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Abstract

Synthetically versatile 3,3-disubstituted fluorooxindoles exhibiting vicinal chirality centers were 

obtained in high yields and with excellent enantio-, diastereo- and regioselectivity by catalytic 

asymmetric fluoroenolate alkylation with allylic acetates. The reaction proceeds under mild 

conditions and can be upscaled without compromising the asymmetric induction. The unique 

synthetic usefulness of the products is highlighted with the incorporation of additional 

functionalities and the formation of 3-fluorinated oxindoles exhibiting an array of four adjacent 

chirality centers. A new C-F bond functionalization path that provides unprecedented means for 

stereoselective generation of a chiral quaternary carbon center in the alkaloid scaffold is 

introduced.
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The widespread popularity of fluorinated drugs has been attributed to advantageous 

bioavailability, metabolic stability and other pharmacological properties that often compare 

favorably to those of the nonfluorinated parent compounds.[1] The high impact of chiral 

organofluorines on the health sector continuous to stimulate the advance of methods that 

exploit fluoroenolates for asymmetric C-C bond formation.[2] However, the presence of a 

fluorine atom is known to alter the reactivity and stability of enolates which may ultimately 

compromise yields and stereoselectivities, in particular when challenging structures are 

targeted. The importance of the 3,3-disubstituted oxindole ring, a common motif in many 
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natural compounds and drugs, has fueled the development of intriguing synthetic 

strategies.[3] Following reports on the medicinal potential of 3-substituted 3-

fluorooxindoles,[4] several groups have developed effective enantioselective fluorination 

methods for 3-alkyl and 3-aryloxindoles.[5] By contrast, catalytic asymmetric C-C bond 

formation with 3-fluorooxindoles has remained difficult and only three reports on conjugate 

additions have appeared in the literature.[6] The synthesis of C3-substituted oxindoles 

carrying two or more contiguous stereogenic centers is equally demanding albeit a few 

impressive examples are known.[7] A catalytic method that affords 3-fluorooxindoles 

exhibiting vicinal chirality centers with one being fluorinated would achieve both tasks at 

once and significantly widen the scope and availability of this important class of 

compounds.[8] In this regard, Trost's asymmetric allylic alkylation (AAA) would be a 

preferable reaction due to its outstanding value in natural product synthesis.[9] Although 

many examples of allylic alkylations producing a single chiral center with high asymmetric 

induction are known, the stereocontrolled formation of two adjacent chirality centers 

continues to be a challenge.[10]

We now present a catalytic method that addresses the challenges mentioned above by 

providing practical access to multifunctional 3-fluoroxoindoles with contiguous chirality 

centers using readily available allylic acetates and carbonates (Scheme 1). The products are 

obtained in high yields and with excellent enantio-, diastereo- and regioselectivity under 

mild conditions. The stereoselective introduction of additional functionalities, formation of 

fluorinated oxindoles having 4 adjacent chiral centers and the demonstration of 

stereoselective C-F bond functionalization underscore the general synthetic utility and 

prospect of this approach.

At the onset of this study, we tested the asymmetric allylic alkylation of N-methyl 3-

fluorooxindole, 1a, with (E)-1,3-diphenylallyl acetate, 2a, using a variety of transition metal 

catalysts. After some initial screening, we were pleased to find that the desired C3-

substituted fluorooxindole 3aa with two contiguous chiral centers can be obtained in 

85-89% yield and up to 96% ee in the presence of 10 mol% of a palladium(II) BINAP or 

DTBM -Segphos complex, stoichiometric amounts of sodium acetate and 3 equivalents of 

bis(trimethylsilyl)acetamide (BSA) at room temperature. The results of the Pd(II) catalysis 

with ligands L1-3 were promising albeit the diastereoselectivity of this reaction was low 

(Table 1, entries 1-3). We then employed phosphine ligands L4-10 in the same protocol 

(entries 4-10). The introduction of the phosphinooxazoline L6 further improved both yield 

and asymmetric induction. Under these conditions, nearly quantitative amounts of 3aa were 

produced with excellent ee's (entry 6). The diastereomeric ratio, however, increased only 

slightly to 3:1. Extensive screening of inorganic bases revealed only small effects on the 

diastereoselectivity and the testing of various solvents did also not give superior results (see 

entries 11 and 12 and SI).

At this point, we considered other options. A literature survey pointed us to asymmetric 

allylic substitution reactions that utilize chiral iridium,[11] copper,[12] ruthenium,[13] 

rhodium[14] and tungsten[15] complexes. Unfortunately, all of these catalytic systems gave 

3aa in lower yields and decreased stereoselectivities. The reverse approach, i.e. introduction 

of the allyl group at C3 in oxindoles prior to asymmetric formation of the C-F bond gave 
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unsatisfactory results.[16] Variation of the protecting group revealed that the placement of a 

Boc or a phenyl group at the oxindole nitrogen increases the dr's to 4.7:1 (entries 11 and 

13-15). We then found that the reaction can also be conducted using organic bases (entries 

16-19). The screening of several amines showed that the allylation of 1a and 1d gives 3aa 
and 3da, respectively, with very similar results when BSA and potassium acetate are 

replaced with triethylamine (compare entries 11 and 16 or 15 and 20). The use of expensive 

and moisture-sensitive bases such as BSA in asymmetric allylic alkylations is common and 

we were delighted to find that the introduction of triethylamine furnished a venue for 

improving the diastereoselectivity in combination with economical and operational 

advantages. Optimization of the temperature finally allowed us to produce 3da in excellent 

yield, ee's and more than 19:1 dr at −30 °C (entries 21-23). It is noteworthy that this protocol 

is equally successful with fluorooxindoles that carry removable protecting groups at the 

lactam nitrogen atom, such as benzyl, para-methoxyphenyl (PMP) and para-

benzyloxyphenyl moieties, vide infra.

With an optimized procedure in hand, we continued with the evaluation of the reaction 

scope. We first used the N-phenyl fluorooxindole, 1d, in a variety of combinations with 

allylic acetates and carbonates 2a-i (Scheme 2). The corresponding products 3 were isolated 

in 86-98% yield, >99% ee and high dr's. Interestingly, the reaction with the ortho-substituted 

allylic acetate 2f gave oxindole 3df in 94% yield, >99% ee and more than 99:1 dr. When we 

employed N-benzyl-, N-4-methoxyphenyl- and N-4-benzyloxyphenyl-3-fluorooxindole, 1b, 

1e and 1f, in our procedure we obtained 3ba, 3ea and 3fa in 91-95% yield, >99% ee and up 

to 96:4 dr. Importantly, the reaction is amenable to upscaling and we were able to prepare 

1.15 g of 3da in 92% yield, >99% ee and 96:4 dr.

In addition to the highly enantio- and diastereoselective formation of the 3,3-disubstituted 

fluorooxindoles shown in Scheme 2, the possibility of regioselective asymmetric alkylation 

with nonsymmetrically substituted allylic acetates 2j-m was investigated.[17] The reaction 

between the fluorooxindole 1d and (E)-1-(2-isopropylphenyl)-3-phenylallyl acetate, 2j, gave 

3dj as the major regioisomer in 98% yield and with excellent enantio- and 

diastereoselectivity (Scheme 3). Ligand screening revealed that the regioselectivity increases 

from 2.5:1 to 9:1 and without compromising yield and asymmetric induction when L6 is 

replaced with L3. We were pleased to find that this protocol is also successful with allylic 

acetates 2k-m carrying only one aryl terminus. The corresponding 3,3-disubstituted 

fluorooxindoles 3dk-3dm were obtained in 96-99% yield and with high stereo- and 

regioselectivity. The C-C bond formation occurs in all cases at the less hindered site of 2j-m 
irrespective of the original position of the acetyl group.

We then attempted to examine the sense of the asymmetric induction of the [Pd 

(S)-tBuPHOX] catalyzed reaction. Fortunately, slow evaporation of solutions of the 

dichlorosubstituted product 3dc in hexanes/isopropyl alcohol and hexanes/dichloromethane 

solutions gave single crystals of the major and minor diastereomers, respectively, which 

were identified by chiral HPLC. Crystallographic analysis showed that (R)-3-(R,E)-3-(1,3-

bis(4-chlorophenyl)allyl)-3-fluoro-1-phenylindolin-2-one is the major diastereomer while 

the minor diastereomer has (S)-3-(R,E)-configuration (Figure 1).[18] Importantly, the only 

observed enantiomers of the major and minor diastereomers have opposite configuration at 
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the C3 oxindole carbon, but the configuration at the sidechain stereocenter is the same in 

both cases. In accordance with literature reports,[19] the stereochemical outcome can be 

explained with a preferred attack from the Si-face of the fluoroenolate at the allylic position 

trans to the phosphorus atom of the PHOX ligand in a favored exo-η3-allyl palladium 

complex. This pathway yields the major (R,R,E)-isomer, while the attack from the Re-face 

of the fluoroenolate affords the minor (S,R,E)-diastereomer.[20]

In addition to the medicinal potential, the chiral 3-fluorooxindoles prepared herein have 

unique synthetic value and offer unprecedented venues for further modifications. As 

mentioned above, the synthesis of C3-substituted oxindoles carrying two or more contiguous 

stereocenters remains a major challenge, in particular if this includes a fluorinated tertiary 

chiral carbon center. We anticipated that the incorporation of an allylic group into the 

fluorooxindole scaffold would facilitate introduction of new functionalities and formation of 

an array of 4 chirality centers. With that in mind we subjected 3da to a variety of double 

bond manipulations (Scheme 4). We were pleased to find that the Sharpless asymmetric 

dihydroxylation occurs with excellent stereocontrol.[21] The AD-mix-α catalyzed reaction 

gave 4a in high enantiomeric and diastereomeric purity with 92% yield, and it establishes 4 

adjacent chiral centers along the alkyl sidechain. As expected, the dihydroxylation of 3da 
with AD-mix-β constitutes a mismatched pair and we obtained 4b in 87% yield, >99% ee 

and 4:1 dr. The sense of asymmetric induction was determined by crystallographic analysis. 

Alternatively, the double bond can be cleaved via ozonolysis and subsequent reduction to 

give the alcohol 5 in 95% yield and without any sign of erosion of the stereochemical purity.

The steadily increasing availability of fluorinated compounds has raised recent interest in C-

F bond activation strategies.[22] To this end, progress with aliphatic substrates has been 

largely limited by the chemical inertness and stability of the Csp3-F bond. Intriguing reports 

on fluoride/halide exchange[23] and aliphatic C-F bond cleavage followed by carbon-

heteroatom[24] or carbon-carbon coupling[25] have emerged in the last few years. Selective 

transformations that proceed under mild conditions and in the presence of other functional 

groups, however, are rare and particularly difficult. We have identified a unique 

defluorination pathway that provides a new entry to selective C-C bond formation. The 

treatment of 3da with ytterbium triiodide in the presence of equimolar amounts of 1,1-

(diphenylsulfonyl)ethylene, 6, gave the Michael addition product 7a in quantitative yields 

and high dr at 25 °C (Scheme 4). Similar results were obtained when we employed 3aa, 

which was available in relatively low diastereomeric purity from the AAA optimization 

study, in the same reaction to produce 7b in 98% yield and with 89:11 dr. To the best of our 

knowledge this is the first example showing formation of a quaternary chiral carbon center 

from a tertiary alkyl fluoride and it further highlights the general synthetic usefulness of our 

3-fluorooxindoles.[26]

In conclusion, we have developed a catalytic asymmetric alkylation method that affords 

practical and high-yielding access to a series of 3,3-disubstituted fluorooxindole alkaloids 

exhibiting vicinal chirality centers. The reaction proceeds with excellent enantio-, diastereo- 

and regioselectivity and it can be upscaled without compromising the stereochemical 

outcome. The unique synthetic utility of the products is demonstrated with the introduction 

of additional functionalities and the formation of fluorinated oxindoles exhibiting four 
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contiguous chiral centers. Furthermore, a new C-F bond functionalization path that provides 

unprecedented means for stereoselective incorporation of a chiral quaternary carbon center 

into the alkaloid scaffold is presented. The synthetic prospect and mechanism of the C-F 

bond activation/C-C bond formation sequence is currently under investigation in our 

laboratory and will be reported in due course.
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Scheme 1. 
Asymmetric synthesis with fluorooxindoles.

Balaraman and Wolf Page 8

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. 
Reaction scope of the asymmetric catalytic allylation of fluorooxindoles.
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Scheme 3. 
Regioselective asymmetric allylation with acetates 2j-m.
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Figure 1. 
Top: Crystal structures of the minor (left) and the major (right) diastereomer of 3dc. Bottom: 

Proposed formation of the only observed two stereoisomers.
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Scheme 4. 
Selective transformations of 3-fluorooxindoles. The absolute and relative stereochemistry of 

3da was assigned in accordance with the crystallographic data obtained with 3dc.
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Table 1

Optimization of the asymmetric allylic alkylation of fluorooxindoles.[
a]

entry 1 ligand conditions 3 yield (%) dr ee (%)

major minor

1 1a L1 BSA/NaOAc (3:1), 25 °C 3aa 89 2.2:1 92 92

2 1a L2 BSA/NaOAc (3:1), 25 °C 3aa 88 1.5:1 86 94

3 1a L3 BSA/NaOAc (3:1), 25 °C 3aa 85 1.1:1 96 93

4 1a L4 BSA/NaOAc (3:1), 25 °C 3aa 98 2.7:1 98 96

5 1a L5 BSA/NaOAc (3:1), 25 °C 3aa 99 2.7:1 98 96

6 1a L6 BSA/NaOAc (3:1), 25 °C 3aa 98 3.0:1 99 98

7 1a L7 BSA/NaOAc (3:1), 25 °C 3aa 93 2.5:1 30 28

8 1a L8 BSA/NaOAc (3:1), 25 °C 3aa 98 1.1:1 68 60

9 1a L9 BSA/NaOAc (3:1), 25 °C 3aa 96 1.9:1 64 72

10 1a L10 BSA/NaOAc (3:1), 25 °C 3aa 91 2.3:1 38 28

11 1a L6 BSA/KOAc (3:1), 25 °C 3aa 98 3.0:1 99 99

12 1a L6 BSA/Cs2CO3 (3:1), 25 °C 3aa 88 3.1:1 99 99

13 1b L6 BSA/KOAc (3:1), 25 °C 3ba 97 3.3:1 99 >99

14 1c L6 BSA/KOAc (3:1), 25 °C 3ca 96 4.1:1 99 99

15 1d L6 BSA/KOAc (3:1), 25 °C 3da 93 4.7:1 99 >99

16[b] 1a L6 Et3N, 25 °C 3aa 99 3.1:1 >99 99

17[b] 1a L6 iPr2EtN, 25 °C 3aa 91 2.9:1 >99 99

18[b] 1a L6 DABCO, 25 °C 3aa 64 2.4:1 >99 99

19[b] 1a L6 DBU, 25 °C 3aa 95 2.5:1 >99 99

20[b] 1d L6 Et3N, 25 °C 3da 99 4.7:1 >99 99

21[b,d] 1d L6 Et3N, 0 °C 3da 99 7.0:1 >99 >99

22[c,e] 1d L6 Et3N, −10 °C 3da 98 9.8:1 >99 >99

23[c,f] 1d L6 Et3N, −30 °C 3da 96 >19.0:1 >99 >99
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The ee's were determined by chiral chromatography on Chiralpak IA, Amylose I and Cellulose 3. The diastereomeric ratio was obtained from 19F 
NMR analysis. Boc = tert-butoxycarbonyl, BSA = bis(trimethylsilyl)acetamide, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, DABCO = 1,4-
diazabicyclo[2.2.2]octane.

a
All reactions were carried out using equimolar amounts of 1 and 2, 5 mol% of the Pd complex and 12 mol% of L1-10 in dichloromethane for 

14-18 hours.

b
2 Equivalents of base.

c
3 Equivalents of base.

d
24 h.

e
36 h.

f
72 h.
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