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ABSTRACT: A highly enantioselective addition of diphenyl gpbite to ketimines derived
from isatins has been developed employing bifumetidghiourea-tertiary amine organocatalysts.
A variety of isatins derived ketimines react welittwdiphenyl phosphite in the presence of
Cinchona-derived thioureaepiCDT) to provide biologically important chiral 3-sulisted 3-
amino-2-oxindoles3a-3l) in good yield (up to 88%) and good enantiosel@gti{up to 97%see).
The three-component version of the reaction throagthlominoaza-Wittig/phospha-Mannich

sequence has successfully been explored

KEYWORDS: Organocatalysis, 3-Substituted 3-amino-2-oxindodeAmino phosphonates,
Cinchona-thioureas, Ketimines



1. Introduction
The addition of compounds containing phosphorowdrdgen bonds to C-C/C-X double bonds

provides an atom economic method for the synthefsisganophosphorus derivativegmong
them, the a-aminophosphonic acid derivatives, mimickingamino acid$, are important
pharmacophores and play key role in various bicklgactivities such as anti-bacterfainti-
HIV* and protease inhibitiohThe biological activity related to the-aminophosphonic acid
units depends on their absolute configuration. &foee, the access to optically activ@mino
phosphonic acids by stereoselective synthesis bas the object of great efforts in organic
chemistry’ The enantioselective addition of phosphite to &siris certainly one of the most
straightforward routes toward this end. In thisteah large number of methodologies has been
developed for the enantioselective addition of phiss to aldimings but asymmetric addition
of phosphite to ketiminéss still a challenging task because of their l@aativity and difficulty

in enantiofacial discrimination.

On the other hand, oxindole skeleton with a stezaagquaternary carbon centre at C3
position is a privileged heterocyclic frameworkaths present in the large family of bioactive
natural products and a series of pharmaceuticatiyescompound®.Owing to the significance
of this structural motif, a great progress has beade in the asymmetric synthesis of all-carbon
quaternary oxindoles and tetrasubstituted 3-hydeorino- 2-oxindole$® However, asymmetric
synthesis of oxindoles with two heteroatoms at@Beposition is still undevelop&ll despite the

wide occurrence of such structural motifs in thampmaceutically active compounds.

Recently, isatin derived electrophiles have emergsdvaluable electrophile for the

synthesis of 3-substituted 3-amino-2-oxindola nucleophlic addition at C3 position of



oxindole and have successfully been used in vadetyrganocatalytic reactiort§.As a part of
our current investigations o@inchona alkaloids catalyzed asymmetric transformations and
synthesis of 3,3'-disubstituted oxindotésherein, we report our evaluation of the catalytic
potential ofCinchona-derived thioureas for enantioselective additiodiphenyl phosphite with
N-Boc ketimines to construct oxindole motifs bearoogh a phosphorus and a nitrogen at the C3
position Figure 1). During the preparation of this manuscript, anque-squaramide catalyzed

reaction of phosphite with ketimines was reportgdRieddy and co-workers.
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VI. R=Bn, X=OH (BnCPN)

VII. R=H, X= OH (CPD)

Q.

VIIl. R=Bn, X=OH (BnCPD) FsC CF _
IX. X = H (epiCDT) XIX=H; ~ epiCNT
X. X = OMe (epiQNT) XIl X=OMe; epiQDT
® %
N
H H N
FsC N N,
’ X NH
T | 0 R oRs
W N~ 1) \n/
CFy S
Ph

XIII. L-isoleu-T

, F3C/©\CF3

XIV epiCD-L-Phe-T CF3

Figure 1. Cinchona-derived organocatalysts catalyzed hydrophosphtioplaeaction



2. Resultsand Discussion

Initially, the catalytic ability ofCinchona alkaloidsCD, CN, QN andQD were studied for the
addition of diphenyl phosphite to the ketiminesusyng 20 mol% of the catalyst in THF in the
presence of 4 A molecular sieveBable 1). The product3a was isolated in high yield and
moderate to low enantioselectivitygble 1, entry 1-4). The same reaction with modified
Cinchona catalystCPN (V) provided the produc3a in 82% yield and 12%e (Table 1, entry

5), while its pseudo enantiomerCPD (VII) gave the opposite enantionta in 88% yield and
30%ee (Table 1, entry 7). The 6'-OHCinchona alkaloidsBNnCPN (V1) andBnCPD (VIII) also
provided adducBa with low enantioselectivityTable 1, entry 6 and8). Next, we examined the
catalytic ability of 9-thiourea derivatives dfinchona alkaloids on the model reaction.
Interestingly, the thiourea derivativdX( X, XI andXIl) provided the3a in good yield and with
enhanced enantioselectivitydgble 1, entry 9-12). TheepiCDT (IX) emerged as a best catalyst
providing the adducBa in 79% vyield and 73%e (Table 1, entry 9). L-Isoleucine derived
bifunctional thiourea Xlll) afforded producBa in good yield, but with low enantioselectivity
(Table 1, entry 13). The organocatalysiX(V) having thiourea group at distance of six bonds
from tertiary amine functionality, yielded the adti®@a in 73% vyield with 38%ee (Table 1,

entry 14).

Further optimization of reaction conditions was fpened by screening of different
solvents Table 1, entry 15-22). Among different solvents, the polar aprotic svivethyl acetate
emerged as the best because it provided ad@actin good vyield (76%) and good
enantioselectivity (75%e) (Table 1, entry 22). Next, the effect of benzoic acid as an additive
on the reaction was examined, which affor@adn 75% yield and with 73%e (Table 1, entry
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23). Lowering of temperature to —30 °C resulted ie #nhanced enantioselectivifyaple 1,
entry 24). Thus, the best conditions for the reaction gfheényl phosphite with isatin imines
consists of 20 mol% ofX, 4A molecular sieves and ethyl acetate as a sblaer-30 °C
providing adduct3a in 75% vyield and 94%e; the optimized condition was used to study the

substrate scope of this reaction.

Table 1. Optimization study?

Boc, Boc
o /N HN P(0)(OPh),
i, OPh Catalyst (20 mol%) m
P< + 0 o
H1 OPh N solvent, rt N
2 2a \\/ 4A MS 3a \\/

Entry Catalyst Solvent Time (h)|  Yield [9] ee [%]'
1 I THF 12 85 46 (+)
2 I THF 12 80 44 (+)
3 11 THF 12 82 40 (-)
4 \Y THF 12 81 28 (-)
5 \% THF 12 82 12 (-)
6 Vi THF 12 69 15 (+)
7 Vil THF 12 88 30 (+)
8 VIl THF 12 75 19 (-)
9 IX THF 12 79 73 (-)
10 X THF 12 81 60 (-)
11 Xl THF 12 81 50 (+)
12 Xl THF 12 75 52 (+)




13 Xl THF 24 77 24 (-)
14 X1V THF 24 73 38 (-)
15 IX DCM 12 81 73 (-)
16 IX CHCl; 12 75 64 (-)
17 IX Toluene 12 77 64 (-)
18 IX Xylene 12 87 72 (-)
19 IX MTBE 12 80 62 (-)
20 IX Dioxane 12 77 65 (-)
21 IX Methanol 12 48 72 (-)
22 IX Ethyl acetate 12 76 75 (-)
234 IX Ethyl acetate 12 75 73 ()
244 IX Ethyl acetate 15 75 94 (-)

[a] Reaction conditions : 0.1 mmol ketimirga, 0.15 mmol of diphenyl phosphitéa, 4A
molecular sieves (50 mg) and catalyst in dry sdlv@is] Yield refers to isolated yield after
column chromatography. [c] Enantiomeric exce=x} determined by chiral HPLC. [d] Reaction
was performed in presence of benzoic acid. [e] Rmaavas performed at -30 °C. THF =
tetrahydrofuran, DCM = dichloromethane, CHEI Chloroform and MTBE = methyert-butyl
ether.

Once armed with the optimized conditions, the gabstscope was investigated by
studying different derivatives oN-Boc ketimines and diphenyl phosphit€able 2). The
reaction of diphenyl phosphite witit-allylated isatin imines provided adduc®&<{3d) in good
yield (71-82%) and good enantioselectivity (71-948p (Table 2, entry 1-4). The addition of
diphenyl phosphite to 5-chlofd-substituted isatin imineze and2f yielded adduct8e and3f in
good vyield (75% and 79%) and good enantioselegt(d0% ee and 92%ee) (Table 2, entries

5-6). 5-HalogenN-benzylisatin imines 2h-2j) reacts well with diphenyl phosphite, yielding



a-aminophosphonatesi{-3j) in good yield (72-79%) and good to high enanties&Vity (78-
93%ee) (Table 2, entries 8-10). Ketimines2k substituted with electron donating group gave the
product 3k in good yield (88%) and excellent enantioseletti(07% ee) (Table 2, entry
11).The nucleophilic addition of diphenyl phosphit® tketimines 2I) derived from
N-unprotected isatin was also studied. The adBuatas isolated in 73% yield with 78%e
(Table 2, entry 12). TheR absolute configuration of adducts was assigneddmgparing their

HPLC chromatograms with that reported in the liiemra™*

Table 2 Substrate scop®.

Boc_ Boc
Q N HN p(o)(OPh
,B:SEE R? J IX (20 mol%) R2 P (ONOPN)
H 1a * N © ethyl acetate, 4A MS N 0o
» Rl -30°C, 12-72h s R
Entry 2 (R, R) 3 Time (h) | Yield” (%) | eé&! (%)
1 2a (Ri= CH,CHCH,, R;=H) 3a 15 73 94
2 2b (Ri= CH,CHCH,, R,=CI) 3b 15 82 71
3 2¢ (R;= CH,CHCH,, R=Br) 3c 15 71 72
4 2d (Ri= CH,CHCH,, R=1) 3d 15 77 78
5 2e (Ri=-CH,C(CHs)CH,, R=Cl) | 3e 15 75 80
6 2f (Ri= CHL,CHCHCH;, R=Cl) |  3f 15 79 92
7 29 (R;= CH,CeHs, R=H) 3g 15 75 89
8 2h (R1= CH,CgHs, R=ClI) 3h 15 72 92
9 2i (Ri= CH,CqHs, Ro=Br) 3 16 79 93




10 2 (Ri= CH,CeHs, Ro=I) 3 16 76 78

11 2k (Ri= CH,CeHs, R=OMe) 3k 72 88 97

12 2l (Ri=H, R=CI) 3 24 73 78

[a] Reaction conditions: 0.1 mmol of isatin imin2s0.15 mmol diphenyl phosphitea, 4A
molecular sieves (50 mg) and cataly3g20 mol%) in ethyl acetate. [b] Yield refers tolsted
yield after column chromatography. [c] Enantiomencessde) determined by chiral HPLC.
Further, we carried out the reaction of ketimgewith dibenzyl- and diethyl- phosphite
(Scheme 1). The reaction of dibenzyl phosphite with 2g provided3m in good yield (79%) but
with low enantioselectivity (12%e) (eq. 2, Scheme 1). The diethyl phosphitéb did not react

with 2g even after 72 hrs, which might be due to their teactivity” (eq. 1, Scheme 1).

NBoc
Il IX (20 mol%
1) ,P\\O/\+ o ( ) (No Reaction)
H O THF 4A MS
1b ) N i, 72 h
9 Bn
o} o~ Ph
NBoc BocHN \p/\o/\ph
1
P\\O/\Ph + IX (20 mOl%) o
2) Ao ethyl acetate
H O™ >pp N N
\ 4AMS, 15 h \
1c 29 Bn 230C 3m Bn

Scheme 1: Reaction with other dialkyl phosphited(andl1c) with 2g.

To improve the synthetic efficiency, we furtheettithe combination adiza-Wittig and
phospha-Mannich reactions in a one pot sequentgb@ol Scheme 2). By this novel sequence,

a-aminophosphonate8d, 3g, 3k and3l) was isolated in good yield and good enantioseliégti



R2 o (o) J< o R2 BOCHN? P(0)(OPh),
mo + N)J\o . B-OoPh mo

I ~ ~OPh
\ PPh; H
1.0 eq. R! 1.1 eq. 15eq. r 3

‘ NBoc phospha-Mannich ‘

R2
\@E&(J epiCDT (20 mol%)

HP(O)(OPh), (1.5 eq.)

ethyl acetate, 4 A MS
-30 °C

2

Toluene, 120 °C
12 hrs R

BocHN _p(0)(OPh),  BocHN p(0)(OPh), BocHN  p(0)(OPh), BocHN,  p(0)(OPh),
- - cl "

MeO
N ° N © N ] ©
N
3a 7 39 Bn 3k Bn 3l H
81% yield, 84% ee 72% yield, 85% ee 76% vyield, 84% ee 70% yield, 70%ee

Scheme 2: One pot tanderaza-Wittig/Phospha-Mannich reaction.

It is generally believed that the dialkyl phosphégist as a phosphite—phosphonate
tautomer under neutral conditions, with the phospl® tautomerl) as the almost exclusively
favored Gcheme 3).'® However, the equilibrium would be shifted towamsre nucleophilic
phosphite forml{) in the presence of Lewis base/Brgnsted baskence, it is proposed that the
quinuclidinic nitrogen atom of the cataly$X is involved in corresponding phosphite—

phosphonate equilibrium and shifts it towards rieagbhosphite formScheme 4).

o OH
P [— . !
H™ 1 "OR -P~0oR
OIR R = alkyl/aryl OR
1
Phosphonate form Phosphite form
(non-nucleophilic) (nucleophilic)

Scheme 3: Equilibrium between phosphonate-phosphite tautaton.
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Over the past decade, the bifunctional mode oflysisaof cinchona-thioureas has been
extensively studied and well accepted by the sifierommunity® Therefore, it is proposed
that the thiourea moiety of the catalyst activades orients the ketimines for face selective
attack, through double hydrogen bondifSimultaneously, the tertiary amine of the catalyst
activates the phosphite that undergoes additioactivated ketimines in an enantioselective
fashion. Based upon the absolute configuratiorhefgroduct, it is postulated that the ketimines
will organize in such a fashion so as to avoid tidavorable interaction between ketimine
benzene ring and aryl group of phosphite, whichiltesn the attack of phosphite from tRe
face of the ketimines favorable to affdRenantiomer as the major produdt, Scheme 4). The
reaction of ketimine with diphenylphosphite favdyaproceeds through the transition state A
leading to high enantiomeric excess3gfwhereas in case of dibenzylphosphite it lead®wo |
enantiomeric excess @m. In the latter case the presence of benzyl graugs dot lead to a

rigid transition state and allows probable contlidru from the transition state @scheme 4).
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Scheme 4: Plausible mechanistic mode of catalysis.

3. Conclusions

We have developed a highly efficient organocatalgpproach for the enantioselective
addition of diphenyl phosphite to ketimines deriviemm isatins using 20 mol% a&piCDT as
the catalyst. This simple protocol which leadsataminophosphonates in good vyields (up to
88%) and good enantioselectivity (up to 978) makes this asymmetric transformation

practically important and extends the generality dfatalytic enantioselective

hydrophosphonylations.
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4. Experimental
4.1 General Note

All reactions were performed in oven-dried glasswva&ll solvents and commercially available
chemicals were used without further purificatiolmeTmolecular sieves were activated at 200 °C
for 2 hours in an oven. The column chromatograplg warried out on a column packed with
silica gel 60-120H NMR spectra were recorded in CR@n a JNM-ECS400 (400 MHz)
spectrometer-*C NMR spectra were recorded in CRGh JNM- ECS400 (100 MHz). Chemical
shifts @) are expressed in ppm downfield from internal TNIftical rotation was determined
with AUTOPOL IV polarimeter at 25 °C using sodium Ight. MS were recorded on
micrOTOF-Q Il 10356 Mass Spectrometer. IR spectrewrecorded on Varian 660-IR
spectrometer. HPLC analyses were performed onragsizau LC-20AD using Daicel Chiralpak

IA, IB, IC and AD-H columns.

4.2 General Procedure

To a solution of isatin derived ketimine (0.1 mmaliphenyl phosphite (0.15 mmol), 4A MS (50
mg) in 0.3 mL of ethyl acetate, the catalgstCDT (IX, 20 mol%) was added at -30 °C. The
reaction mixture was stirred for 12-72 hours anel phogress of the reaction was monitored at
regular intervals by thin layer chromatography)(tkfter the completion of reaction, the crude
reaction mixture was purified by column chromatgima on silica gel (mesh 60-120) using

hexane—ethyl acetate (1:1) as eluent. The enantione@cess of the purifie®a-3m were

13



determined using Diacel Chiralpak columns. The macestandards were prepared using

triethylamine (20 mol%) as a catalyst.

4.2.1. (R)-tert-Butyl 3-(phenoxyphosphono)-1-allyl-2-oxoindolin-3-ylcar bamate™ (3a)

White solid; m.p. = 123-126 °C; yield = 73%; RB0% EtOAc/hexane) 0.47¢]po>= -2.79 (c
0.25, CHCY}); enantiomeric excess: 94% determined by HPLC rghbak 1B, hexan&/PrOH,
90:10, 1 mL/min, 254 nmgt= 7.6 min (major) anckt= 10.4 min (minor)];’H NMR (400 MHz,
CDCl) 6 7.62 (d, J = 4.0 Hz, 1H), 7.19-7.33 (m, 9H), 66783 (m, 4H), 5.78-5.86 (m, 3H),
5.38 (d, J = 4.0 Hz, 1H), 4.58 (d, J = 20.0 HzR21(s, 9H);**C NMR (100 MHz, CDGJ) ¢
28.37, 42.87, 43.31, 81.87, 110.9, 118.1, 120.2,31220.8, 120.9, 125.9, 126.1, 127.8, 128.9,
129.9, 130.0, 130.5, 132.9, 155.3, 170.5; IR (KBn,") v 3260, 2960, 2854, 1740, 1705, 1610,

1489; HRMS calcd. for §H20N-06P [M + NaJ 543.1660; found 543.1670.

4.2.2. (R)-tert-Butyl 3-(phenoxyphosphono)-1-allyl-5-chlor o-2-oxoindolin-3-ylcarbamate
(3b)

White semi-solid; yield = 82%; R 30% EtOAc/hexane) 0.61¢]bo°= -1.42 (c 0.25, CHG);
enantiomeric excess: 71% ee determined by HPLCr§ak IC, hexanefrOH, 70:30, 1
mL/min, 254 nm, & = 6.3 min (minor) anckt= 8.3 min (major)];H NMR (400 MHz, CDC}) ¢
7.21-7.31 (m, 10H), 6.80 (d, J = 12.0 Hz, 2H), 6d8J = 8.4 Hz, 1H), 5.78-5.87 (m, 2H), 5.39
(d, J = 0.8 Hz, 1H), 5.20 (d, J = 0.8 Hz, 1H), 4(88J = 16.0 Hz, 1H), 4.22-4.32 (m, 1H), 1.35
(s, 9H);*C NMR (100 MHz, CDGJ) ¢ 28.2, 42.8, 43.3, 81.8, 110.2, 110.5, 120.2, 12I28.8,

120.9, 125.9, 126.1, 129.9, 130.0, 142.3, 142.8,0,350.1, 153.5, 153.7, 170.5; IR (KBr, cm
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) v 3267, 2972, 2929, 1740, 1713, 1589, 1487; HRMS8dcdbr GgHas CIN,OP [M + NaJ

577.1271; found 577.1259.

4.2.3. (R)-tert-Butyl 3-(phenoxyphosphono)-1-allyl-5-bromo-2-oxoindolin-3-ylcar bamate
(30)

Semi-solid; yield = 71%; R(30% EtOAc/hexane) 0.47;0]h°= -4.32 (c 0.25, CHG);
enantiomeric excess: 72% determined by HPLC [QObedal IC, hexan&/PrOH, 70:30, 1
mL/min, 254 nm, & = 6.4 min (minor) andkt= 8.5 min (major)];'H NMR (400 MHz, CDC}) ¢
7.63 (d, J = 4.0 Hz, 1H), 7.20-7.26 (m, 9H), 6.7836(m, 3H), 5.91 (d, J = 12.0 Hz, 1H), 5.79
(d, J = 4.0 Hz, 1H), 5.39 (d, J = 4.0 Hz, 1H), 5dBJ = 8.0 Hz, 1H), 4.57 (d, J = 12.0 Hz, 1H),
4.23 (d, J = 12.0 Hz, 1H), 1.28 (s, 94C NMR (100 MHz, CDGJ) 5 28.3, 42.8, 43.3, 81.8,
110.8, 110.9, 120.2, 120.3, 120.8, 120.9, 125.6,112129.8, 130.0, 130.5, 142.7, 142.8, 150.0,
150.1, 153.5, 153.7, 170.4; IR (KBr, '(}Dm 3267, 2980, 2869, 1742, 1711, 1607, 1486; HRMS

calcd. for GgH2gBrN,OgP [M + NaJ 621.0766; found 621.0771.

4.2.4 (R)-tert-Butyl 3-(phenoxyphosphono)-1-allyl-5-iodo-2-oxoindolin-3-ylcar bamate (3d)
Semi-solid; yield = 77%; R (30% EtOAc/hexane) 0.53;0]0°= -5.63 (c 0.25, CHG);
enantiomeric excess: 78% determined by HPLC [Obadal IC, hexane&/PrOH, 70:30, 1
mL/min, 254 nm, & = 6.9 min (minor) andkt= 9.4 min (major)];’H NMR (400 MHz, CDC}) ¢
7.78 (d, J = 4.0 Hz, 1H), 7.63 (d, J = 8.0 Hz, TH20-7.26 (m, 8H), 6.82 (d, J = 8.0 Hz, 2H),
6.63 (d, J = 8.0 Hz, 1H), 5.77-5.89 (m, 2H), 5.86) = 16.0 Hz, 1H), 5.18 (d, J = 12.0 Hz, 1H),
4.57 (d, J = 12.0 Hz, 1H), 4.23 (d, J = 20.0 Hz),1H32 (s, 9H)**C NMR (100 MHz, CDG))

0 28.2, 43.2, 63.7, 81.8, 85.2, 111.5, 118.0, 12028).7, 120.8, 125.9, 126.1, 129.8, 130.0,

130.5, 138.9, 143.4, 143.5, 150.0, 150.1, 153.8,715170.2; IR (KBr, ci) v 3266, 2981,
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2928, 1742, 1712, 1600, 1481; HRMS calcd. fosHzsIN,OsP [M + Na] 669.0622; found

669.0617.

4.2.5 (R)-tert-Butyl 3-(phenoxyphosphono)-5-chlor o-1-(2-methylallyl)-2-oxoindolin-
3ylcarbamate (3¢)

Viscous oil; yield = 75%; R(30% EtOAc/hexane) 0.47:a]o°= -8.92 (c 0.25, CHG);
enantiomeric excess: 80% determined by HPLC [QObedal IC, hexan&/fPrOH, 70:30, 1
mL/min, 254 nm, & = 7.3 min (minor) andkt= 8.2 min (major)];'H NMR (400 MHz, CDC}) ¢
7.49 (s, 1H), 7.19-7.31 (m, 9H), 6.78-6.80 (m, 35i88 (d, J = 12.0 Hz, 1H), 5.03 (s, 1H), 4.88-
4.95 (m, 2H), 1.77 (s, 3H), 1.56 (s, 9KJC NMR (100 MHz, CDGJ) § 20.0, 28.2, 44.7, 47.1,
81.8, 110.6, 113.3, 120.3, 120.4, 120.8, 120.9,412825.9, 126.1, 129.9, 130.0, 138.8, 154.7,
170.9; IR (KBr, Crﬁl) v 3261, 2975, 2931, 1742, 1703, 1591, 1488; HRMSdcafor

C29H30C|N206P [M+NaT 591.1427; found 591.1427.

4.2.6 (R)-tert-Butyl 3-(phenoxyphosphono)-1-(but-2-enyl)-5-chlor 0-2-oxoindolin-3-
ylcarbamate (3f)

White semi-solid; yield = 79%; R 30% EtOAc/hexane) 0.51;0]po°= -6.32 (c 0.25, CHG);
enantiomeric excess: 92% determined by HPLC [Qbadal IA, hexane/PrOH, 70:30, 1
mL/min, 254 nm, & = 8.8 min (major) anckt= 11.8 min (minor)]H NMR (400 MHz, CDC}))

§ 7.19-7.31 (m, 12H), 6.79-6.81 (m, 1H), 5.88 (& 12.0 Hz, 1H), 5.04 (s, 1H), 4.50-4.55 (m,
1H), 4.11 (s, 1H), 1.76 (s, 3H), 1.32 (s, 9 NMR (100 MHz, CDGJ) § 20.1, 28.2, 46.4,
47.1, 81.8, 110.5, 110.6, 113.2, 113.3, 120.3,8,2120.9, 126.1, 129.8, 130.0, 138.8, 152.5,
170.9; IR (KBr, crif) v 3252, 3021, 2977, 1731, 1713, 1528, 1484; HRMSdcafor

C2oH30CIN,NaQsP [M + NaJ 591.1427; found 591.1418.
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4.2.7 (R)-tert-Butyl 3-(phenoxyphosphono)-1-benzyl-2-oxoindolin-3-ylcar bamate (3g)

White solid; m.p. = 187-189 °C; vyield = 75%; (R80% EtOAc/hexane) 0.58;a]po"= -10.4 €
0.25, CHC}); enantiomeric excess: 89% determined by HPLC @@k IC, hexanefPrOH,
70:30, 1 mL/min, 254 nmgt 8.8 min (minor) andkt= 12.3 min (major)]*H NMR (400 MHz,
CDCl) § 7.09-7.37 (m, 18H), 5.91 (d, J = 5.9 Hz, 1H), 5@8J = 16.0 Hz, 1H), 4.68-4.77 (m,
1H), 1.28 (s, 9H)**C NMR (100 MHz, CDQ) 6 28.2, 44.7, 62.5, 81.5, 109.6, 120.3, 120.4,
121.0, 121.1, 127.4, 128.8, 129.9, 135.5, 143.8,8,4149.9, 150.2, 153.6, 153.8, 171.2; IR
(KBr, cm®) v 3259, 2974, 2929, 1744, 1711, 1609, 1487; HRMSdcdbr GoHz:N06P [M +

NaJ]" 593.1812; found 593.1796.

4.2.8 (R)-tert-Butyl 3-(phenoxyphosphono)-1-benzyl-5-chlor o-2-oxoindolin-3-ylcar bamate®
(3h)

White solid; m.p. = 198-201 °C; yield = 72%; (RB0% EtOAc/hexane) 0.45;a]p"= +23.1 (c
0.25, CHC}); enantiomeric excess: 92% determined by HPLC rglbéak IC, hexanefPrOH,
70:30, 1 mL/min, 254 nmgt 8.7 min (minor) andkt= 10.4 min (major)]*H NMR (400 MHz,
CDCl) 6 7.20-7.26 (m, 16H), 6.73 (d, J = 11.2 Hz, 1H)06(§, 1H), 5.94 (d, J = 11.4 Hz, 1H),
5.24 (d, J = 6.8 Hz, 1H), 4.78 (d, J = 4.0 Hz, 1H29 (s, 9H):*C NMR (100 MHz, CDGJ) &
28.3, 44.7, 62.5, 81.9, 109.6, 110.0, 110.4, 110%).2, 127.3, 128.9, 129.8, 129.9, 130.0,
135.1, 135.5, 142.2, 142.3, 149.9, 150.0, 153.8,.8,5170.9; IR (KBr, Cr‘r]I) v 3259, 2974,
2931, 1743, 1609, 1486; HRMS calcd. fopldsCIN,OsP [M + Na] 627.1427; found

627.1428.

4.2.9 (R)-tert-Butyl-3-(phenoxyphosphono)-1-benzyl-5-br omo-2-oxoindolin-3-
ylcarbamate' (3i)
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White solid; m.p. = 210-215 °C; yield = 79%; (R30% EtOAc/hexane) 0.55:0]b” = +27.9 (c
0.25, CHCY}); enantiomeric excess: 93% determined by HPLC rglpak IC, hexane/fPrOH,
70:30, 1 mL/min, 254 nmgt= 10.9 min (minor) andgt= 11.7 min (major)]H NMR (400
MHz, CDCk) § 7.62 (d, J = 2.2 Hz, 1H), 7.20-7.26 (m, 16H), 6@4J = 8.4 Hz, 2H), 6.56 (d, J
= 8.3Hz, 1H), 5.93 (d, J = 11.6 Hz, 1H), 5.22 (¢ 15.4 Hz, 1H), 4.79 (d, J = 13.6 Hz, 1H),
1.29 (s, 9H)°C NMR (100 MHz, CDGCJ) § 28.3, 44.3, 44.8, 81.9, 110.9, 111.1, 115.7, 120.8
120.9, 125.9, 127.3, 127.8, 128.9, 129.8, 130.0,614142.7, 149.9, 150.0, 153.6, 153.7, 170.8;
IR (KBr, cm®) v 3258, 2974, 2876, 1743, 1711, 1488; HRMS caladCfgH30BrNNaQsP [M +

NaJ]" 671.0922; found 671.0918.

4.2.10 (R)- tert-Butyl 3-(phenoxyphosphono)-1-benzyl-5-iodo-2-oxoindolin-3-ylcarbamate
(30)

White solid; m.p. = 197-200 °C; yield = 76%; (R30% EtOAc/hexane) 0.55¢]bo"= +36.2 (c
0.25, CHCY}); enantiomeric excess: 78% determined by HPLC rglpéak IC, hexane/fPrOH,
70:30, 1 mL/min, 254 nmgt= 8.2 min (minor) andkt= 15.4 min (major)]*H NMR (400 MHz,
CDCly) 6 7.21-7.34 (m, 15H), 6.74 (d, J = 8.0 Hz, 2H), 6(&6J = 8.0 Hz, 1H), 5.92 (d, J = 12.0
Hz, 1H), 5.16-5.24 (m, 1H), 4.74-4.91 (m, 1H), 1(34 9H);**C NMR (100 MHz, CDG)) 6
28.2, 28.4,44.7, 62.5, 81.9, 111.1, 115.7, 1218,9, 126.1, 127.3, 127.8, 128.9, 129.8, 130.1,
142.7, 142.8, 150.0, 150.1, 153.6, 153.7, 170.§KBr, cm*) v 3254, 2974, 2869, 1742, 1601,

1488; HRMS calcd. for &HzolN,OgP [M + Na] 719.0783; found 719.0805.

4.2.11 (R)-tert-Butyl 3-(phenoxyphosphono)-1-benzyl-5-methoxy-2-oxoindolin-3-

ylcarbamate™* (3k)
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Brown solid; m.p. = 172-175 °C; yield = 88%; (RB0% EtOAc/hexane) 0.40¢]ko°= +18.3 (¢
0.25, CHCY}); enantiomeric excess: 97% determined by HPLC riiak AD-H, hexané/
PrOH, 70:30, 1 mL/min, 254 nmg £ 16.3 min (minor) andkt= 23.3 min (major)]H NMR
(400 MHz, CDC}) 6 7.55-7.61 (m, 2H), 6.87-6.89 (m, 2H), 5.27-5.29 GHl), 4.35-4.36 (m,
3H), 1.33 (s, 9H)*C NMR (100 MHz, CDG)) 5 28.1, 44.7, 55.8, 64.3, 81.4, 110.0, 112.0,
115.1, 120.1, 120.2, 120.8, 120.9, 125.5, 125.8,31227.5, 128.7, 129.6, 129.9, 135.5, 136.9,
137.0, 149.8, 149.9, 150.1, 150.2, 153.5, 153.8,115156.2, 170.9; IR (KBr, ci) v 3277,
3030, 2924, 1730, 1703, 1493; HRMS calcd. fagHasN,O/P [M + Na] 623.1923; found

623.1927.

4.2.12 (R)-tert-Butyl 3-(phenoxyphosphono)-5-chloro-2-oxoindolin-3-ylcar bamate (3I)
Semi-solid; yield = 73%; R( 30% EtOAc/hexane) 0.57u]bo’= -4.34 (c 0.25, MeOH);
enantiomeric excess: 78% determined by HPLC [ObédalAD-H, hexan&/PrOH, 70:30, 1
mL/min, 254 nm, ¢ = 10.6 min (major) andgt= 25.8 min (minor)];'"H NMR (400 MHz,
CDCl) & 8.42 (s, 1H), 8.17-8.42 (m, 2H), 7.11-7.61 (m, 56187-6.97 (m, 2H), 6.78-6.80 (m,
5H), 1.30 (s, 9H)**C NMR (100 MHz, CDGJ) § 29.0, 62.5, 79.8, 110.6, 111.1, 120.1, 120.2,
120.6, 120.7, 123.5, 124.6, 125.2, 125.6, 125.8,912127.3, 129.3, 129.6, 141.0, 141.9, 142.0,
149.3, 149.5, 149.8, 171.9, 175.7; IR (KBr,"9r 3400, 3291, 2983, 1758, 1695, 1488; HRMS

calcd. for GsH24CIN,NaQsP [M + Na] 537.0958; found 537.0945.

4.2.13 (R)-tert-Butyl 3-((benzyloxy)phosphono)-1-benzyl-2-oxoindolin-3-ylcar bamate (3m)
Semi-solid; yield = 79%; R( 30% EtOAc/hexane) 0.52; alpe°= -7.14 (c 0.25, CHG);
enantiomeric excess: 12% determined by HPLC [Qbadal IC, hexane/i-PrOH, 70:30, 1

mL/min, 254 nm, & = 13.4 min (major) anckt= 16.4 min (minor)];'H NMR (400 MHz, CDCY)
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8 7.34-7.39 (m, 9H), 7.25-7.34 (m, 10H), 4.93-5.04 8H), 4.68-4.69 (m, 4H), 1.28 (s, 9HIC

NMR (100 MHz, CDC}) § 27.8, 28.8, 44.6, 65.4, 70.7, 81.6, 110.9, 11515,5, 127.1, 127.8,
128.5, 128.6, 128.7, 128.9, 139.8, 140.9, 142.2,5,442.6, 152.8, 152.9, 170.4; IR (KBr, &m
v 3246, 2980, 2926, 1731, 1609, 1486; HRMS calcd.CiaHzsN-OP [M + NaJ* 621.2130;

found 621.2127.
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