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N-Heterocyclic phosphine (NHP)-thiourea as a novel phosphonylation reagent has been successfully

applied for the phospha-Michael reaction of maleimides under catalyst and additive free reaction con-
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Introduction

Since the first report of a naturally occurring C-P bond-
containing compound, 2-aminoethylphosphonic acid isolated
from the rumen protozoa in 1959," phosphorus containing
compounds have occupied a vital position in synthetic organic
chemistry over the past several decades.”> Phosphonamides®
and phosphates® are important synthetic intermediates in
numerous synthetic transformations for the synthesis of bio-
active natural products and biologically significant com-
pounds.?”® Furthermore, amino phosphonate derivatives and
y-ketophosphonates have been intensively studied for use as
effective enzyme inhibitors and active pharmaceutical ingredi-
ents.’ In particular, y-ketophosphonic acid derivatives with a
succinic acid motif (Fig. 1, a) have shown significant inhibition
of serine hydrolases of acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE).” Phosphinosuccinic acid derivatives
have been used in phosphosuccinic acid oligomer (PSO)-based
scale inhibitors in the desalination systems (b, ¢).® In addition,
phosphino pyrrolidine derivatives (d, e) have also been utilized
as chiral ligands or catalysts in asymmetric synthesis.” These
biologically and synthetically important y-ketophosphonic acid
scaffolds are accessible by the phospha-Michael addition reac-
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ditions. This methodology enables desymmetrization of a variety of maleimide derivatives to provide
1-aryl-2,5-dioxopyrrolidine-3-yl-phosphonates in up to 92% yield. Synthetic manipulation of this Michael
adduct afforded an ethylphosphonate and a phosphino lactam. Furthermore, a scale-up experiment for
its practical usage as a versatile precursor in organic synthesis was readily demonstrated.
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Fig. 1 Representative examples of functional y-ketophosphonic acids
and pyrrolidine derivatives.

tion'® between maleimides and dialkyl- or trialkyl-phosphites
in a single chemical step.'*®""

While the conjugate addition reactions of various nucleo-
philes such as amino-,'* thio-,'?>'* and carbo-nucleophiles'*
to maleimides represent well-known and important chemical
transformations since the substituted succinimide derivatives
are valuable synthetic precursors of many pharmaceuticals
and biologically active compounds,””®'? the phospha-
Michael addition reaction of maleimides has been rarely deve-
loped. Most of these methods utilized dialkylphosphonates as
Michael donors to form the corresponding
y-ketophosphonates. These transformations, however, require
the use of a super base catalyst'® or microwave irradiation'" to
promote tautomeric equilibria of H-phosphonates in favor of a
reactive form of phosphites (Scheme 1a)."” There is one report
of trivalent phosphorus nucleophile addition to maleimides
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Scheme 1 Different types of phosphorus Michael donors to
maleimides.

using silyphosphines as a source of trivalent nucleophilic
phosphorus for phosphination (Scheme 1b) in which the Pd-
complex catalyst and hydrogen peroxide for phosphinyl to
phosphinoyl oxidation is unavoidable for the successful trans-
formation."® On the other hand, to the best of our knowledge,
there is no report of phospha-Michael addition reaction using
the reactive form of trivalent trialkylphosphites to maleimides
under additive and catalyst free reaction conditions, in part
due to the instability of the trivalent phosphorus under addi-
tive free conditions."” Given the lack of stable trivalent phos-
phite reagents as well as mild and simple reaction conditions
for the phospha-Michael addition reaction of maleimide
derivatives, we were interested in finding a solution to the
aforementioned current hurdles. We have been involved in the
development of efficient synthetic methods of C-P bond for-
mation and have contributed actively to this area.'® Herein, we
report the 1,3,2-diazaphospholidine (N-heterocyclic phos-
phine)-thiourea-promoted  phospha-Michael/intramolecular
nucleophilic substitution reaction of maleimides for the
racemic synthesis of chiral 1-aryl-pyrrolidine-2,5-dionepho-
sphonate derivatives (Scheme 1c).

Results and discussion

To test our hypothesis, a model reaction comprising N-phenyl
maleimide 1a (1.0 equiv.) and NHP-thiourea 2a (1.5 equiv.)
was carried out in CHCI; at 61 °C (Table 1). To our delight, the
corresponding phospha-Michael adduct 3a was obtained in
good yield (entry 1, 60%). The concentration of the reaction
medium highly effected the formation of the Michael adduct.
The product yield of 3a was increased to 84% when the reac-
tion runs at higher concentration (entry 1 vs. 2). The optimum
reaction conditions were achieved with a slight excess of 1a,
providing the desired product 3a with 92% (entry 3) and by-
product 4a in 60% yield. Interestingly, the by-product 4a
underwent aza-Michael addition reaction to the maleimide 1a
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Table 1 Optimization study®
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1a 3a 4a a
Entry Solvent Temp (°C) Time(h) 3a”(%) 4a’(%) 5a” (%)
1Y CHCl; 61 19 60 ND ND
24 CHCl; 61 19 84 ND ND
3 CHCl; 61 19 922 60 20
4 CH,CN 61 19 80 ND ND
5 THF 61 19 78 ND ND
6 DCM 40 19 80 ND ND

“All reactions were carried out using la (0.075 mmol) and 2a
(0.05 mmol) in solvent (0.1 mL).  Isolated yield. ¢ Solvent (0.5 mL) was
used. ¢1.5 equiv. of 2a was used. ND = not determined.

and furnished a C-N bonded Michael adduct 5a with 20%
yield (entry 3). Next, we studied the effect of different solvents
on this phospha-Michael reaction. The survey of different sol-
vents revealed that the conjugate addition reactions were well
tolerated from polar to less polar solvents (entries 4-6). Among
all solvents screened in this phospha-Michael reaction, CHCl;
was found as the optimal solvent and used for screening of the
reactions.

After having established the reaction conditions in hand,
we explored the effect of a Brensted acid motif on the
phospha-Michael reaction as depicted in Table 2. Electronic
effects slightly influenced the formation of product 3a. The
electron-rich thiourea moiety such as 4-OMe-phenyl-thiourea
(2b) showed higher reactivity than the electron-deficient
thiourea moiety of 3,5-bis(trifluoromethyl)-phenyl-thiourea
(2¢), providing the desired product 3a with 87% and 65%
yield, respectively (entries 2 and 3). The cyclized byproducts of
4b and 4c were also obtained with 55% and 60% yields,
respectively. In addition, while a C-N bonded Michael adduct
5b was generated with the use of NHP-thiourea 2b, no aza-
Michael adduct was produced with the NHP-thiourea 2c. It
seems that the NHP-thiourea 2c with an electron-withdrawing
substituent on the thiourea moiety prevented the second
Michael addition reaction between the thiazolidine byproduct
4c¢ and maleimide 1a. Nevertheless, none of them were
superior to the parent phenyl-thiourea (2a). Next, we investi-
gated the effect of substituents on the Brensted acid. Having
N-methyl NHP-thiourea and N-methyl amide (2d and 2e), the
reactivity was greatly suppressed and the Michael adduct was
obtained in low yields (entries 4 and 5), presumably due to
impeding the intramolecular nucleophilic substitution reac-
tion course. We also evaluated the effect of different Bronsted
acids on this transformation. The replacement of the thiourea
group to a sulfonamide moiety showed inferior reactivity, and
provided 3a with a moderate yield of 61% along with the
cyclized byproduct of 1-tosylaziridine 4f (entry 6, 55%). Based
on the above results, we believe that the product formation
depends on the relative rates of intermolecular substitution

This journal is © The Royal Society of Chemistry 2016
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Table 2 Effects of different NHP reagents on phospha-Michael reaction?
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“ All reactions were carried out using 1a (0.075 mmol) and 2a (0.05 mmol) in CHCI; (0.1 mL). ? Isolated yield.

reaction and intramolecular nucleophilic displacement. In the
case of low-yielding reactions (entries 4, 5 and 7), the inter-
molecular substitution reaction is the dominant pathway and
slower than the intramolecular nucleophilic displacement,
which is experimentally demonstrated by the evaluation of
reactions (entry 1, 92% vs. entry 7, 20%); the NHP-ethoxy-
mediated reaction, which provided a significantly reduced
yield (entry 7, 20%), proved the thiourea moiety as an impor-
tant accelerator for this intramolecular nucleophilic substi-
tution route.

Next, we evaluated the substrate scope of different NHP
thioureas on the conjugate addition reaction given in Table 3.
The electron-rich NHPs 2h, 2i were well tolerated and afforded
the corresponding Michael products in good yields of 79%
and 77%, respectively. When the 2,6-diisopropyl-phenyl-NHP
2j was evaluated under the standard reaction conditions, the
Michael adduct was not observed due to severe steric hin-
drance. In addition, we explored the scope of this reaction
with variously substituted N-aryl, alkyl maleimides and phenyl-
NHP thiourea 2a, summarized in Table 3. Maleimides with
both electron-donating and -withdrawing groups on the aryl
groups were well tolerated under the reaction conditions and

This journal is © The Royal Society of Chemistry 2016

afforded the corresponding Michael adducts with good yields
(3e-3j). 3,5-di-chloro-phenyl maleimide 1l reacted smoothly
and afforded the corresponding Michael adduct 3l in 78%
yield. Notably, highly hindered 2,6-diisopropyl phenyl-substi-
tuted N-aryl maleimide 1m and trisubstituted N-aryl male-
imide 1n provided the desired products in 44% and 46%,
respectively (3m, 3n). Additionally, the 3-pyridyl substituted
N-aryl maleimide 1o also reacted with NHP 2a and provided
the corresponding Michael adduct 3o, albeit with moderate
yield (54%). Interestingly, in the case of asymmetrically ortho-
substituted aryl groups on the maleimides (1p, 1q), insepar-
able diastereomeric mixtures of Michael adducts (3p, 84%,
dr = 75:25 and 3q, 71%, dr = 55 : 45) were observed due to atro-
pisomerism."**?° It appeared that a maleimide with an ortho-
Cl-substituted aryl group 1p is more effective on increasing the
diastereoselectivity than that of the polycyclic aromatic com-
pound 1q. Furthermore, alkyl-substituted maleimides such as
benzyl- and cyclohexyl-substituted maleimides 1r, and 1s were
also well tolerated in this phospha-Michael reaction and furn-
ished the corresponding Michael adducts 3r and 3s with good
yields, 67% and 62%, respectively. Furthermore, it is note-
worthy that a scale-up reaction using 1.0 mmol of 2a smoothly
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Table 3 Substrate scope of phospha-Michael reaction?
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“All reactions were carried out using 1a (0.15 mmol) and Za
(0.10 mmol) in CHCl; (0.2 mL). ?Isolated yield. “ Determined by 'H
NMR of the crude material.

furnished the Michael adduct 3a with 88% yield without com-
promising the high productivity along with the byproduct 4a
in 54% yield and the C-N bonded Michael adduct 5a in 19%.

After exploring the substrate scope of different maleimides,
we turned our attention towards a quick demonstration of the
synthetic utility of the Michael adduct 3a. The Michael adduct
3a was treated with ethanolic-HCI to afford the ethylphospho-
nate 6a.'' Treatment of 3a with LiAlH, allowed a selective
reduction of the more accessible carbonyl group to afford a
phosphino lactam 6b (Scheme 2).

0
o QJ:(\N _ LM, J:Ié _@ EtOH-HCI (4.8 M) 5 /EéN_@
N-P, Exzo oec ‘ t,6h P
L N-pf L N-pP 0" 0gt O
6b, 35% 3a 6a, 25%

Scheme 2 Synthetic transformation.
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Scheme 3 A plausible reaction mechanism.

On the basis of the results of our experiments and previous
reports,'*>? a probable reaction pathway is illustrated in
Scheme 3. The conjugate addition of bifunctional NHP 2a to
maleimide 1a activated by hydrogen bonding with Brensted
acid generates a diazaphoshonium intermediate A. Then, a
sequential proton transfer/tautomerization process led to an
anionic thiourea intermediate B, which promotes the intra-
molecular nucleophilic displacement of diazaphoshonium by
the anionic thiourea group to afford Michael adduct 3a and
thiazolidine 4a.

Conclusions

In conclusion, we have developed highly efficient and practical
phospha-Michael reaction of maleimides with NHP-thioureas
without any additive or catalyst. This method is well tolerated
by a wide range of maleimide derivatives, and afforded the
corresponding 1-aryl-2,5-dioxopyrrolidine-3-yl-phosphonate
derivatives in moderate to excellent yields (up to 92%). The
reaction was readily scaled up without affecting the high reac-
tivity. In addition, we have demonstrated the synthetic utilities
of the Michael adduct 3a to form a succinimide ethyl phospho-
nate 6a and a lactam phosphonate 6b with a selective
reduction of the more accessible carbonyl group. Furthermore,
this transformation has demonstrated the important role of a
Bronsted acid motif essential for the intramolecular nucleo-
philic substitution reaction sequence to achieve additive free
reaction conditions. Further studies on the asymmetric
phospha-Michael reaction of maleimides with chiral bifunc-
tional N-heterocyclic phosphine (NHP)-thioureas will be
reported in due course.

Experimental
General experimental details

All reactions were carried out under an argon atmosphere in
oven-dried glassware with a magnetic stirring bar. Dry solvents
(THF, toluene, and DCM) were obtained by using a solvent
purification system under argon. All commercially available
reagents were used as received without further purification.
Starting materials, NHP reagents and N-arylmaleimides, were

This journal is © The Royal Society of Chemistry 2016
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prepared by previously reported methods.'**?! Purification of
reaction products was carried out by flash column chromato-
graphy using silica gel 60 (230-400 mesh). Analytical thin layer
chromatography was performed on 0.25 mm aluminum-
backed silica gel 60-F plates. UV light and KMnO, solution
enabled visualization. Concentration under reduced pressure
refers to the removal of volatiles using a rotary evaporator
attached to a dry diaphragm pump (10-15 mmHg) followed by
pumping to a constant weight with an oil pump (<300 mTorr).
Infrared (IR) spectra were recorded on an IR spectrometer with
KBr wafers or a film on a KBr plate. High-resolution mass
spectra (HRMS) were recorded on a LCMS-IT-TOF mass
spectrometer using ESI (electrospray ionization) or APCI
(Atmospheric Pressure Chemical Ionization). "H NMR spectra
were recorded in CDCl; or DMSO-ds on a 400 MHz NMR
spectrometer. The 'H chemical shifts are referenced to
residual solvent signals at § 7.26 (CHCl;) or § 0.00 (TMS). "H
NMR coupling constants (J) are reported in hertz (Hz) and
multiplicities are indicated as follows: s (singlet), bs (broad
singlet), d (doublet), t (triplet), m (multiplet), dd (doublet of
doublet), td (triplet of doublet). "*C NMR spectra were proton
decoupled and recorded in CDCl; or DMSO-ds on a 100.5 MHz
NMR spectrometer. The **C chemical shifts are referenced to
solvent signals at § 77.16 (CDCl;). *'P NMR spectra were
proton decoupled and recorded in CDCl; or DMSO-dg on a
162 MHz NMR spectrometer. *'P chemical shifts are reported
relative to 85% H3PO, (0.00 ppm) as an external standard.

Experimental procedure and characterization data

To a solution of NHP-thiourea 2 (0.1 mmol) in CHCI; (0.2 mL)
was added maleimide 1 (0.15 mmol) in a 2 dram vial with a
PTFE cap. The resulting reaction mixture was stirred at 61 °C
for 19 h. After stirring for 19 h, the reaction mixture was
cooled down to room temperature. The volatiles were removed
under reduced pressure. The residue was subjected to column
chromatography on silica gel (gradient eluent of DCM : EtOAc =
9:1) to give product 3.
3-(2-Oxido-1,3-diphenyl-1,3,2-diazaphospholidin-2-yl)-1-
phenylpyrrolidine-2,5-dione (3a). White solid 3a (39.6 mg, 92%).
Rr=0.23 (DCM : EtOAc = 9 : 1); mp: 158-160 °C; IR (KBr, cm™"):
3065, 2945, 2889, 1774, 1710, 1599, 1500, 1386, 1269, 1033,
962; 'H NMR (400 MHz, CDCl;): § 7.39-7.30 (m, 11H),
7.13-7.10 (m, 2H), 6.66-6.64 (m, 2H), 4.16-4.11 (m, 1H),
3.91-3.72 (m, 4H), 3.48 (td, J = 19.2, 4.4 Hz, 1H), 3.19-3.08 (m,
1H); *C NMR (CDCl;, 100.5 MHz): § 173.9 (d, J = 5.2 Hz),
172.2 (d, J = 4.4 Hz), 140.6 (dd, J = 32.1, 8.2 Hz), 131.2, 129.9
(d,J=19.5 Hz), 128.9, 128.7, 126.3, 123.4 (d, ] = 25.4 Hz), 118.1
(dd, J = 41.9, 4.5 Hz), 44.6 (d, J = 9.7 Hz), 43.2 (d, J = 11.2 Hz),
40.6 (d, J = 106.9 Hz), 32.3 (d, J = 3.0 Hz); *'P NMR (162 MHz,
CDCl;): 6 19.52 ppm; HRMS (ESI) calced for C,,H,,N;03P [M +
Na]": 454.1291; found: 454.1301.
3-(2-Oxido-1,3-di-p-tolyl-1,3,2-diazaphospholidin-2-yl)-1-phenyl-
pyrrolidine-2,5-dione (3b). White solid 3b (36.2 mg, 79%).
Ry =0.20 (DCM : EtOAc = 9: 1); mp: 195 °C (decomp.); IR (KBr,
em™): 3034, 2922, 2891, 1780, 1712, 1614, 1514, 1383, 1269,
1031, 968; 'H NMR (400 MHz, CDCl;): § 7.35-7.28 (m, 5H),

This journal is © The Royal Society of Chemistry 2016
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7.20-7.12 (m, 6H), 6.72-6.70 (m, 2H), 4.13-4.09 (m, 1H),
3.87-3.69 (m, 4H), 3.39 (td, J = 19.2, 4.4 Hz, 1H), 3.14-3.04 (m,
1H), 2.33 (s, 3H), 2.31 (s, 3H); *C NMR (CDCl;, 100.5 MHz):
5174.0 (d, J = 5.2 Hz), 172.2 (d, J = 4.5 Hz), 138.0 (dd, J = 29.9,
8.2 Hz), 133.1 (d, J = 28.4 Hz), 131.3, 130.3 (d, J = 15.7 Hz),
128.9, 128.6, 126.3, 118.4 (d, J = 27.7, 4.5 Hz), 45.0 (d, J =
9.7 Hz), 43.7 (d, J = 10.5 Hz), 40.3 (d, J = 107.7 Hz), 32.2 (d, ] =
3.0 Hz), 20.6 (d, J = 2.2 Hz); *'P NMR (162 MHz, CDCl,):
5 19.46 ppm; HRMS (ESI) caled for CpeH,sN3;O3P [M — HJ™:
458.1639; found: 458.1644.
3-(1,3-Bis(4-methoxyphenyl)-2-oxido-1,3,2-diazaphospholidin-
2-yl)-1-phenylpyrrolidine-2,5-dione (3c). Pale brown solid 3c
(37.8 mg, 77%). Rr = 0.16 (DCM:EtOAc = 8:2); mp:
204-206 °C; IR (KBr, cm™): 3066, 2953, 2875, 1776, 1707,
1508, 1388, 1242, 1030, 970; '"H NMR (400 MHz, CDCl;):
5 7.41-7.34 (m, 5H), 7.28-7.26 (m, 2H), 6.93-6.86 (m, 6H),
4.10-4.07 (m, 1H), 3.79 (s, 3H), 3.79 (s, 3H), 3.77-3.36 (m, 4H),
3.22 (td, J = 18.8, 4.4 Hz, 1H), 3.08-2.98 (m, 1H); *C NMR
(CDCl;, 100.5 MHz): § 174.0 (d, J = 6.0 Hz), 172.3 (d, J = 4.5
Hz), 156.4 (d, J = 15.6 Hz), 133.4 (dd, J = 23.9, 7.4 Hz), 131.4,
129.0, 128.6, 126.2, 121.4 (dd, J = 9.7, 4.5 Hz), 115.0 (d, J =
14.1 Hz), 55.5, 46.4 (d, J = 10.4 Hz), 45.0 (d, J = 11.1 Hz), 40.0
(d, J = 109.9 Hz), 31.9 (d, J = 2.9 Hz); *'P NMR (162 MHz,
CDCl;): 6 19.48 ppm; HRMS (ESI) caled for C,6H,N;0sP [M — H[™:
490.1537; found: 490.1535.
3-(2-Oxido-1,3-diphenyl-1,3,2-diazaphospholidin-2-yl)-1-(p-tolyl)
pyrrolidine-2,5-dione (3e). White solid 3e (34.3 mg, 76%). R; =
0.26 (DCM : EtOAc = 9:1); mp: 180-182 °C; IR (KBr, cm™"):
3061, 2949, 2893, 1780, 1709, 1599, 1386, 1271, 1035, 964; 'H
NMR (400 MHz, CDCl,): § 7.39-7.29 (m, 8H), 7.13-7.10 (m,
4H), 6.52-6.50 (m, 2H), 4.16-4.10 (m, 1H), 3.91-3.71 (m, 4H),
3.46 (td, J = 19.2, 4.4 Hz, 1H), 3.17-3.07 (m, 1H), 2.31 (s, 3H);
3C NMR (CDCl;, 100.5 MHz): § 174.0 (d, J = 5.2 Hz), 172.3 (d, J
= 4.5 Hz), 140.6 (dd, J = 31.4, 8.2 Hz), 138.8, 129.9 (d, J = 19.5
Hz), 129.6, 128.5, 126.0, 123.3 (d, J = 23.9 Hz), 117.8 (dd, J =
41.9, 4.5 Hz), 44.5 (d, J = 9.7 Hz), 43.2 (d, J = 10.4 Hz), 40.6 (d, J
= 107.7 Hz), 32.3 (d, J = 3.0 Hz), 21.1; *'P NMR (162 MHz,
CDCl;): 6 19.62 ppm; HRMS (ESI) caled for C,5H,,N303P [M —
H]: 444.1483; found: 444.1478.
1-(4-Methoxyphenyl)-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphos-
pholidin-2-yl)pyrrolidine-2,5-dione  (3f). White solid 3f
(35.5 mg, 77%). Ry = 0.20 (DCM:EtOAc = 9:1); mp:
210-212 °C; IR (KBr, cm™'): 3051, 3016, 2852, 1778, 1709,
1595, 1508, 1388, 1271, 1028, 964; '"H NMR (400 MHz, CDCl;):
5 7.39-7.30 (m, 8H), 7.12-7.10 (m, 2H), 6.83-6.81 (m, 2H),
6.55-6.53 (m, 2H), 4.16-4.12 (m, 1H), 3.89-3.72 (m, 4H), 3.77
(s, 3H), 3.47 (td, J = 19.2, 4.0 Hz, 1H), 3.17-3.06 (m, 1H); *C
NMR (CDCl;, 100.5 MHz): 6 174.2 (d, J = 5.2 Hz), 172.3 (d, J =
4.4 Hz), 159.5, 140.6 (dd, J = 34.4, 8.2 Hz), 129.9 (d, J =
18.7 Hz), 127.5, 123.8, 123.3 (d,J = 18.7 Hz), 117.7 (dd, J = 49.3,
4.5 Hz), 114.3, 55.4, 44.5 (d, J = 10.5 Hz), 43.1 (d, J = 10.4 Hz),
40.5 (d, J = 106.9 Hz), 32.3 (d, J = 3.7 Hz); *'P NMR (162 MHz,
CDCLy): 6 19.64 ppm; HRMS (ESI) caled for C,sH,N3;0,P
[M — H]: 460.1432; found: 460.1432.
1-(4-Nitrophenyl)-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphospho-
lidin-2-yl)pyrrolidine-2,5-dione (3g). White solid 3g (38.1 mg,
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80%). R¢ = 0.19 (DCM : EtOAc = 9: 1); mp: 215 °C (decomp.); IR
(KBr, cm™): 3117, 3074, 2949, 2901, 1776, 1716, 1597, 1519,
1494, 1384, 1348, 1035, 962; 'H NMR (400 MHz, CDCly):
5 8.18-8.14 (m, 2H), 7.42-7.27 (m, 8H), 7.15-7.08 (m, 2H),
6.90-6.86 (m, 2H), 4.13-4.11 (m, 1H), 3.90-3.75 (m, 4H), 3.55
(td, J = 19.2, 4.0 Hz, 1H), 3.23-3.15 (m, 1H); "*C NMR (CDCl;,
100.5 MHz): § 173.0 (d, J = 5.2 Hz), 171.3 (d, J = 4.5 Hz), 147.0,
140.4 (dd, J = 52.1, 8.2 Hz), 136.6, 130.0 (d, J = 20.2 Hz), 126.8,
124.0, 123.5 (d, J = 4.5 Hz), 117.6 (dd, J = 98.6, 4.4 Hz), 44.4 (d,
J=9.6 Hz), 43.3 (d, J = 10.4 Hz), 40.7 (d, J = 105.4 Hz), 32.5 (d,
J = 3.7 Hz); *'P NMR (162 MHz, CDCL,): § 18.75 ppm; HRMS
(ESI) caled for C,4,H,;N,OsP [M — H|: 475.1177; found:
475.1182.

1-(4-Bromophenyl)-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphospho-
lidin-2-yl)pyrrolidine-2,5-dione (3h). Pale brown solid 3h
(40.8 mg, 80%). Ry = 0.22 (DCM : EtOAc = 9:1); mp: 175 °C
(decomp.); IR (KBr, cm™"): 3065, 2970, 2893, 1776, 1712, 1599,
1489, 1384, 1031, 962; "H NMR (400 MHz, CDCl;): § 7.45-7.27
(m, 10H), 7.14-7.07 (m, 2H), 6.53-6.49 (m, 2H), 4.15-4.09 (m,
1H), 3.89-3.72 (m, 4H), 3.50 (td, J = 19.2, 4.4 Hz, 1H),
3.18-3.07 (m, 1H); **C NMR (CDCl;, 100.5 MHz): § 173.5 (d, J =
5.2 Hz), 171.8 (d, J = 4.5 Hz), 140.5 (dd, J = 41.9, 8.2 Hz), 132.1,
130.1, 129.9 (d, J = 19.5 Hz), 127.8, 123.4 (d, J = 6.0 Hz), 122.6,
117.7 (dd, J = 74.0, 4.5 Hz), 44.4 (d, J = 9.6 Hz), 43.2 (d, ] = 10.4
Hz), 40.6 (d, J = 106.2 Hz), 32.4 (d, J = 3.8 Hz); *'P NMR
(162 MHz, CDCl;): 6 19.24 ppm; HRMS (ESI) caled for
C,4H,1N303PBr [M — H]: 508.0431; found: 508.0433.

1-(4-Chlorophenyl)-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphospho-
lidin-2-yl)pyrrolidine-2,5-dione  (3i). Pale brown solid 3i
(349 mg, 75%). Ry = 0.21 (DCM:EtOAc = 9:1); mp:
176-178 °C; IR (KBr, cm™'): 3063, 2966, 2897, 1778, 1716,
1599, 1492, 1388, 1033, 964; 'H NMR (400 MHz, CDCl;):
§ 7.41-7.27 (m, 10H), 7.14-7.07 (m, 2H), 6.59-6.56 (m, 2H),
4.15-4.08 (m, 1H), 3.89-3.72 (m, 4H), 3.50 (td, J = 19.2, 4.4 Hz,
1H), 3.18-3.08 (m, 1H); **C NMR (CDCl;, 100.5 MHz): § 173.6
(d,J = 5.2 Hz), 171.9 (d, J = 4.5 Hz), 140.6 (dd, J = 41.6, 8.1 Hz),
134.5, 129.9 (d, J = 18.6 Hz), 129.6, 129.1, 127.5, 123.4 (d, J =
6.7 Hz), 117.7 (dd, J = 72.9, 4.5 Hz), 44.4 (d, ] = 9.7 Hz), 43.2 (d,
J =11.2 Hz), 40.6 (d, J = 106.2 Hz), 32.4 (d, J = 3.0 Hz); *'"P NMR
(162 MHz, CDCl;): § 19.24 ppm; HRMS (ESI) caled for
C,4H,1N305PCl [M — H]: 464.0936; found: 464.0940.

1-(4-Fluorophenyl)-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphospho-
lidin-2-yl)pyrrolidine-2,5-dione (3j). White solid 3j (35.5 mg,
79%). Ry = 0.17 (DCM : EtOAc = 9: 1); mp: 190 °C (decomp.); IR
(KBr, cm™): 3065, 2926, 2879, 1776, 1712, 1599, 1514, 1394,
10312, 964; 'H NMR (400 MHz, CDCl,): § 7.41-7.28 (m, 8H),
7.14-7.08 (m, 2H), 7.01-6.97 (m, 2H), 6.61-6.57 (m, 2H),
4.17-4.10 (m, 1H), 3.91-3.70 (m, 4H), 3.50 (td, J = 19.2, 4.0 Hz,
1H), 3.18-3.08 (m, 1H); "*C NMR (CDCl;, 100.5 MHz): § 173.8
(d,J = 4.4 Hz), 172.1 (d, J = 4.5 Hz), 163.4, 160.9, 140.6 (dd, J =
42.4, 8.2 Hz), 129.9 (d, J = 17.9 Hz), 128.1 (d, J = 9.0 Hz), 123.3
(d, J = 5.9 Hz), 117.7 (dd, J = 72.9, 4.5 Hz), 116.0 (d, J = 23.1
Hz), 44.4 (d, J = 9.7 Hz), 43.2 (d, J = 10.5 Hz), 40.6 (d, J = 106.1
Hz), 32.4 (d, J = 3.0 Hz); *'P NMR (162 MHz, CDCl,):
§ 19.35 ppm; HRMS (ESI) caled for C,4H,;N3O3FP [M — HJ™:
448.1232; found: 448.1236.
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1-(3-Chlorophenyl)-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphospho-
lidin-2-yl)pyrrolidine-2,5-dione (3k). Pale yellow solid 3k
(35.8 mg, 77%). Ry = 0.21 (DCM:EtOAc = 9:1); mp:
170-172 °C; IR (KBr, cm™'): 3082, 2987, 2874, 1778, 1712,
1595, 1383, 1031, 964; 'H NMR (400 MHz, CDCl;): § 7.41-7.34
(m, 6H), 7.30-7.24 (m, 4H), 7.14-7.10 (m, 2H), 6.61 (dt, J = 3.2,
1.2 Hz, 1H), 6.61 (t, ] = 2.0 Hz, 1H), 4.15-4.09 (m, 1H),
3.90-3.72 (m, 4H), 3.51 (td, J = 19.2, 4.0 Hz, 1H), 3.19-3.08 (m,
1H); C NMR (CDCl;, 100.5 MHz): § 173.4 (d, J = 4.5 Hz),
171.7 (d, J = 4.4 Hz), 140.5 (dd, J = 38.0, 8.2 Hz), 134.5, 132.1,
129.9 (d, J = 27.5 Hz), 129.8, 128.9, 126.6, 124.4, 123.4 (d, J =
15.6 Hz), 117.6 (dd, J = 85.3, 4.5 Hz), 44.4 (d, J = 9.7 Hz),
43.2 (d, J = 11.2 Hz), 40.6 (d, J = 106.2 Hz), 32.4 (d, J = 3.0 Hz);
3'p NMR (162 MHz, CDCl;): § 19.17 ppm; HRMS (ESI) calcd
for Cp4H,,N305PCI [M — H]™: 464.0936; found: 464.0934
1-(3,5-Dichlorophenyl)-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphos-
pholidin-2-yl)pyrrolidine-2,5-dione (31). Pale brown solid 31
(39.0 mg, 78%). Ry = 0.26 (DCM:EtOAc = 9:1); mp:
194-196 °C; IR (KBr, cm™'): 3080, 2955, 2893, 1786, 1716,
1599, 1491, 1373, 1031, 964; '"H NMR (400 MHz, CDCl;):
8 7.41-7.34 (m, 6H), 7.30-7.27 (m, 3H), 7.15-7.11 (m, 2H), 6.50
(d, J = 2.0 Hz, 2H), 4.14-4.08 (m, 1H), 3.90-3.73 (m, 4H), 3.54
(td, J = 19.2, 3.6 Hz, 1H), 3.19-3.08 (m, 1H); *C NMR (CDCl;,
100.5 MHz): § 173.0 (d, J = 4.5 Hz), 171.3 (d, J = 4.4 Hz), 140.4
(dd, J = 45.3, 8.1 Hz), 135.0, 132.7, 130.0 (d, J = 32.7 Hz), 128.8,
124.9, 123.5 (d, J = 5.2 Hz), 117.5 (dd, J = 119.5, 4.5 Hz), 44.3
(d,J=9.7 Hz), 43.2 (d, J = 11.1 Hz), 40.7 (d, J = 104.7 Hz), 32.5
(d, J = 3.7 Hz); *'P NMR (162 MHz, CDCl3): § 18.78 ppmy;
HRMS (ESI) caled for C,4H,oN;O5PCl, [M — H]: 498.0547;
found: 498.0547.
1-(2,6-Diisopropylphenyl)-3-(2-oxido-1,3-diphenyl-1,3,2-diaza-
phospholidin-2-yl)pyrrolidine-2,5-dione (3m). White solid 3m
(22.7 mg, 44%). Ry = 0.29 (DCM:EtOAc = 9:1); mp:
252-254 °C; IR (KBr, cm™'): 3061, 2964, 2868, 1778, 1707,
1600, 1502, 1502, 1373, 1269, 1033, 962; ‘H NMR (400 MHz,
CDCl,): 6 7.45-7.32 (m, 9H), 7.18-7.12 (m, 3H), 7.10-7.06 (m,
1H), 4.28-4.24 (m, 1H), 3.95-3.74 (m, 4H), 3.62-3.51 (m, 1H),
3.34-3.24 (m, 1H), 2.36-2.29 (m, 1H) 2.06-1.99 (m, 1H),
1.08-1.03 (m, 1H), 0.91-0.89 (m, 3H), 0.68-0.67 (m, 3H); *C
NMR (CDCl;, 100.5 MHz): § 174.8 (d, J = 8.2 Hz), 172.9 (d, J =
3.7 Hz), 145.9 (d, J = 71.0 Hz), 141.0 (dd, J = 74.7, 8.1 Hz),
130.3, 129.8 (d, J = 8.2 Hz), 124.0 (d, J = 3.0 Hz), 123.1 (d, J =
52.3 Hz), 117.6 (dd, J = 154.8, 3.7 Hz), 44.1 (d, J = 9.7 Hz), 42.5
(d,J = 11.1 Hz), 40.6 (d, J = 114.3 Hz), 32.1 (d, J = 3.0 Hz), 29.1
(d, J = 29.8 Hz), 23.8 (d, J = 3.7 Hz), 23.6; *'P NMR (162 MHz,
CDCl;): 6 20.59 ppm; HRMS (ESI) caled for Cz3oH34N3;O3P
[M — H]: 514.2265; found: 514.2268.
3-(2-Oxido-1,3-diphenyl-1,3,2-diazaphospholidin-2-yl)-1-(3,4,5-
trimethoxyphenyl)pyrrolidine-2,5-dione (3n). White solid 3n
(23.9 mg, 46%). R¢ = 0.2 (DCM : EtOAc = 8: 2); mp: 178-180 °C;
IR (KBr, cm™"): 3065, 2939, 2893, 1780, 1716, 1599, 1269, 1033,
964; "H NMR (400 MHz, CDCl,): § 7.43-7.40 (m, 4H), 7.39-7.30
(m, 4H), 7.15-7.12 (m, 1H), 7.09-7.05 (m, 1H), 5.86 (s, 2H),
4.22-4.15 (m, 1H), 3.93-3.74 (m, 4H), 3.80 (s, 3H), 3.72 (s, 6H),
3.55 (td, J = 19.2, 4.4 Hz, 1H), 3.22-3.12 (m, 1H); *C NMR
(CDCl;, 100.5 MHz): § 174.0 (d, J = 5.2 Hz), 172.4 (d, J =
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4.4 Hz), 153.4, 140.7 (dd, J = 59.8, 8.2 Hz), 138.3, 129.9 (d, J = 12.7
Hz), 126.6, 124.9, 123.2 (d, J = 35.1 Hz), 117.5 (dd, J = 119.5,
4.5 Hz), 104.0, 60.7, 56.2, 44.2 (d, J = 9.7 Hz), 43.1 (d, J = 10.4
Hz), 40.5 (d, J = 106.9 Hz), 32.4 (d, J = 3.0 Hz); *'P NMR
(162 MHz, CDCl;): 6 19.60 ppm; HRMS (ESI) caled for
C,7H,5N306P [M — H]: 520.1643; found: 520.1651.
3-(2-Oxido-1,3-diphenyl-1,3,2-diazaphospholidin-2-yl)-1-( pyridin-
3-yl)pyrrolidine-2,5-dione (30). White solid 30 (23.3 mg, 54%).
R;=0.13 (DCM : EtOAc = 9 : 1); mp: 162-164 °C; IR (KBr, cm™"):
3063, 2945, 2891, 1774, 1714, 1599, 1492, 1383, 1269, 1031,
964; '"H NMR (400 MHz, CDCl;): § 8.53 (dd, J = 4.8, 1.2 Hz,
1H), 7.96 (d, J = 2.0 Hz, 1H), 7.42-7.24 (m, 9H), 7.15-7.09 (m,
2H), 7.03-6.99 (m, 1H), 4.15-4.12 (m, 1H), 3.91-3.73 (m, 4H),
3.54 (td, J = 19.2, 4.0 Hz, 1H), 3.22-3.12 (m, 1H); *C NMR
(CDCl;, 100.5 MHz): § 173.4 (d, J = 5.2 Hz), 171.7 (d, J =
4.5 Hz), 149.4, 147.2, 140.5 (dd, J = 42.4, 8.1 Hz), 133.6, 120.0
(d, ] =23.1 Hz), 128.1, 123.5 (d, J = 14.4 Hz), 117.7 (dd, J = 81.1,
4.5 Hz), 44.5 (d, J = 10.4 Hz), 43.3 (d, J = 11.2 Hz), 40.8 (d, J =
104.9 Hz), 32.5 (d, J = 3.0 Hz); *'P NMR (162 MHz, CDCl,):
5 18.9 ppm; HRMS (ESI) caled for C,3H,;N,O3P [M — HJ:
431.1279; found: 431.1289.
1-(2-Chlorophenyl)-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphospho-
lidin-2-yl)pyrrolidine-2,5-dione (3p). White solid 3p (39.1 mg,
84%), dr: 75:25. Ry = 0.23 (DCM:EtOAc = 9:1); IR (KBr,
em™'): 3049, 2955, 2897, 1786, 1718, 1597, 1384, 1035, 962; a
racemic mixture of diastereomers, '"H NMR (400 MHz, CDCl;):
§ 7.43-7.26 (m, 12.70H), 7.16-7.02 (m, 3.67H), 5.93-5.91 (m,
0.85H), 4.22-4.11 (m, 1.32H), 3.94-3.72 (m, 5.21H), 3.60 (td, J =
19.2, 4.0 Hz, 1H), 3.50-3.39 (m, 0.34H), 3.32-3.15 (m, 1.31H);
BC NMR (CDCl;, 100.5 MHz): § 173.2 (d, J = 5.2 Hz), 173.1,
171.6 (d, J = 4.4 Hz), 171.3 (d, J = 4.4 Hz), 140.5 (dd, J = 59.0,
8.2 Hz), 140.5 (dd, J = 67.7, 8.2 Hz), 132.3, 131.9, 130.6 (d, ] =
49.9 Hz), 130.4 (d, J = 47.7 Hz), 129.9 (d, J = 25.4 Hz), 129.7 (d,
J =2.2 Hz), 129.5, 129.4 (d, J = 23.2 Hz) 118.2 (dd, J = 44.9, 4.5
Hz), 117.4 (dd, J = 121.9, 4.5 Hz), 44.8 (d, J = 10.4 Hz), 44.1 (d,
J =19.7 Hz), 42.9 (d, J = 11.2 Hz), 42.8 (d, J = 11.1 Hz), 40.9 (d,
J=106.2 Hz), 40.5 (d, J = 114.4 Hz), 32.8 (d, J = 3.0 Hz), 32.0 (d,
J = 3.0 Hz); *P NMR (162 MHz, CDCl;): & 19.45 and
19.26 ppm; HRMS (ESI) caled for C,4H,;N303;PCl [M — H]™:
464.0936; found: 464.0941
1-(Naphthalen-1-yl)-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphospho-
lidin-2-yl)pyrrolidine-2,5-dione (3q). White solid 3q (34 mg,
71%), dr: 55: 45 Ry = 0.25 (DCM : EtOAc = 9: 1); IR (KBr, cm™"):
3066, 2928, 2895, 1774, 1716, 1597, 1375, 1033, 962; a racemic
mixture of diastereomers, '"H NMR (400 MHz, CDCl;): &
7.89-7.82 (m, 3.65H), 7.48-7.34 (m, 19.24H), 7.32-7.25 (m,
4.03), 7.21-7.11 (m, 5.63H), 6.54 (dd, J = 8.8, 0.8 Hz, 0.79H),
6.04 (dd, J = 67.7, 8.2 Hz, 1H), 4.20-4.09 (m, 1.99H), 4.07-3.71
(m, 8.46H), 3.69-3.60 (m, 1.92H), 3.43-3.26 (m, 2.10H); **C
NMR (CDCl;, 100.5 MHz): § 174.3 (d, J = 5.9 Hz), 173.8 (d, J =
4.5 Hz), 172.5 (d, J = 4.4 Hz), 141.4, 141.3, 141.0, 140.9, 140.5,
140.4, 134.2, 134.1, 130.1, 130.0, 129.8, 129.1, 128.8, 128.6,
128.4, 128.1, 127.8, 127.4, 127.1, 126.4, 125.9, 125.1, 125.0,
123.3, 123.2, 121.6, 121.5, 117.8 (dd, J = 74.0, 4.5 Hz), 117.4
(dd, J = 94.2, 4.4 Hz), 44.4 (d, J = 9.7 Hz), 44.1 (d, J = 9.7 Hz),
42.9 (d,J =11.2 Hz), 42.7 (d,J = 11.2 Hz), 41.3 (d, J = 115.1 Hz),
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40.8 (d, J = 104.0 Hz), 32.9 (d, J = 3.0 Hz), 32.3; *'P NMR
(162 MHz, CDCl;): 5 19.85 and 19.48 ppm; HRMS (ESI) calcd
for C,5H,4N305P [M — H] : 480.1483; found: 480.1492
1-Benzyl-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphospholidin-2-yl)
pyrrolidine-2,5-dione (3r). White solid 3r (29.8 mg, 67%). R¢ =
0.13 (DCM: EtOAc = 9:1); mp: 138-140 °C; IR (KBr, cm™'):
3057, 2947, 2893, 1772, 1701, 1599, 1396, 1271, 1033, 964; 'H
NMR (400 MHz, CDCl,): § 7.36-7.35 (m, 4H), 7.25-7.20 (m,
7H), 7.11-7.07 (m, 4H), 4.25 (d, J = 1.6 Hz, 2H), 4.15-4.09 (m,
1H), 3.81-3.60 (m, 4H), 3.14 (td, J = 19.2, 4.4 Hz, 1H),
2.96-2.86 (m, 1H); "*C NMR (CDCl;, 100.5 MHz): § 174.5 (d, ] =
5.2 Hz), 172.6 (d, J = 4.5 Hz), 140.5 (dd, J = 11.9, 8.2 Hz), 135.2,
129.7 (d, J = 5.2 Hz), 128.7 (d, J = 32.1 Hz), 128.0, 123.9, 123.0,
118.3 (dd, J = 91.9, 4.5 Hz), 45.0 (d, J = 9.7 Hz), 43.3 (d, J = 10.4
Hz), 42.4, 40.4 (d, J = 109.2 Hz), 31.8 (d, J = 3.0 Hz); *'P NMR
(162 MHz, CDCl3): 6 19.57 ppm; HRMS (ESI) caled for
Cy5H,4N30,P [M — H]: 444.1483; found: 444.1483.
1-Cyclohexyl-3-(2-oxido-1,3-diphenyl-1,3,2-diazaphospholidin-
2-yl)pyrrolidine-2,5-dione (3s). White solid 3s (27.1 mg, 62%).
R¢=0.14 (DCM : EtOAc = 9 : 1); mp: 206-208 °C; IR (KBr, cm™):
3061, 2933, 2860, 1764, 1697, 1600, 1506, 1388, 1271, 1035,
958; "H NMR (400 MHz, CDCl,): § 7.39-7.34 (m, 4H), 7.31-7.24
(m, 4H), 7.11-7.07 (m, 1H), 7.05-7.01 (m, 1H), 4.20-4.14 (m,
1H), 3.94-3.56 (m, 4H), 3.21 (td, J = 19.2, 4.4 Hz, 1H),
2.96-2.86 (m, 1H); "*C NMR (CDCl;, 100.5 MHz): § 175.0 (d, J =
5.2 Hz), 173.1 (d, J = 3.7 Hz), 140.7 (dd, J = 23.0, 7.4 Hz), 129.7,
123.1 (d, J = 19.4 Hz), 117.6 (dd, J = 31.3, 4.5 Hz), 52.0, 44.5 (d,
J =9.7 Hz), 43.0 (d, J = 10.4 Hz), 40.1 (d, J = 109.9 Hz), 31.8 (d,
J = 3.0 Hz), 28.1 (d, J = 2.0 Hz), 25.6 (d, J = 3.0 Hz), 24.8;
3'p NMR (162 MHz, CDCl;): § 20.37 ppm; HRMS (ESI) calcd
for C,4H,5N;05P [M — H]: 436.1796; found: 436.1795.
(E)-N-Phenylthiazolidin-2-imine (4a).”> White solid (10.7 mg,
60%); 'H NMR (400 MHz, CDCl;) 8. 7.28 (t, J = 7.6 Hz, 2H),
7.13 (d, J = 7.6 Hz, 2H), 7.04 (t, /] = 7.2 Hz, 1H), 3.82 (t, J =
7.0 Hz, 2H), 3.30 (t, ] = 7.2 Hz, 2H).
(E)-N-(4-Methoxyphenyl)thiazolidin-2-imine ~ (4b). White
solid (10.7 mg, 55%); "H NMR (400 MHz, CDCl;): § 7.07 (d, J =
8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 3.83 (t, J = 6.8 Hz, 2H),
3.78 (s, 3H), 3.35-3.29 (m, 2H).
(E)-N-(3,5-Bis(trifluoromethyl)phenyl)thiazolidin-2-imine (4c).*
White solid (18.8 mg, 60%); Ry = 0.4 (hexanes : EtOAc: DCM =
4:4:1); "H NMR (400 MHz, CDCly): § 7.52-7.51 (m, 1H), 7.47
(bs, 2H), 3.75 (t, J = 7.2 Hz, 2H), 3.37 (t, J = 7.2 Hz, 2H); HRMS
(ESI) caled for C;,HgN,FeS [M — H]: 313.0240; found: 313.0249.
(E)-3-Methyl-N-phenylthiazolidin-2-imine (4d).>> Colorless
semisolid (3.8 mg, 20%); 'H NMR (400 MHz, CDCly):
§ 7.28-7.24 (m, 2H), 7.05-7.03 (m, 1H), 6.95-6.93 (m, 2H), 3.58
(t,J = 6.8 Hz, 2H), 3.14 (t, J = 6.8 Hz, 2H), 3.05 (s, 3H).
1-Tosylaziridine (4f). White solid (10.8 mg, 55%); "H NMR
(400 MHz, CDCly): § 7.84-7.81 (m, 2H), 7.36-7.33 (m, 2H), 2.45
(s, 3H), 2.36 (bs, 4H).
3-((4,5-Dihydrothiazol-2-yl)( phenylJamino)-1-phenylpyrrol-
idine-2,5-dione (5a). White solid (7.0 mg, 20%); R = 0.38
(DCM : EtOAc = 9:1); "H NMR (400 MHz, CDCly): § 7.44-7.34
(m, 3H), 7.28-7.22 (m, 4H), 7.06-7.02 (m, 1H), 6.89-6.87 (m,
2H), 4.61-4.57 (m, 1H), 3.96-3.90 (m, 1H), 3.76-3.71 (m, 3H),
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3.40-3.25 (m, 3H), 3.19-3.12 (m, 1H); *C NMR (CDCl;,
100.5 MHz): § 174.4, 173.9, 157.1, 150.3, 132.0, 129.1, 128.9,
128.6, 126.7, 123.5, 121.6, 55.5, 51.8, 33.0, 27.6; HRMS (ESI)
caled for C19H;7N30,S [M + Na]': 374.0934; found: 374.0929.

3-((4,5-Dihydrothiazol-2-yl)(4-methoxyphenyl)amino)-1-phe-
nylpyrrolidine-2,5-dione (5b). Colorless semisolid (9.5 mg,
25%); Ry = 0.11 hexanes:EtOAc:DCM = 4:4:1; 'H NMR
(400 MHz, CDCl,): & 7.44-7.34 (m, 4H), 7.24-7.22 (m, 2H),
6.84-6.78 (m, 3H), 4.59-4.55 (m, 1H), 3.95-3.89 (m, 1H), 3.77
(s, 3H), 3.74-3.69 (m, 1H), 3.36-3.25 [m, SH), 3.18-3.11 (m,
1H); **C NMR (CDCl;, 100.5 MHz): § 174.4, 174.0, 156.8, 155.9,
143.7, 132.0, 129.1, 128.6, 126.7, 122.4, 114.1, 55.6, 55.4, 51.8,
33.0, 27.6; HRMS (ESI) caled for C,oH;oN;05;S [M + HJ":
382.1220; found: 382.1216.

Procedure for the synthesis of diethyl(2,5-dioxo-1-
phenylpyrrolidin-3-yl)phosphonate (6a)"*

A solution of 3a (51 mg, 0.118 mmol) in 4.8 M ethanolic HCI
(1.18 mL) was stirred for 6 h at room temperature. After stir-
ring for 6 h, volatiles were removed under reduced pressure.
The residue was dissolved in EtOAc, filtered, dried over
Na,SO,, filtered again, and concentrated under reduced
pressure. Then it was subjected to column chromatography on
silica gel (gradient eluent of DCM:acetone = 9:1) to give
product 6a.

Semisolid 6a (11 mg, 25%). Ry = 0.25 (DCM : acetone = 9 : 1);
'H NMR (400 MHz, CDCl;): § 7.50-7.45 (m, 2H), 7.42-7.38 (m,
1H), 7.29-7.26 (m, 2H), 4.32-4.20 (m, 4H), 3.50-3.41 (m, 1H),
3.25-3.07 (m, 2H), 1.41-1.35 (m, 6H); *C NMR (CDCl;,
100.5 MHz): § 173.9 (d, J = 5.2 Hz), 171.2 (d, J = 6.0 Hz), 131.6,
129.2, 128.8, 126.4, 63.8 (d, ] = 6.7 Hz), 63.2 (d, ] = 6.7 Hz), 39.6
(d, J = 141.3 Hz), 30.8 (d, J = 4.4 Hz), 16.3 (t, ] = 6.0 Hz);
3'p NMR (162 MHz, CDCl,): § 20.3 ppm.

Procedure for the synthesis of 3-(2-oxido-1,3-diphenyl-1,3,2-
diazaphospholidin-2-yl)-1-phenylpyrrolidin-2-one (6b)

Under an argon atmosphere, a solution of 3a (20 mg,
0.046 mmol) in DCM (0.5 mL) was added slowly to a slurry of
LiAlH, (6.8 mg, 0.18 mmol) in Et,0O (0.25 mL) at 0 °C. The reac-
tion mixture was stirred at room temperature for 4 h and water
was added dropwise at 0 °C. The resulting suspension was fil-
tered and washed with ethyl acetate. The filtrate was dried over
Na,S0,, filtered, and concentrated under reduced pressure.
The residue was subjected to column chromatography on
silica gel (gradient eluent of hexanes:EtOAc:DCM = 4:4:1)
to give product 6b.

White solid, 6b (5.7 mg, 35%). R = 0.20 (hexanes: EtOAc:
DCM = 4:4:1); IR (KBr, cm™): 3059, 2931, 2887, 1695, 1599,
1498, 1388, 1273, 949; "H NMR (400 MHz, CDCl,): § 7.39-7.35
(m, 6H), 7.30-7.22 (m, 6H), 7.19-7.13 (m, 2H), 7.12-7.04 (m,
2H), 4.15-4.07 (m, 1H), 4.97-4.90 (m, 1H), 3.78-3.71 (m, 1H),
3.78-3.53 (m, 3H), 3.52-3.40 (m, 1), 3.03-2.98 (m, 1H),
2.64-2.56 (m, 1H), 2.47-2.39 (m, 1H); C NMR (CDCl;,
100.5 MHz): § 169.0, 141.2 (t, J = 8.2 Hz), 138.6, 129.5 (d, J =
15.6 Hz), 128.6, 124.9, 122.8 (d, J = 91.9 Hz), 120.3, 118.4 (dd,
J =163.7, 4.4 Hz), 47.0 (d, J = 3.0 Hz), 45.1 (d, J = 9.7 Hz), 43.8
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(d,J =107.7 Hz), 43.2, 43.0 (d, J = 10.5 Hz); *'P NMR (162 MHz,
CDCl;): 6 14.71 ppm; HRMS (ESI) caled for C,,H,4N;0,P
[M + Na]": 440.1498; found: 440.1483.
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