 
methodology to the construction of asymmetric 3,3-
spirocarbocyclic oxindoles,26 and computational studies led to a 
revised mechanistic rationale for these processes.27 The 
mechanistic pathway is consistent with a 3+2 cycloaddition 
across the ketene C=O bond, with preferential anti-addition 
with respect to the aryl portion of the ketene. Facial selectivity 
in this cycloaddition is controlled by the preferred arrangement 
of large and electronegative allylic groups, and 1,3-allylic 
strain28 within the enantiopure nitrone chiral auxiliary 4, 
generating a stereodefined five-membered intermediate 5.  
Subsequent [3,3]-sigmatropic rearrangement yields 6 that 
undergoes rearomatization and tautomerization to imino acid 7. 
Each of these steps was established by computational studies of 
the reaction transition states.27 Acidic hydrolysis and 
concomitant cyclization generates the oxindole 8 with excellent 
enantiocontrol and regenerates chiral aldehyde 9 (Fig 3).29  

  

 
Fig.	
  3.	
  Proposed	
  mechanism.	
  

 The ability of this methodology to generate highly 
substituted quaternary stereocentres at the oxindole C(3)-
position with excellent enantiocontrol (up to 90% ee), coupled 
with the inexpensive nature of the starting materials, warranted 
further development of this reaction manifold. To this end, this 
manuscript describes our studies devoted to optimization of the 
levels of enantioselectivity in this transformation, alongside 
computational and experimental mechanistic studies of this 
process. The full scope and limitations of the optimized process 
are delineated, as well as its application to a target Roche anti-
cancer agent (RO4999200). 

Results	
  and	
  Discussion	
  

Stereodirecting Group Optimization 

 To explore the necessary structural requirements for 
generating high enantiocontrol in this reaction manifold, a 
range of enantiopure N-aryl nitrones 11-16 was synthesized 
from readily available chiral starting materials. These nitrones 
were then evaluated in the pericyclic cascade process with 
ethylphenylketene (Fig 4).30 Initially, Naproxen-derived nitrone 
11 was synthesized and evaluated, generating oxindole 10 in a 
poor 27% ee. Mannitol-derived nitrone 12 proved more 
successful, providing oxindole 10 in 78% yield and 70% ee 
after treatment with ethylphenylketene. An α-oxygenated series 
of nitrones 13–16, derived from (S)-ethyl lactate, was also 
synthesized and tested. These nitrones proved difficult to 
isolate and were consequently prepared and evaluated in situ.31 
A general trend of increasing enantioselectivity with increasing 
substituent size was observed, with O-TIPS-substituted nitrone 
15 delivering 10 in 80% ee.  
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Entry Nitrone Oxindole 
Yield (%)a 

Oxindole 
ee (%)b 

1 11 43 27 (ent) 
2 12 78 70 (ent) 
3 13 25 < 5 
4 14 32 60 
5 15 70 80 
6 16 38 32 

Fig.	
   4.	
   Variation	
   of	
   the	
   chiral	
   nitrone.	
   a	
   Isolated	
   yield	
   of	
   oxindole	
   10	
   after	
  
purification	
  by	
  column	
  chromatography.	
  b	
  Determined	
  by	
  chiral	
  HPLC	
  analysis.	
  

 Subsequent studies prepared and evaluated a series of chiral 
nitrones bearing a protected nitrogen atom at the α-position. 
The acyclic, α-dibenzylamino nitrone 17 provided the oxindole 
in 70% ee, but in poor yield. The N-Boc nitrone 4, derived from 
Garner’s aldehyde, gave oxindole 10 in good yield and 84% ee. 
This prompted us to evaluate a series of structural analogues of 
4 in which the N-substituent is varied (Fig 5). Upon treatment 
with ethylphenylketene, the N-benzyl nitrone 18 gave the 
desired oxindole with poor enantiocontrol, suggesting that 
structural rigidity or restricted rotation at this position may be 
crucial to engendering high levels of enantioselectivity. As a 
consequence, a sulfonamide substituent was investigated. With 
N-tosyl nitrone 19, the oxindole was obtained in good yield and 
excellent enantiocontrol (75% yield, 91% ee). Increasing the 
size of the sulfonamide group was found to improve the 
enantioselectivity, as the use of N-TIPBS (2,4,6-
triisopropylbenzenesulfonyl) nitrone 20 furnished oxindole 10 
in 86% yield and 96% ee. A single-crystal X-ray structure of 20 
was obtained, and gives an excellent representation as to the 
steric impact of this TIPBS residue.32 Further studies allowed 
for preparation of 20 on gram scale (see SI for details). 

  
 

Entry Nitrone Oxindole 
Yield (%)a 

Oxindole 
ee (%)b 

1 17 21 70 
2 4 83 84 
3 18 60 20 
4 19 75 91 
5 20 86 96 

Fig.	
  5.	
  Optimization	
  of	
  stereodirecting	
  groups	
  on	
  the	
  nitrone.	
   a	
   Isolated	
  yield	
  of	
  
oxindole	
  10	
  after	
  purification	
  by	
  column	
  chromatography.	
  b	
  Determined	
  by	
  chiral	
  
HPLC	
  analysis.	
  

Computational Studies – Role of the N-Substituent in 
Determining Enantioselectivity 
 
  In order to understand the origin of the effect of the size of 
the N-substituent on the enantioselectivity of the reaction, the 
competing stereoisomeric transition structures (TSs) for 
nitrones 4, ent-12, and 20 were located using Gaussian 0933 at 
the M06-2X/6-311+G(d,p)//B3LYP/6-31G(d) level. In the 
proposed mechanism, the stereochemical outcome of the 
reaction is determined at the 3+2 cycloaddition step of the 
pericyclic cascade simultaneously by the facial selectivity of 
the nitrone and the direction of attack on the ketene.27 Our 
previous calculations have shown that the approach of ketene 
from the Re face of nitrone is strongly disfavored as it places 
the ring methylene group at the sterically more demanding 
inside position. Indeed, nitrones 4, ent-12 and 20 all displayed 
significantly high π-facial selectivities with the Si face attack 
contributing more than 97% to the diastereomeric cycloadduct 
distribution (see SI), and the competing stereodetermining 
factor was the orientation of the unsymmetrically substituted 
ketene at the TS (Fig 6).  
 We initially considered the 2,2-dimethyl-1,3-dioxolanyl 
auxiliary (Fig 6, X = O) to study the stereoinduction in the 
absence of steric interactions from the protecting group. The 
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calculations predict 1.4 kcal/mol difference in free energy 
between TSE-O and TSZ-O favoring the trans addition with 
  

	
  

Fig.	
  6.	
  Relative	
  Gibbs	
  free	
  energies	
  (in	
  kcal/mol)	
  of	
  stereoselectivity-­‐determining	
  
3+2	
  cycloaddition	
  transition	
  structures	
  for	
  nitrones	
  4,	
  ent-­‐12	
  and	
  20,	
  calculated	
  
with	
  M06-­‐2X/6-­‐311+G(d,p)(THF)//B3LYP/6-­‐31G(d).	
   The	
  hydrogen	
  atoms,	
  except	
  
those	
  around	
  the	
  Newman	
  projections,	
  are	
  omitted	
  for	
  clarity.	
  

respect to the phenyl portion of the ketene. The cycloaddition 
occurs in the plane of ketene substituents, and the observed 
trans-phenyl selectivity can be explained by the attack of 

nitrone from the least hindered side in the plane of ketene. 
Steric effects of ketene substituents for nucleophilic additions at 
the ketene LUMO in the plane of substituents are well 
documented, and are proposed to be responsible for high levels 
of E/Z selectivities obtained in the reactions of unsymmetrically 
substituted ketenes with carbon and oxygen nucleophiles.34,35  
 The inclusion of N-protected chiral auxiliaries leads to an 
increase in the E/Z selectivity by introducing a higher degree of 
steric hindrance at the transition structures with the Ph group 
cis (Fig 6, X = NBoc and NTIPBS). While the additional 
contribution of N-PG to the selectivity is found to be minimal 
for N-Boc nitrone, the steric effects become significant with the 
increasing size of the protecting group, disfavoring TSE-
NTIPBS compared with TSZ-NTIPBS with an energetic cost 
that amounts to 4.0 kcal/mol. Steric interactions between the N-
substituent and the ketene substituents result in substantial 
deviations in the antiperiplanarity of the C-N bond at the TS. 
The O-C-C-N dihedral angle (τ) decreases with increasing size 
of the N-substituent and correlates well with the activation 
energy (R2 = 0.94, see SI) suggesting a combination of steric 
and electronic effects in determining the selectivity of the 
reaction. A distortion-interaction analysis shows that both 
distortion and interaction energies favorably contribute to the 
stabilization of TSE-NTIPBS with respect to TSZ-NTIPBS 
(see SI). The edge-to-face π-π interaction displayed in the X-ray 
structure of nitrone 20 is well reproduced by the calculations 
(shown highlighted in Fig 6).36 
 

Scope and Limitations  

 With N-TIPBS nitrone 20 established as the optimum chiral 
auxiliary for this asymmetric oxindole forming methodology, 
reactions with a range of alkylarylketenes were undertaken to 
demonstrate the scope and limitations of this transformation. To 
provide a direct comparison between the N-TIPBS and N-Boc 
nitrone chiral auxiliaries, the reactions with the same series of 
alkylarylketenes were selected, the results of which are 
summarized in Fig 7. In all cases, an improvement in ee was 
observed with N-TIPBS nitrone 20, whilst yields remained high 
and a variety of aryl and alkyl substitution patterns at the C(3)-
position of the oxindole were successfully incorporated (21-26).  
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Fig.	
  7.	
  Asymmetric	
  oxindole	
  synthesis	
  using	
  nitrone	
  20;a	
  ee	
  values	
  in	
  parentheses	
  
represent	
  those	
  obtained	
  using	
  N-­‐Boc	
  nitrone	
  4.25	
  

 Using the optimised N-TIBPS nitrone 20, an extensive 
ketene screen showed that numerous alkylarylketenes were well 
tolerated in this process, yielding the respective oxindoles in 
good yields although varying ee (Fig 8).37 β-Branching of the 
alkyl group of the ketene component was well tolerated (27) 
and reaction with halo-arylketenes yielded oxindoles 28, 29 and 
30 in excellent ee. The transformation is also compatible with a 
C(3)-indolyl substituent, which is common to many natural 
products,38 as oxindoles 31 and 32 were furnished in 88% and 
84% ee, respectively. Ketenes bearing a 2-substituted phenyl 
ring (33 and 34) or a 1-naphthyl (35) ring resulted in 
diminished enantiocontrol, yet these reactions still provided the 
desired oxindoles in moderate to excellent yields. α-Branching 
of the alkyl substituent resulted in a racemic mixture, as 
illustrated by the reaction generating oxindole 36. Attempted 
extension to C(3)-tertiary asymmetric oxindoles using 
monosubstituted ketenes (generated in situ) allowed the 
isolation of oxindole 37 in a promising 72% yield and 50% ee. 
However, this species proved configurationally unstable, with 
slow racemization observed over time.39 Oxindole 38 was 
generated using a solution of methylketene in 54% yield, but 
was racemic. 
 

  
Fig.	
  8.	
  Asymmetric	
  oxindole	
  synthesis;	
  generality.	
  

Regioselectivity 

 Attention next turned to substitution of the N-aryl nitrone 
ring to probe the effect upon regio- and stereoselectivity of this 
process. 4-Tolyl- and 4-chlorophenyl N-aryl nitrones 39 and 40 
each gave the 5-substituted oxindole as a single regioisomer, in 
excellent ee and acceptable yields. Similarly, 2-tolyl nitrone 43 
and 2-chlorophenyl nitrone 44 gave 7-substituted oxindoles 45 
and 46, respectively, as single regioisomers in good yield 
although with lower enantioselectivities (Fig 9).  

  
Fig.	
  9.	
  Asymmetric	
  oxindole	
  synthesis	
  using	
  4-­‐	
   (39	
   and	
  40)	
  or	
  2-­‐substituted	
   (43	
  
and	
  44)	
  N-­‐aryl	
  nitrones.	
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 However, treatment of 3-substituted N-aryl nitrones 47 and 
48 with ethylphenylketene gave a 40:60 regioisomeric mixture 
of the 4- and 6-substituted oxindole isomers respectively, in 
good yields. Using 3-tolyl nitrone 47, the ee of the inseparable 
4- and 6-regioisomers was 91%, while 3-chlorophenyl nitrone 
48 gave the separable 4- and 6-chlorooxindoles in 86% ee (Fig 
10).  

 
Fig.	
   10.	
   Regioselectivity	
   trends	
   in	
   the	
   asymmetric	
   oxindole	
   synthesis	
   using	
   3-­‐
substituted	
  N-­‐aryl	
  nitrones.	
  a	
  oxindoles	
  49	
  and	
  50	
  were	
  isolated	
  and	
  analyzed	
  as	
  
a	
  mixture	
   of	
   regioisomers	
   in	
   88%	
   combined	
   yield:	
   the	
   reported	
   yields	
   refer	
   to	
  
mol	
  %	
  fraction	
  of	
  total	
  isolated	
  material.	
  	
  

 The computed regioselectivity-determining transition 
structures are shown in Fig 11 for 3-tolyl nitrone 53 and 
methylphenylketene as the model reactants. According to the 
proposed pericyclic cascade mechanism, the regioselectivity is 
dictated by the hetero-Claisen rearrangement step of the 3+2 
cycloadduct. This [3,3]-sigmatropic rearrangement is highly 
asynchronous since the C–C bond is barely formed when the 
N–O bond is being cleaved at the transition state. The 
perturbation by any substituent at either the 4- or the 6-position 
is therefore likely to be minimal. Indeed, the free energies of 
the transition structures for the 4-isomer and the 6-isomer were 
found to differ only by 0.1 kcal/mol in favor of the 6-isomer. 
This is essentially replicated in experimental investigations 
with ethylphenylketene (Fig 10) where a minimal preference 
for the 6-isomer is observed in the case of both chloro- and 
methyl- substitution. 

  
Fig.	
   11.	
   Regioselectivity-­‐determining	
   transition	
   structures	
   (SCS-­‐MP2/6-­‐
31G(d)(THF)//MP2/6-­‐31G(d)(THF))	
  involving	
  meta-­‐substituted	
  nitrones.	
  	
  

Mechanistic Validation 

 In our recent communication, the computational exploration 
of the possible reaction pathways for the formation of the key 
imino acid intermediates in the reactions of N-phenyl nitrones 
with ketenes were evaluated at the M06-2X/6-
311+G(d,p)//B3LYP/6-31G(d) level (Scheme 1).27 These 
studies described a novel 1,3-dipolar cycloaddition and hetero-
[3,3]-rearrangement cascade (Scheme 1, Pathway A) involving 
a chirality transfer between the highly asynchronous but 
concerted pericyclic steps. Here, we extend our calculations to 
the SCS-MP2/6-31G(d)//MP2/6-31G(d) level of theory (Figure 
12), which provided the best results in an equivalent key [3,3]-
sigmatropic rearrangement step of the acid-promoted Fischer 
indole reaction, where B3LYP optimizations were shown to 
yield highly asynchronous and dissociative transition states.40 
 In the first step of the pericyclic cascade mechanism, the 
3+2 cycloaddition between nitrone and ketene across the C=O 
bond forms the substituted 1,2,4-dioxazolidine. The 3+2 
cycloaddition transition structure, TS-(3+2), is predicted to be 
16.7 kcal/mol uphill from the starting nitrone and ketene (Fig 
12). TS-(3+2) features two forming C-O bonds of 1.57 Å and 
2.12 Å. The geometry and electronic features are in good 
agreement with the previously described 3+2 cycloaddition TS 
obtained using B3LYP.27 This cycloaddition step sets the 
stereochemistry of the 5-membered ring in the cycloadduct 
involving an unsymmetrically substituted exocyclic alkylidene 
group. The cycloadduct int-1 is 6.9 kcal/mol more stable 
relative to the separated reactants, and smoothly undergoes an 
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aromatic hetero-[3,3]-sigmatropic shift via TS-[3,3] with an 
activation free energy of 2.3 kcal/mol furnishing the quaternary 
stereocenter. The following stereospecific hetero-[3,3]-
rearrangement step transfers the stereochemical information of 
the cycloadduct to intermediate int-2 installing the desired 
quaternary stereocenter. TS-[3,3] is early and highly 
asynchronous; the breaking N-O bond is 1.75 Å as the forming 
C-C bond is 2.89 Å. The critical distances in the MP2 

optimized transition structure are significantly shorter 
compared to those predicted using B3LYP (dC-C(B3LYP) = 
3.47 Å , dN-O(B3LYP) = 1.95 Å). The intrinsic reaction 
coordinate (IRC) path from TS-[3,3] indicates no intermediates, 
and connected the cycloadduct int-1 to intermediate int-2, 
which has a relative free energy of -36.6 kcal/mol with respect 
to the separated reactants. Cleavage of the hemiaminal linkage 
and rearomatization form the aromatic imino acid.  

 
 

  
Scheme	
  1.	
  Mechanistic	
  proposals	
  for	
  the	
  reactions	
  of	
  N-­‐phenylnitrones	
  with	
  disubstituted	
  ketenes.	
  

 

 
Fig.	
  12.	
  Pericyclic	
  cascade	
  (Pathway	
  A,	
  Scheme	
  1)	
  and	
  competing	
  heterolytic	
  cleavage	
  pathway	
  (Pathway	
  B,	
  Scheme	
  1;	
  TS’-­‐[3,3])	
  (R	
  =	
  i-­‐Pr).	
  The	
  relative	
  free	
  energies	
  
(ΔG,	
  kcal/mol),	
  calculated	
  using	
  SCS-­‐MP2/6-­‐31G(d)//MP2/6-­‐31G(d),	
  are	
  given	
  with	
  respect	
  to	
  the	
  separated	
  reactants.	
  

 An analogous [3,3]-rearrangement transition structure, TS’-
[3,3], in a previously proposed nucleophilic addition and 
hetero-Claisen rearrangement mechanism (Scheme 1, pathway 
B) led to dissociation rather than rearrangement (red inset, Fig 
12). This pathway has a higher free energy of activation (∆G‡ = 

25.8 kcal/mol) than the pericyclic cascade (∆G‡ = 16.7 
kcal/mol) and is, therefore, not observed experimentally. 
 Further mechanistic insight can be gleaned by comparing 
the sigmatropic rearrangement step in the acid-promoted 
Fischer indole reaction, the originally proposed, nucleophilic 
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addition/hetereo-Claisen rearrangement pathway (Pathway B, 
Scheme 1), and the pericyclic cascade pathway (Pathway A, 
Scheme 1). The key steps common to these three pathways are 
laid out in Figure 13. The key step of the Fischer indole 
synthesis is an aromatic hetero-Claisen rearrangement (3,4-
diaza-Cope rearrangement, Fig 13a); this corresponds to a 3-
aza,4-oxa-Cope rearrangement involved in both pathways A 
and B in the present study (Fig 13b and c). Our previous work 
found that Fischer indolization substrates with certain 
substitution patterns, such as the one shown in Fig 13a, do not 
undergo the desired rearrangement.40 Instead, heterolysis of the 
N–N(+) bond occurs, giving an aniline and a resonance-
stabilized carbocation. Our computations showed that these 
attempted rearrangements fail because the electron-donating 
groups on the terminal aliphatic carbon of the rearranging 
system significantly lower the bond dissociation enthalpy of the 
N–N(+) bond, and favor the heterolysis of this bond over the 
intended [3,3]-sigmatropic rearrangement. Similarly, 3-aza,4-
oxa-Cope rearrangement transition states of pathways A and B 
contain a disubstituted alkylidene group derived from the 
ketene reactant (Fig 13b and 13c). In accord with the previous 
findings,40 the located transition structures, TS-[3,3] and TS’-
[3,3] are both early and highly asynchronous, indicative of 
significant weakening of the O–N bond (Fig 12). Our 
calculations predict that TS-[3,3] in pathway A gives the 
rearranged product (Fig 13c), but the analogous TS’-[3,3] in 
pathway B leads to heterolysis of the O–N(+) bond akin to the 
heterolytic cleavage of the N–N(+) bond in the Fischer indole 
reaction (Fig 13b). The formation of the non-charge separated 
arylimine and α-lactone products (ΔG = -40.5 kcal/mol) favors 
heterolysis over rearrangement in pathway B. On the other 
hand, the ketene oxygen is involved in the hemiaminal linkage 
in the cycloadduct making the rearranging system in pathway A 
uncharged. With no formal positive charge on nitrogen, the 
subsequent [3,3]-shift proceeds via TS-[3,3] in a concerted 
manner. This rearrangement is facile, presumably driven by 
both the electronic effects that weaken the N-O bond and the 
release of the ring strain. Thus, the competing high-energy-
barrier to heterolysis of the O–N+ bond disfavors the operation 
of the nucleophilic addition–hetero-Claisen pathway. By 
contrast, our proposed pathway proceeds first by a 3+2 
cycloaddition, yielding an uncharged system, which can 
undergo facile [3,3]-rearrangement. Comparison of pathway B 
(Fig 13b) and the case of a failed Fischer indolization attempt 
(Fig 13a) suggests the importance of electronic effects in 
hetero-Claisen rearrangements.   

  
Fig.	
  13.	
  Competing	
  [3,3]-­‐rearrangement	
  and	
  cleavage	
  pathways	
  (a)	
  in	
  the	
  Fischer	
  
indole	
  synthesis;39	
  (b)	
  in	
  pathway	
  B;	
  (c)	
  in	
  pathway	
  A.	
  

Attempted Intermediate Isolation 

 Experimental validation of the computationally predicted 
cycloaddition pathway by trapping anticipated reaction 
intermediates was probed. Initially, in an attempt to preclude 
the proposed rearomatization step, N-xylyl nitrone 54 was 
prepared and treated with an equivalent of ethylphenylketene. 
However, rather than the expected seven-membered 
intermediate, dearomatized imino-lactone 55 was produced as a 
3.5:1 mixture of diastereoisomers. The major diastereoisomer 
was isolated in 66% yield after crystallization from MeOH, 
with the relative configuration within 55 proven by X-ray 
crystallography.41 

 

  
Scheme	
  2.	
  Formation	
  of	
  lactone	
  55.	
  

 Next, replacement of the nitrone N-aryl substituent with a 
saturated alkyl substituent, thereby removing the potential for 
[3,3]-sigmatropic rearrangement was investigated. Treatment of 
N-tert-butyl nitrone 56 with an equivalent of ethyl(para-
chlorophenyl)ketene 57 gave oxazolidinone 59 in 3:1 crude dr 
(Scheme 3). The major diastereoisomer was isolated in 41% 
yield with N-tert-butyl imine also formed in this reaction.42 
Isolation of 59 provides indirect evidence for the computed 
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reaction mechanism via initial 3+2 cycloaddition across the 
ketene C=O bond to furnish transient intermediate 58 which, 
via radical or ionic cleavage of the N-O bond, rearranges to 
generate the 5-membered oxazolidinone 59.43 An alternative 
dissociative decomposition of intermediate 58 can be envisaged 
to account for the generation of N-tert-butyl benzaldehyde 
imine 60 via N-O bond cleavage without concomitant C-C 
bond formation, resulting in elimination of the parent 
arylbutyric acid 61.  

 
Scheme	
  3.	
  Isolation	
  of	
  oxazolidinone	
  59.	
  

Application to a Target Compound: Anti-Cancer Agent 

 Finally, to demonstrate the efficiency of this pericyclic 
methodology and its potential utility in synthesis, Roche p53 
inhibitor44 (RO4999200) 1 was selected as a target, with ent-1 
synthesized in three simple steps from commercially available 
starting materials.45 Recently, Kündig and co-workers reported 
the first asymmetric approach toward this species based upon a 
palladium-catalyzed intramolecular α-arylation,46 while the 
Roche route relies upon chiral HPLC separation.47 Feng and co-
workers also recently reported an expedient catalytic 
preparation of 1.48 Our synthesis began with alkylation of 
commercially available m-anisylacetic acid 62, followed by 
conversion to the acid chloride 63, which was isolated in 87% 
yield over two steps. Dehydrohalogenation provided ketene 64, 
which was used without isolation as a crude solution in THF 
(Scheme 4). In congruence with our previous regioselectivity 
studies, treatment of the N-3-chlorophenyl N’-TIPBS nitrone 48 
with 64 provided a 60:40 mixture of 6- and 4-regioisomeric 
oxindoles, which could be readily separated by column 
chromatography over silica. Roche p53 inhibitor ent-1 was 
isolated in 52% yield and 96% ee, whilst the novel regioisomer 
65 was isolated in 36% yield and 79% ee. 

 
Scheme	
  4.	
  Application	
  of	
  this	
  methodology	
  to	
  the	
  synthesis	
  of	
  Roche	
  anti-­‐cancer	
  
agent	
  ent-­‐1,	
  and	
  novel	
  analogue	
  65.	
  

Conclusions	
  

 In summary, the optimization of the asymmetric hetero-
Claisen approach to oxindoles has been demonstrated. By 
variation of the chiral nitrone structure, N-TIPBS nitrone 20 
was identified as an excellent transmitter of chiral information 
in reaction with a variety of alkylarylketenes (>15 examples). A 
range of substituted aryl N-TIPBS nitrones was also prepared 
and used in a survey of the regioselectivity of this 
transformation (8 examples). These synthetic studies are 
consistent with the previous computational examination of this 
reaction system, and the proposed pericyclic cascade 
mechanism accounts for the observed levels of 
enantioselectivity.  
 Further computational investigation revealed that the 
traditionally invoked mechanistic rationale for this process is 
energetically improbable under the reaction conditions, and 
instead results in a dissociative, non-productive fragmentation 
event. In contrast, the proposed 3+2, [3,3]-cascade mechanism 
is found to be a facile, energetically downhill process, and is 
substantiated by the isolation of oxazolidinone 59. As a 
demonstration of synthetic utility, this methodology was used 
in a concise, asymmetric preparation of Roche p53 inhibitor 
ent-1 in 96% ee, along with novel regioisomer 65. Current 
efforts within our laboratory are focused on application of this 
asymmetric methodology in complex molecule synthesis. 
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