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Abstract

The introductory section of this thesis describes the Mannich-type reaction in a broad definition, in addition to a
discussion on the first metal-catalyzed and the first organo-catalyzed asymmetric Mannich-type reactions of ketimine.

The first part of the results and discussion focuses on the development of direct catalytic asymmetric Mannich-type
reaction for the construction of a,f-diamino derivatives bearing contiguous tri- and tetrasubstituted stereocenters. The
use of N-(diphenylthiophosphinoyl)ketimine (N-thioDpp ketimine) as soft Lewis basic electrophile is the key to afford
the excellent results. A variety of aliphatic ketimines could serve as suitable substrates, and the corresponding products
could be isolated in excellent yields (up to 99%), high diastereoselectivity (up to 95/5 dr) and excellent
enantioselectivity (up to 95% ee). The second part of this section details the first example of the direct catalytic
asymmetric Mannich-type reaction of MeCN with acyclic ketimines. In the presence of chiral N-hetereocyclic
carbenes (NHCs) and [Ir(cod)OMe]», the direct catalytic asymmetric coupling of MeCN with N-thioDpp a-iminoesters
was achieved, giving the corresponding products in excellent yields (up to 92%) and good enantioselectivity (up to
80% ee). 3'P NMR studies and kinetic studies are also discussed. The third part of this section discusses the
construction of a,a-disubstituted a-amino acid derivatives via a-addition of a,f-unsaturated y-butyrolactam to N-
thioDpp a-iminoesters. It has been found that using N-thioDpp a-iminoester is the key to promote the reaction. The
reaction worked well for a range of N-thioDpp a-iminoesters, giving the corresponding products in excellent yields
(up to 99%) and excellent enantioselectivity (up to 94% ee). Catalyst revovery and reuse showed that the catalyst was
fairly stable and could be purified by chromatography on silica gel. The recovered catalyst showed almost the same
performance compared with the original catalyst.

The experimental section details the experimental procedures and characterization of new compounds described in
this thesis.

Finally, a comprehensive list of references referred to in this thesis is included.



1. Introduction
1.1 The Mannich-type reaction

Chiral nitrogen-containing building blocks are widely embedded in natural and unnatural bioactive molecules, and
these units are known to play important roles as a result of their bioactivities.* To construct the chiral nitrogen-
containing building blocks, direct asymmetric addition of various nucleophiles to imines via the Mannich-type
reaction is one of the most promising and convenient routes.? In a broad definition, Mannich-type reaction includes®
1) the Strecker reaction, named after Adolph Strecker who reported the first example of the reaction in 1850 (Scheme
1, a);* 2) the aza-Henry or nitro-Mannich reaction, which was reported by Henry in 1896 (Scheme 1, b);> 3) the
Mannich reaction, which was reported by Carl Mannich in 1912 (Scheme 1, c);® 4) the Pudovik reaction or Kabachnik-
Fields reaction (Scheme 1, d).” In this thesis, | was interested in the catalytic asymmetric Mannich-type reaction (c
type) using ketimines as electrophilic partners for the construction of tetrasubstituted stereogenic centers.

a. First example of Strecker reaction
Aqueous media NH,

o| one-pot synthesis
) + NH;z + HCN >
CN

b. First example of aza-Henry reaction

NO,

R NO: EtNO MeNO, R
\|||||| ‘—2 R/\OH —_— \|||||| R
Me N02

.

OH
c. First example of Mannich reaction
O

O 3 HCHO protic solvent
+ + _—
R1J\/R2 HNR" R NRZ,

R2
d. First example of Kabachnik-Fields reaction

+  HNEtz + HCHO ———— g\ IF!(OEt)Z

(EtO)ZP\H 94% yield ~

Scheme 1. Mannich-type reaction
1.2 The Mannich-type reaction of ketimine

Whilst the asymmetric Mannich-type reactions of aldimine have been extensively studied, the asymmetric Mannich-
type reactions of ketimine, derived from ketones, have been much less well studied because of their lower reactivity
and higher steric bulk.? In 2003, Jgrgensen et al. achieved the first example of catalytic asymmetric Mannich-type
reaction of ketimines (Scheme 2).8 By introducing the strategy of intrinsic protecting group anchoring, they reported
a Zn(OTf)2H.0/(R,R)-Ph-Pybox complex catalyzed Mannich-type reaction of silylketene acetals 2 with several
ketimines 1, giving the adducts 3 in high yields (up to >99%) and with high enantioselectivities (up to 95% ee).



le) O

OJ\N 0 NH CO,Me
1 OTMS 4 Catalyst, ~78 °C, DCM 1
R . yst, . R
CO,Et ¥ >
* OMe 2 EtOH or H,0, 78 °C-RT CO,Et
R2 R?
3 1 2 RS 3
R A —|2+
| _ up to >99% yield
(0] N/ (o) 2 OTf up to 95% ee
Catalyst: </, , \
N Zn—N

tuy,, 0,

Jorgensen, K. A. et al. Chem. Eur. J. 2003, 9, 6145

Scheme 2. First metal-catalyzed asymmetric Mannich-type reaction of ketimine

Shortly thereafter in 2004, based on the same concept, Jargensen et al. described the first organocatalytic
enantioselective Mannich-type reaction of ketimines (Scheme 3).° With chiral secondary amines, the reaction of
unmodified aldehydes 4 with ketimines 1 could deliver the enantioenriched tetrasubstituted a-amino acid derivatives
5 in high yields (up to 99%), high diastereoselectivities (up to > 20:1 dr) and high enantioselectivities (up to 98% ee).

(o}
O)I\N o
R! Catalyst 5 mol%
CO,Et >
+ H 0°C,20h
R2 R4
R® 1 4
QD up to 99% yield
Catalyst: N up to > 20:1 dr

H up to 98% ee
Jorgensen, K. A. et al. Angew. Chem. Int. Ed. 2004, 43, 4476.
Scheme 3. First organo-catalyzed asymmetric Mannich-type reaction of ketimine

From then on, the number of reports on the catalytic asymmetric Mannich-type reaction of ketimines has increased
dramatically. Based on their structure, ketimines can be categorized into four types (Scheme 4). In this thesis, |
focused on type-a and type-d.



o

ketimines derived from isatins

ketimines with a-electron-

withdrawing group
c. d. N/R3
EN
QJ\R1 3.1_ R 2 9
C=N endocyclic acyclic i(.e‘timines and
ketimines C=N exocyclic ketimines

Kumagai, N.; Shibasaki, M. Bull. Chem. Soc. Jpn. 2015, 88, 503

Scheme 4. Four-types of Ketimines

1.3 Overview of the research
The tetrasubstituted stereogenic centers, especially those featuring an amino group, are important structural motifs

because these units are present in a number of natural products and biologically active compounds (Scheme 5).%°

0 Cl
\N/[< B
N HNTIN
() !
O \\ '?,
N \“‘\\ Y,
Cl N 1oz

o

(e}
BIRT-377
manzacidin
NH, A

Br
/J—R3
(6]

o
»\/SO2N H2 R1 ‘:=
HN — R = »—NH
HN ‘\\\\\Qo

H | wCO.H
F

2
'y, ",

(6}

altemicidin
(S)-sorbinil

Zhou, J. et al. Synthesis 2014, 2983

Scheme 5. Selected natural products and biologically active compounds with a nitrogen-containing tetrasubstituted
stereogenic center

In the recent past, much effort has been devoted toward the enantioselective construction of tetrasubstituted
stereocenters by Mannich-type reactions of various nucleophiles with ketimines.?¢s However, further development of
methodologies for more efficient access to quaternary carbon stereocenters featuring an amino group is still highly
desirable and challenging. As part of continuing interest on catalytic asymmetric C-C bond formation in Shibasaki
group, | focused on the reaction of various nucleophiles with ketimines to construct the tetrasubstituted stereocenters.



This thesis can be sub-divided into three major components:
1) The construction of a,f-diamino derivatives bearing contiguous tri- and tetrasubstituted stereocenters.
2) The construction of a,a-disubstituted a-amino acid derivatives using MeCN as nucleophile.

3) The construction of a,a-disubstituted a-amino acid derivatives with a,f-unsaturated y-butyrolactam.



2. Results and discussion
2.1 Construction of a,p-diamino derivatives bearing contiguous tri- and tetrasubstituted stereocenters

Optically active a,p-diamino derivatives are important structural motifs, which have been widely found in many
bioactive compounds (Scheme 6).1* Recently, impressive progress has been achieved in the development of catalytic
protocols to a,B-diamino derivatives through C-C bond forming reactions.*? Despite these achievements, only a few
examples have been reported for the synthesis of a,4-diamino derivatives bearing contiguous tri- and tetrasubstituted

stereocenters.
OH
w Y\ i
H H
NH, N Na, N )
OH R . H R
>—< \ (0]
Sch37137 H N o} NH HN 0]
HaN o H H
L-willardine HO o N\I N\ N\n/NHz
(0)
’I,', O O
>=o NH
R3" NANH
NH, viomycin H
R® NH
1Y \\R4 R1 = H 2
R . N
N K p— O NH,
N NH, R2=OH R®=OH
A HN NH a, f-diamino derivatives are capreomycin IA
§ key intermediates for the R' = H R3=H
synthesis of biologically H
active com d N
ctiv pounds R2 = - NH,
Hz ic O R
streptothricin F 2

Viso. A. et al. Chem.Rev. 2005,105, 3167
Scheme 6. Selected bioactive compounds containing a,f-diamino acids motifs

2.1.1 Literature known methods to access to ea,f-diamino derivatives bearing contiguous tri- and
tetrasubstituted stereocenters

In 2013, Hu et al. disclosed a novel three-component Mannich-type reaction, to rapid and efficiently construct a,f-
diamino derivatives bearing contiguous tri- and tetrasubstituted stereocenters (Scheme 7).23 The authors proposed that
a phosphoramidate ammonium ylide derived from a phosphoramide 11 was trapped by a-imino ester 12 (Scheme 8).
Only 11% vyield was observed for the desired product in the absence of chiral phosphoric acids. However, the yield
increased dramatically with chiral phosphoric acids, and the reaction delivered the corresponding optically active
adducts 13 in moderate yields (up to 73% vyield), excellent diastereoselectivities (up to 99/1 dr) and excellent
enantioselectivities (up to 98% ee).



o]

Il R!
N, 0 N7 TMP Rhy(0AC), 2mol%  (ArO),PHN (S R?
J]\ Il )| Ligand 2.5 mol%
R1” “R2 (ArO),PNH, 0.0 >
2 PhMe, rt R30,C* “NHPMP
10 1 12 13
Ar
up to 73% yield
0 up to 99/1 dr
O\P// up tp 98% ee
Ligand o~ \OH Ar= 9-phenanthryl
Ar Hu, W. et al. Chem. Commun. 2013, 49, 4238
Scheme 7. Enantioselective three-component Mannich-type reaction
N
----------------------------------- : R
N> 0 : N Rha(OAC)s (ArO),PHN _5_R?
J\ + T . | Ligand =
R” ~R2  (ArO)PNH; 3 ) PhMe, rt o
................................... R7O,CH; R30,C7 “NHPMP
10 1 12 13
Rhy(AcO), Ligand T
B m 7
\P/
H H HL g PP .
(ArO),P(O)—N - Y ——
’ +J<Rh|-n * )l </ H+_PMP H H
3 N
R2 R1 R OzCHz - P\ ArO),P(O)—N -
o o )I (ArORPOIZN 2l
14 15 R®0,CH; R
Ar L -
IO 1
ol
Ligand O/P\

OH
OO Hu, W. et al. Chem. Commun. 2013, 49, 4238
Ar

Scheme 8. Proposed mechanism: the trapping of phoshphoramidate ammonium ylides with imino esters

It is well-known that imidazoline heterocycles can be easily converted into a,f-diamino derivatives under hydrolytic
or reductive conditions.!* Thus, a potential method to access to a,5-diamino derivatives is the synthesis via imidazoline
heterocycles.™ Direct catalytic Mannich-type addition/cyclization reactions of isocyanoester pronucleophiles with
imine electrophiles provide a promising strategy for the synthesis of imidazolines.'6 In 2014, the groups of Dixon,
Zhao and Nakamura independently reported the cinchona alkaloid-catalyzed enantio- and diastereoselective Mannich-
type reaction of isocyanoacetates 18 with ketimines 17 to build the optically active imidazoline derivatives (Scheme
9). Dixon et al. used cinchona alkaloid-derived aminophosphine as a chiral ligand, and in the presence of Ag.0, the
reaction provided the anti isomers 19 as the major products (Scheme 9, a).” Zhao et al. focused on cyclization of a-
ketiminoester 20 with isocyanoacetate 18a, reporting one ketimine substrate (Scheme 9, b).'® Nakamura et al.
employed Cu(OTf); as a cocatalyst, obtaining syn isomers 22 as the major products (Scheme 9, ¢).** Among them, a
few successful aliphatic substrates have been reported. Dixon and Nakamura both focused on aromatic ketimines, and



there are only two aliphatic ketimines in Nakamura’s report (Scheme 10).%° Base on those reports, there remains room
for improvement with respect to substrate generality, in particular for aliphatic ketimines.

a. Dpp,
N,Dpp 0 Ag,0  5mol% N\
)j\ * CN\)I\ Ligand 20 mol% Arun, N
A7 R? OR' > R?
17 18 MS 4A, AcOEt COZR1
o 60 h, —20 °C 19
Il 70-98% vyield
D -3-
PP 3 PPhy antilsyn =74/26-99/1
N 94-98% ee
= NH PPh,
Nao .
o) Dixon, D. et al. Angew. Chem. Int. Ed. 2014, 53, 3462.
Ligand

Ag,O 10 mol%

\)J\ Ligand 20 mol%
\[Hk THF, 24 h, -20 °C

PPhy 69% yield, 37% ee
\
—
Ligand N r<1 Zhao, Y. et al. Angew. Chem. Int. Ed. 2014, 53, 5435.
MeO
C.
Cu(OTf), 10 mol%
N~ PP O Ligand ® 10mol% DPPy , N=\
JJ\ + CN\)]\ Cs,CO3 20 mol% 2 N/\\ 1) 4 N HCI/1,4-dioxane Rzlu N—Ts
R'I R2 OMe > y, N > R1
MS 5A, THF, =20 °C R 2) TsCl, EtzN CO,Me
17 18a (|)| 22 CO,Me 23
1—
Rz_ Ar or alkyl Dpp: s PPh, 44-68% yield
R“= Me or Et antilsyn = 19/81-8/92
91-99% ee
Nakamura, S. et al. Angew. Chem. Int. Ed. 2014, 53, 8411.
Ligand

Scheme 9. Mannich-type reaction of isocyanoacetates with ketimines



/Dpp o CU(OTf)z 10 mol% Dpp\

N=\

N Ligand 10 mol% NN\ 1)4 N HCI/1 4-dioxane 2 N—T:
JL\ + CN\V/H\ Cs,CO5; 20 mol% r2.] N ) ‘ - R, S
R R2 OMe > TRl
MS 5 A, THF, —20 ° R 2) TsCl, Et;N CoMe
17 18a CO,Me 2
o 22 23
R'= Ar or alkyl ool
v Mr or aEty Dpp: -E-F’th = 44-68% yield
= Meor X antilsyn = 19/81-8/92
N 91-99% ee
¥z N N
FsC
Ligand 0 =
D SN
N-DPP _Dpp
anti+syn 54% yield N anti+syn 78% yield
antilsyn = 28/72 )\/U\ antilsyn = 40/60
72%/93% ee 89%/95% ee
17a 17b

Nakamura, S. et al. Angew. Chem. Int. Ed. 2014, 53, 8411.
Scheme 10. Mannich-type reaction of alkyl ketimines

By utilizing soft-soft interactions,?® the Shibasaki group recently found that diphenylthiophosphinoyl (thioDpp)
protected ketimines showed high reactivity in the rapid construction of tetrasubstituted stereogenic centers, and even
aliphatic ketimines gave excellent results.?! Thus, | envisioned to employ thioDpp protected ketimines in the
construction of a,fp-diamino derivatives bearing contiguous tri- and tetrasubstituted stereocenters. To construct this
unit via a catalytic asymmetric Mannich-type reaction, pronucleophile 26 which contains an a-amino group is required
(Scheme 11). Given the potential for divergent functional group interconversions, pronucleophile 26 containing a
cyano group (R® = CN) is a desirable candidate, as cyano groups may be converted to other functional groups, 2% and
the products, «,8-diamino nitriles, would serve as similarly versatile chiral building blocks. Catalytic enantioselective
reactions of acetonitrile containing an a-N-alkylidene functionality is rare.?® Recently, Kobayashi et al. employed N-
(9-fluorenylidene)-a-aminoacetonitrile 28 as a pronucleophile in a Mannich-type reaction, and it showed high
reactivities (Scheme 12).2* In their report, the use of a chiral guanidine as catalyst and aldimines as electrophiles gave
Mannich products with moderate enantioselectivity.

NHPG? Asymmetric Mannich-type ) s
R3 Reaction . NPG R
+

>
R! R? NPG!

7

™Y

2
R NPG!
24 25 26

Scheme 11. Retrosynthetic analysis for 24



Dpp
(CN 5 mol% HN”

N/DPP ! guanidine cat. _ ; CN
Lo T
1
Flu: R, NFlu
27 29
(o] I
. M preliminary
Dpp: -g-PPhZ 28 O enantioselective
example (73% ee)

Kobayashi, S. et al. J. Am. Chem. Soc. 2010, 132, 3244.
Kobayashi, S. et al. Tetrahedron 2012, 68, 7558.

Scheme 12. Mannich-type reaction of N-(9-fluorenylidene)-a-aminoacetonitrile to Dpp-aldimines

In continuing studies on a cooperative soft Lewis acid/hard Bransted base catalysis in the Shibasaki group,? it has
been observed that both nitrile and thioDpp functionalities can be activated by a soft Lewis acid. Based on these traits,
| envisioned that a,-diamino derivatives bearing contiguous tri- and tetrasubstituted stereocenters could be
constructed via the cooperative soft Lewis acid/hard Brgsted base catalyzed Mannich-type reaction of N-(9-
fluorenylidene)-a-aminoacetonirtile 28 with alkyl substituted N-(diphenylthiophosphinoyl)ketimines 30 (Scheme 13).

soft Lewis acid i
N/thionp CN hard Brensted base thioDpp-~
Jl\ + r cooperative catalysl; 1’4\/ CN
R'” “R? NFlu - R I
30 28 Flu: 9-fluorenylidene thionp:-é-!:lph2 NFlu
R' = aliphatic 31
R? = Me, Et

Scheme 13. Mannich-type reaction of N-(9-fluorenylidene)-a-aminoacetonitrile to thioDpp-ketimines
2.1.2 Screening of reaction conditions

Investigations into this idea commenced with the reaction of N-(9-fluorenylide)-a-aminoacetonitrile 28 with N-
thioDpp ketimine 30a in the presence of commercially available [Cu(MeCN)4]PFs and LiO'Bu. Several chiral ligands
were screened at —60 °C in THF (Table 1), and the reaction delivered the desired product 31a with good to excellent
conversion. Biaryl-type phosphine ligands (entries 1-9), (S,S)-Diop (entry 10), (R,Rp)-Taniaphos (entry 11) and
(Sp,S ’p,R)-Mandyphos (entry 12) afforded the anti isomer as the major product. On the other hand, (R,R)-QuinoxP
(entry 13) and (S)-Binapine (entry 14) favored the syn isomer. Other type of ligands almost completely failed to
promote the reaction (entries 15-19). Increasing the steric bulk of the phosphine substituents on Garphos-type ligands
improved diastereoselectivity significantly. However, the use of Garphos type ligands with too bulky or electron-
withdrawing phosphine substituents slightly dropped the diastereoselectivity compared with medium-sized
substituents (entries 4-9). For high diastereoselectivity and enantioselectivity, (R)-DMM-Garphos was found to be
the optimal ligand, delivering the desired product 31a in 99% Conv., 85/15 dr, and 88% ee for the anti isomer.

Table 1. Ligand Screening.?

[Cu(MeCN),JPFs 10 mol%
N/thiODpp CN Ligand 10 mol% H

. Lio'Bu 10 mol%
Ph/\)]\ NFlu ™ Ph CN
s

THF, -60 °C, 12h
: NFlu
30a 28 Flu: 9-fluorenylidene  thioDpp:-&-PPh, 31a

N/thionp




. Conv.p drP ee’
Entry Ligand (%) (anti/syn) %)

1 (R)-Binap 99 59/41 39/7
2 (R)-Segphos 72 69/31 54/35
3 (S)-DTBM-Biphep 53 53/47 —77/4
4 (R)-Garphos 99 62/38 38/47
5 (R)-Tol-Garphos 99 58/42 22/50
6 (R)-Xyl-Garphos 99 81/19 76/28
7 (R)-DMM-Garphos 99 85/15 88/43
8 (R)-DTBM-Garphos 95 78/22 90/-21
9 (R)-BTFM-Garphos 62 72/28 47/-53
10 (S,S)-Diop 70 73/27 -12/17
11 (R,Rp)-Taniaphos 47 68/32 —79/38
12 (Sp,S p,R)-Mandyphos 85 63/37 13/-18
13 (R,R)-QuinoxP 52 35/65 12/-28
14 (S)-Binapine 71 40/60 3/-25
15 (Ra,S,S)-SpriroBox trace if any - -
16 (R,R)-O-Pinap trace if any - -
17 (R,R)-Dipamp trace if any - -
18 Carbophos trace if any - -
19 CTH-(S)-P-Phos trace if any — —

228: 0.1 mmol, 30a: 0.11 mmol. ® Determined by *H NMR analysis of the crude mixture. ¢ Determined by HPLC

analysis.
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Table 2. Metal Screening.?

Metal x mol% .
|~ thioDpp CN (R)-DMM-Garphos y mol% yn~ thioDpp
LiOBu 10 mol%
A~ " NFI - Ph/\/l\( oN
Ph Solvent, =78 °C, 24h :
NFlu
30a 28 Flu: 9-fluorenylidene thionp:-;-gth 31a
b c
Entry Metal X y Solvent C?(%' anti/syn® (%/eo)

1 [Cu(MeCN)4]PFs 10 10 THF 83 91/9 94/—
2 [Cu(MeCN)4]PFs 5 10 THF 45 42/58 90/7
3 [Cu(MeCN)4]PFs 5 10 toluene 96 91/9 94/37
4 [Cu(MeCN)4]CIO,4 10 10 toluene 97 86/14 93/-
5 CuBF4 10 10 toluene 95 80/20 92/-
6¢ CuMes 10 10 toluene 77 84/16 92/-
7€ CuMes+Chromanol 10 10 toluene 16 80/20 -
8 CuQOTf-1/2 toluene 10 10 toluene trace if any - -
9 Cul 10 10 toluene trace if any - -
10 CuBArF 10 10 toluene trace if any - -
11 [Cu(MeCN)4]PFs 5 5 toluene 96 91/9 94/-
12 [Cu(MeCN)4]PFs 2 2 toluene 73 90/10 93/-
13 [Cu(MeCN)4]PFs 1 1 toluene 59 75/25 92/-
148 [Cu(MeCN)4]PFs 3 5 toluene 91 91/9 94/

228: 0.1 mmol, 30a: 0.11 mmol. ® Determined by *H NMR analysis of the crude mixture. ¢ Determined by HPLC
analysis. ¢ CuMes: Mesitylcopper(l). ¢ Chromanol: 2,2,5,7,8-pentamethyl-6-chromanol. * CuBAr": Copper(l)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate. ¢ Isolated yield.

Further reaction condition screening wiht (R)-DMM-Garphos was performed (Table 2). Both diastereo- and
enantioselectivity were improved by lowering the reaction temperature to —78 °C (entry 1). A detrimental effect on
the diastereoselectivity was observed when decreasing the amount of Cu(l) complex relative to LiO'Bu, while high
enantioselectivity of the anti isomer was still maintained (entry 1 versus 2). This negative effect was suppressed by
switching the solvent to toluene (entry 3). Using toluene as solvent, other Cu(l) sources were examined (entries 4-10),
as was the ratio of metal to base (entries 11-14). Cu(l) sources with different counteranions slightly dropped the
diastereoselectivity, while the product was obtained with similar enantioselectivities (entries 4-6). It should be noted
that the additive, 2,2,5,7,8-pentamethyl-6-chromanol, which showed a positive effect in previous reports published by
the Shibasaki group,?® gave much lower conversion compared with the system without additive (entry 6 versus 7). No
reaction took place when CuOTf-1/2 toluene (entry 8), Cul (entry 9) or Copper(l) tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (CuBArF) (entry 10) were used as Cu(l) sources. Next, the ratio between metal and
base was probed (entries 11-14). Decreasing the loading of Cu(l) complex and base caused a reduction in dr and yield.
Finally, it was found that the catalyst loading could be reduced to 3 mol% of the Cu(l)/(R)-DMM-Garphos complex
and 5 mol% of LiO'Bu without losing catalytic efficiency, and under these reaction conditions, 31a was obtained in
91% isolated yield, 91/9 dr, and 94% ee for the anti isomer (entry 14).

2.1.3 Control experiments

To gain futher insight on the reaction, additional control experiments were performed (Scheme 14). LiO'Bu alone
catalyzed the reaction to give almost exclusively racemic syn product in THF at —78 °C (Scheme 14, a). In sharp
contrast, LiO'Bu completely failed to promote the reaction in toluene at —78 °C (Scheme 14, b). Thus, high anti/syn
ratio was observed even with the decreased amount of Cu(l) complex relative to LiO'Bu when switching the solvent
from THF to toluene (Table 2, entry 2 versus 3). | ascribed this phenomenon to the solvent effect (Figure 1).
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Treatment of Schiff base 28 with LiO'Bu can form different ion-pairs 33 and 34 depending on the nature of the solvents.
An intimate ion-pair 33 could be formed in the non-polar solvent toluene at —78 °C. Thus-formed ion-pair 33 would
be less nucleophilic and therefore the reaction would take place only in the presence of Cu(l) catalyst, giving the anti
isomer as the major product (Path a). In contrast, a loose ion-pair 34 could be formed in THF at —78 °C due to the
complexation of THF to Li*, making the anion more nucleophilic. In this case, the reaction could proceed without
Cu(l) catalyst, and the reaction would give racemic syn isomer (Path b). Under the identified reaction conditions, in
the presence of Cu(l)/(R)-DMM-Garphos complex and LiO'Bu in toluene at —78 °C, the anti isomer could not be
converted to syn isomer by epimerization. However, anti isomer could be partially epimerized to syn isomer with
LiO'Bu in toluene at room temperature. In the absence of base, Cu(l) complex could not promote the reaction (Scheme
14, c). Much lower conversion and stereoselectivity were observed when the O-analogue, N-diphenylphosphinoyl
(Dpp) ketimine, was subjected to the identified reaction conditions (Scheme 14, d), suggesting that the specific
interaction between the thioDpp group and Cu(l) complex was crucial for the C-C bond formation with high
stereoselectivity.

Path a Path b
® o CN toluene rCN THF ® g CN
Li % W + LiOHBuU —°C> O Li ?/
NFlu NFlu 78 N NFlu
33 28 34
like intimate ion-pair Flu = 9-fluorenylidene like free anion
low nucleophilicity high nucleophilicity
N/thionp
with Cu(l) without Cu(l)
Catalyst /\)]\ Catalyst
Ph
30a
N~ thioDpp [CU(CHSCN)4JPF¢ (5 mol%) pyn - thioDpp
I'I,I'I - i 0, l,,,,'
/\)\/CN (R) DIV.IMt Garphos (5 mol%) . CN
Ph Y LiO'Bu (10 mol%) Ph
NFlu toluene, =78 °C, 24h NFlu
anti as major product syn as major product
9/91 dr 25/1 dr
~40%/94% ee
no reaction without Cu(l) catalyst
thioD thioD thioD
HN” pp . HN™ pp HN™ pp
g, LiO'Bu iy, uy,
/\)\/CN —_— /\)\/CN + 2 CN
Ph Y toluene, rt, 24 h  Ph X Ph
NFlu . M NFlu NFlu
31a-anti thioDpp:-3-PPh, 31a-anti 31a-syn
92% ee 43% yield , 46% ee 57% vyield, 5% ee

Figure 1. Solvent effect
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; thioDpp thioDpp
thioD ~ ~
N~ pp CN Condit N NH m, NH
/\)I\ + r onditions /\/”I\/CN + 3 CN
———————> Ph Y Ph
Ph Me NFlu —78°C. 24 h H
30a 28 31a-anti NFlu 31a-syn NFlu
ﬁ a. LiO'Bu (10 mol%), THF: <2% (racemic) >98% (racemic)
thioDpp: -%-Pth
b. LiO'Bu (10 mol%), toluene: 0% 0%
Flu: 9-fluorenylidene
c.Cu complex (10 mol%), toluene: 0% 0%
“Cu complex: Cu(l)/(R)-DMM-Garphos
4 [Cu(MeCN),JPFs 10 mol%
Dpp (R)-DMM-Garphos 10 mol% Dpp-
- CN
N . r LiO'Bu 10 mol% NH
Ph/\)J\Me NFiu ™ Pnh CN
toluene, =78 °C, 24 h
17a 28 32 NFlu
Q 19%
Dpp: -3-PPh, dr: 48 (49% ee)/52 (28% ee)

Flu: 9-fluorenylidene

2.1.4 Investigation of substrate scope

With the optimum reaction conditions in hand, the substrate scope was further evaluated (Table 3). Running the
reaction on gram-scale gave a similar outcome (entry 1). Ketimines bearing a 2-naphthyl group and a linear or
branched alkyl chain gave products in excellent yield with high stereoselectivity (entries 2—4). Ketimines bearing
unsaturated bonds, including internal alkynes, served as suitable substrates (entries 5-7). Oxygen functionalities, such
as ether and ester which could coordinate to the catalyst were tolerated (entries 8,9). Cyano and xanthine groups
slightly decreased the stereoselectivity (entries 10,11). This reaction system was fairly sensitive to steric hindrance,
and the reaction of a ketimine bearing an ethyl group was less efficient. In this case, (R,Rp)-Taniaphos was found to
give the desired product with reasonable results (entry 12). Moderate enantioselectivity was observed for the cyclic

ketimine (entry 13).

Scheme 14. Control experiments
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Table 3. Substrate scope

[Cu(MeCN),]PFg

3 mol%

N/thionp CN  (R)-DMM-Garphos 3 mol%
/\)j\ + LiO'Bu 5 mol%
R Me NFiu toluene, —78 °C
30 28 Flu: 9-fluorenylidene thionp:-g-!:!Ph2 31
1 2 3
: thioDpp .
thioD ~ thioD
PP\NH pp\NH
/\}l\/CN CN /\/\}I\/CN
Ph i :
31a  NFlu oo 31 M 31c  NFlu
48 h, 95% 48 h, 91% 72 h, 88%
anti/syn = 91/9 anti/syn = 93/7 anti/syn = 90/10
93% ee (anti) 94% ee (anti) 91% ee (anti)
1.09 g scale
5 6
thioD thioD
pp\NH pP\NH
)\/\}I\/CN MCN
31e NFlu 31f NFlu
48 h, 96% 72 h, 92%
anti/syn = 91/9 anti/syn = 90/10
90% ee (anti) 90% ee (anti)
8 9
thioD thioD
PP\NH o DD\NH
BnO\/\}l\/CN J\/\}'\/CN
X EtO Y
NFlu _ NFlu
31h 31i
72 h, 88% 72 h, 95%
anti/syn = 88/12 anti/syn = 92/8
90% ee (anti) 92% ee (anti)
11 12
thioDpp <
0 NH thioDpp
\ NH
N CN Et G
< | N E CN
\N NFlu
N 0] NFlu
| 31k 311
72 h, 85% 72 h, 61%

anti/syn = 83/17
84% ee (anti)

(6 mol% Cu(l) complex and 10 mol% LiOtBu)

anti/syn = 77/23
83% ee (anti)
(Taniaphos, —60 °C,10 mol% Cu(l)
complex and 30 mol% LiOtBu)

14

(] "
Py}
;—SZ
T
(@]
P4

4
48 h, 97%
anti/syn = 95/5
95% ee (anti)
7

thioD
pp\NH

2
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4

Zmm
I
c

31g

72 h, 97%
anti/syn = 83/17
88% ee (anti)
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Table 4. Unsuccessful examples

[Cu(MeCN)}4JPFs 3 mol%

. thioD
N/thlonp CN  (R)-DMM-Garphos 3 mol% PP~NH
)]\ + ( LiOBu 5mol% )\/CN
NFI - R™ %
R 30 Me 28u toluene N 31 g
Flu: 9-fluorenylidene thionp:-g—Pth NFlu
1 2 _thioDpp 3 ~thioDpp 4 thioD
- thioDpp N N NTTOOPP
)\/U\ Me Me
e \HkMe
30n 300 30p 30q
—40 °C. 39% C rt, <10% Conv. rt, trace failed to be
, o Conv. , 0 - ’ synthesized
5 . 6 7 8
-~ thioDpp _ thioDpp _thioDpp _thioDpp
N N N
pho\)]\ Bno\)l\ /\)]\
Me Me Me BnO Me
30r 30s 30t 30u
failed to be failed to be failed to be failed to be
synthesized synthesized synthesized synthesized
9 N/thionp
X Me
~N
30v
failed to be

synthesized

Some unsuccessful examples are described in Table 4. Under the identified reaction conditions, ketimines 30n and
300 bearing substituents at the a or  position gave much lower conversion (entries 1-2). Ketimine 30p derived from
acetophenone gave trace amount of corresponding product even at room temperature (entry 3). Some ketimines could
not be prepared by standard conditions (entries 4-5). Ketimines bearing an a or f ether group also failed to be
synthesized (entries 6-8). No ketimine was formed using a pyridine containing ketone (entry 9).
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2.1.5 Determination of absolute configuration

31a-syn

b. X-ray crystal structure of 31a-syn isomer (minor)

.,,,,Z /'g\
I ow

CN

35 NH
c. X-ray crystal structure of ethyl substituted product 35 (major)
Figure 2. X-ray crystal structure of the product?’

The absolute configuration of the products, 31a-anti and 31a-syn, were determined by X-ray crystallographic analysis
(Figure 2, a and b). The relative and absolute configurations of other products were deduced by analogy. The major
stereoisomer of ethyl substituted product 31l was also in the anti-conformation, which was revealed by X-ray
crystallographic analysis of free amine 35 (Figure 2, c).
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2.1.6 Transformation of the product

Product 31a-anti was treated with 1 M HCI (ag.) to remove the 9-fluorenylimine moiety to give 36 (Scheme 15). A
solution of the thus-obtained product in a mixture of 12 M HCI/MeOH (1:4) was heated to 40 °C, furnishing primary
thioamide 37 which contains two free vicinal amine groups. The mechanism would potentially be via an intramolecular
nucleophilic attack of the sulfur atom to the cyano group. The thioDpp group was converted to the Dpp group with
H202, and the crude product was treated with a mixture of 12 M HCI/THF (1:1) at 40 °C to give diamino nitrile 38.

NH, S
HCI (aq.)/MeOH (1/4) /\/j\/u\
> Ph " “NH,
40°C,5d,81%
- 2HCl  NHj,
thioD thioD
o pp\N — pp\NH 37
ey, aqg. "l:,,,
/\)\/CN —(Q)» ph/\)\/CN
P THF, 1, 5h
NFlu quant. 36 NH,
31a-anti
thionp:-g-IF!Ph2 1. H202 (aq.), NH,

\

HCI (ag.)/MeOH (1/4), rt /\/]\/
Flu: 9-fluorenylidene y CN
Ph

2. HCI (aq.)/THF (1/1),
40°C, 3d, 65% NH;

Scheme 15. Transformation of the product
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2.2 Construction of a,a-disubstituted a-amino acid derivatives using MeCN as nucleophile

Cyanoalkyl moieties are widely found in many natural products such as alkanenitriles, f-amino nitriles and nitrilosides,
and biological active molecules such as ruxolitinib, alkylnitrile quinolones and isoindoline derivatives (Scheme 16).28

CO,H
CN
CN
HO 0-p-Glu

OH
Alkanenitriles [E){j’-\:in(ih:\ti?rrireysl Nitrilosides
Ar. O
—N CN Ar
N &~ \N ° NH N_Q_
“/ ) CN R? o
N = i | N R_NH O
HN X N/ Ar \([)]/
Ruxolitinib Alkylnitrile quinolines Isoindoline derivatives

Scheme 16. Natural products and pharmaceuticals containing alkylnitrile moieties

In the previous section (see Section 2.1), activated nitrile 28 was used as a pronucleophile in the Mannich-type reaction.
Simple alkylnitriles also represent a range of useful building blocks. Thus, I envisioned to employ simple alkylnitriles
as pronucleophiles in the Mannich-type reaction with ketimines. The reaction could deliver useful nitrile containing
tetersubstitued stereocenters.

2.2.1 Literature known asymmetric reaction using simple alkylnitriles as pronucleophiles

In addition to a range of nitrile-containing products, divergent functional group transformation of nitrile group further
enhances the importance of the nitrile functionality.?? Because of the high pK, values of a-hydrogen of alkyl nitriles
(31.3 in DMSO and 28.9 in H,0 for acetonitrile?®), reports on catalytic asymmetric reactions directly using simple
alkylnitriles as pronucleophiles are rare.*°

The first example of direct catalytic asymmetric reaction using simple alkylnitrile as pronucleophile was achieved by
Shibasaki et al. in 2003. They reported a direct catalytic asymmetric coupling of acetonitrile with aldehyde, and the
reaction gave the corresponding product in moderate yield and moderate ee (Scheme 17).3! The author mentioned that
the soft-soft interaction between copper (1) and the nitrile group played key roles for catalytic generation of a-
cyanocarbanion.
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OH

0
CN
H >
CuO'Bu (10 mol%) 40
39 (R)-DTBM-Segphos (15 mol%) 45% yield, 53% ee
MeCN (20 equiv.)
] DMF, 4°C, 48 h OH
- CN
H >

<0 O 42
41 5 70% yield, 47% ee

PAr2
Ar= 3,5-Bu,-4-MeO-CgH,

O PAI’2
( O (R)-DTBM-Segphos
(0] Shibasaki, M. et al. Org. Lett. 2003, 5, 3147

Scheme 17. Direct catalytic enantioselective cyanomethylation of aldehydes

In 2005, the same group accomplished the direct catalytic enantioselective addition of acetonitrile to a wide range of
aldehydes (Scheme 18).3% The use of hexamethylphosphoramide (HMPA) as solvent was crucial for inhibiting the
self-condensation of aldehyde, improving the yield greatly. Together with bulky chiral phosphine ligand, the
corresponding products were obtained in up to 91% yield with up to 77% ee.

CuOBu (10 mol%)

OH
)]\ + MeCN Chiral ligand (15 mol%) )\/CN
> R
44

R H HMPA, rt

43
I
O PAr, MeO
<O PAr, MeO PAr,
0] g g

Ar= 3,5-Buy-4-MeO-CgH,  Ar= 3,5-Pr,-4-PrO-CgH,

up to 91% yield

O up to 77% ee

PAr2

(R)-DTBM-Segphos tuned Biphep
Shibasaki, M. et al. Org. Lett. 2005, 7, 3757
Scheme 18. Catalytic enantioselective nitrile aldol reaction

In 2013, based on their soft-soft interaction strategy, Shibasaki et al. described the first example of copper-catalyzed
asymmetric addition of acentonitrile to N-thioDpp aldimine, affording the corresponding adducts in moderate yields
(up to 72% vyield) and with moderate enantioselectivities (up to 52% ee) (Scheme 19).% In their report, a Cu-based
soft Lewis acid-hard Brgnsted base cooperative catalytic system was used and the soft-soft interactions such as
Cu(l)/acetonitrile and Cu(1)/N-thioDpp was key for promoting the reaction. The reaction did not take place when using
the O-analogue N-Dpp aldimine.
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[Cu(MeCN)4PFg 10 mol%

. thioD
_ thioDpp (R.R,)-Taniaphos 10 mol% HN/ PP
N Barton's base 10 mol% 5 c
)J\ * MeCN > Ar/\/ N
Ar” H DME, MS 3A, 50 °C 46
4 PPh ]
2 ) ol up to 72% yield
~ |
i Fe PPh,
MezN

(R,Rp)-Taniaphos
Shibasaki, M. et al. Chem. Commun. 2013, 49, 11227

Scheme 19. Direct catalytic asymmetric addition of MeCN to N-thioDpp imines

The units of chiral 3-hydroxy-2-oxindole which contains a quaternary carbon center at the 3-position are widely
embedded in many natural products and biological active molecules. 3 In 2014, Cai et al. reported the
Cu(OTf)a/bis(oxazoline) catalyzed enantioselective addition of MeCN to isatins to construct useful structural cores

(Scheme 20),% obtaining the corresponding adducts in moderate yields (up to 66% yield) and with good to excellent
enantioselectivities (up to 92% ee).

Cu(OTf), 10 mol% HO CN
Ligand 10 mol%
K,CO3 10 mol%= R 0
MeCN, 100 °C N
CeF13 9 K

up to 66% vyield
up to 92% ee

Cai C. etal. Eur. J. Org. Chem. 2014, 7259

Scheme 20. Enantioselective addition of MeCN to isatins

Based on their previous reports that chiral phosphine ligands failed to give high enantioselectivity in the asymmetric
nitrile chemistry, Shibasaki et al. searched for other chiral systems in the enantioselective addition of alkylnitriles. In
2014, in the presence of chiral NHCs and [Rh(cod)OMe],, they achieved the direct catalytic asymmetric addition of
alkylnitriles to aldehydes (Scheme 21).2¢ Although only moderate enantioselecitvities were observed (up to 68% ee),
this work was yet one more chiral system employed to improve the enantioselecitvity in asymmetric nitrile chemistry.

[Rh(cod)(OMe)], 5 mol%

o oy Ligand 10 mol% OH
+ NaOMe 20 mol% )\/CN
)I\ - Ar X
Ar H R oc - |§
THF, -5
49 50
up to 66% vyield
-BF, up to 68% ee
+
/=N
wn\ ,11
Ligand

-

Shibasaki, M. et al. Chem. Eur. J. 2014, 20, 15723

Scheme 21. Direct catalytic asymmetric addition of alkylnitriles to aldehydes
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In 2015, Kobayashi et al. reported the first example of catalytic asymmetric Michael addition of simple alkylnitriles
to a, f-unsaturated amides 51 (Scheme 22).37 Chiral crown ethers were synthesized and used in their study. Under the
identified conditions, a-alkyl substituted nitriles could deliver the corresponding adducts 52 in moderate to excellent
yields, moderate to excellent diastereoselectivities and moderate enantioselectivities. However, the simplest nitrile,
MeCN, failed to give the Michael addition product 52.

0 KHMDS 5 mol% o R
1,\)]\ . RL_CN  Ligand 10 mol% i CN
R NMe, > MeN =
2 3
toluene, —78 °C 52 R R

up to quant. yield
up to 99/1 dr
/\:j up to 70% ee

(R,R)-Binaphtho-34-crown-10

Ligand
193N obayashi, S. et al. Chem. Asian J. 2015, 10, 2143

Scheme 22. Catalytic asymmetric Michael addition

Over the past few years, despite extensive efforts, the use of simple alkylInitriles as pronucleophiles in a direct catalytic
asymmetric reaction remains a challenging task. As a part of ongoing interest in the catalytic asymmetric addition of
simple alkylnitriles in Shibasaki group, and also considering the utility of nitrile containing building blocks, | became
interested in whether simple alkylnitriles could serve as suitable pronucleophiles in a Mannich-type reaction with
ketimines to give nitrile containing tetersubstitued stereocenters.

2.2.2 Screening of reaction conditions
Ketimine screening

Based on the previously described report by the Shibasaki group,® a-cyanocarbanion could be generated from
acetonitrile using a Rh/NHC complex with base. | was interested in applying this system in the testing of various
ketimines in the direct coupling reaction with acetonitrile (Table 5). Among them, only N-Dpp and N-thioDpp
protected aromatic ketimines could deliver the corresponding adducts, and the latter showed a better outcome, albeit
with moderate yield (entries 8-10). Switching to an I//NHC complex provided a higher catalytic efficiency (entries
8-10). Other types of ketimines, including N-thioDpp alkyl ketimine, failed to give the corresponding products (entries
1-7,11).
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Table 5. Ketimine screening

[M(cod)(OMe)], 5 mol%

IPr 10 mol% ipr ipr
/tBu —
Barton's base  x N N/_\N
ketimine + MeCN > \NJ\N/ e
THF, MS 4A I o o
Barton's base Pr
1 2 3 0] 4
Boc 0 O Ts
N7 WP \\éI\N N~
N /
N MeN
AN CF,4 /
53 54 O 55 56
0 °C, 1 equiv. base 0°C, 1 equiv. base 0 °C, 1 equiv. base r, 0.5 equiv. base

Ir: trace if any Ir: trace if any Ir: trace if any Rh: trace if any

S Meojij 6 /©/0Me 7 8
Dpp _-thioDpp
-~
N N N N
CO,Et ©)\002Et
57 58 59 30p

rt, 1 equiv. base rt, 1 equiv. base rt, 0.5 equiv. base rt, 0.5 equiv. base
Rh: No reaction Rh: No reaction Rh, 72 h: trace if any Rh, 72 h: 32% yield
Ir: No reaction Ir: No reaction Ir, 48 h: trace if any Ir, 48 h: 40% yield
9 10 11
S
. . . ol
_Dpp _-thioDpp _-thioDpp thIODDP--g-Pth
N N N o
Il
CO,Et ©)J\002Et Dpp: &-PPh,
60 61b 30a
rt, 1 equiv. base rt, 1 equiv. base rt, 0.5 equiv. base
Rh: 36% yield Rh: 57% yield Ir: trace if any
Ir: 56% yield Ir: 67% yield

Metal screening

Using N-thioDpp iminoester 61b as electrophile and IPr as ligand, metal screening was undertaken (Table 6).
Unfortunately, it turned out that only [Ir(cod)(OMe)]2/IPr could promote the reaction at 0 °C, giving the product 62b
in 52% yield (entry 7). No detectable product was found when other metal/IPr as catalysts were used (entry 1-6).

Table 6. Metal Screening?

Metal 10 mol% thioD
_thioDpp IPr 10 mol% HN PP
N MeCN Barton's base 100 mol%

+
)]\ 40 eq. > Ph CO,Et

Ph CO,Et
2 THF, MS 4A, 0°C, 24 h
61b s CN
ool 62b
th|onp.-§-pph2
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Entry Metal

Yield (%)°
Ti(OMe)4 -
Fe(OTf),
Ni(cod)
CO(B F4)2 6H,0
AgSbFs
Ni(OTf)2
[Ir(cod)(OMe)].

~NOoO O WN B

52

261b: 0.1 mmol, MeCN: 4 mmol. ® Determined by *H NMR analysis of the crude mixture using 3,4,5-trichloropyridine

as an internal standard.
Ligand screening

Table 7. Ligand screening

[Ir(cod)(MeO)], 5 mol%

_ _-thioDpp
_-thioDpp Ligand 10 mol% HN
)N]\ + MeCN DBU or Barton's base 50 mol%
>  Ph CO,Et
40 eq.
Ph™  CO-Et THF, MS 4A, 24 h CN
61b
thionp:-g-LIth 62b

P(CeH4CHa),
P(CsH4CH3)

DBU, rt, No reaction

P NMe

DBU, rt, No reaction DBU, rt, No reaction

'5\ " D “BAr
©: I Bu PN /=N
a ‘Ph s\ /’11
: Ph %,
o— 11

Barton's base, rt Barton's base, rt

' 0
trace 14% yield, 19% ee Barton's base, 0 °C
79% vyield,55% ee
9 10 F 1"
- F F MeO
BF,
Ph /=N BF,4 .
N /=N F /=N
=N wnN I Ph N | oM
Ph —N F =N _ e
o 3 j BF,
L3 © L4 L5

Barton's base, 0 °C
40% yield, —8% ee Barton's base, 0 °C

28% yield; —28% ee

Barton's base, 0 °C
28% vyield, —2% ee
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PPh2

PPh2

mm
-|'|
@

MezN

Barton's base, rt, trace

Bn, /\:/\;

O L2

Barton's base, 0 °C
32% yield, 14% ee

12

=)
Nt
BR /N

L6
Barton's base, 0 °C
no reaction



13 ", N N 14

sie
QO - Jé(? “w"

Barton s base, 0 °C Barton's base, 0 °C
Barton's base, 0 °C no reaction <10% yield
18% vyield, 1% ee

No reaction took place when chiral bisphosphine ligands were used (Table 7, entries 1-5), except for (R,R)-Ph-BPE
which afforded the product in 14% yield with 19% ee. Most of the NHC ligands examined could promote the reaction,
albeit with low convertion and enantioselectivity (Table 7, entries 7-15). Among them, L1 gave the best results (Table
7, entry 7).

Solvent Screening

With L1, solvent screening was investigated (Table 8). Using THF as solvent, the reaction gave product 62b in 79%
yield with 55% ee (entry 1). With other ethereal solvents such as Et,O, DME, and CPME, catalytic activity dropped
significantly, while enantioselectivity had only slightly dropped (entries 1-4). Toluene and DCM caused both catalytic
activity and enantioselectivity to drop significantly (entries 5-6). Using DMF as the solvent, there was no negative
effct on catalytic activity, while enantioselectivity dropped dramatically (entry 7). A negative effect was observed
when using MeCN as solvent, which gave lower ee (28% ee) (entry 8).

Table 8. Solvent screening?

N/thionp E:(Cod)(o'\/'e)lz :8 22:02 HN/thIODpp
)j\ + MeCN Barton's base 100 mol%
Ph”” CO,E 40 eq. > P (GO
. i Solvent, MS 4A, 0 °C, 24 h CN
61b th|onp:-§-pph2 62b
Entry Solvent Yield (%)° ee (%)°

1 THF 79 55
2 Et,0 31 47 .
3 DME 32 46 o N
4 CPME 42 49 =N
5 toluene 40 20 "zo - BArF
6 DCM 49 39 L1
7 DMF 73 40
8 MeCN 57 28

261b: 0.1 mmol, MeCN: 4 mmol. ® Determined by *H NMR analysis of the crude mixture using 3,4,5-trichloropyridine
as an internal standard. ¢ Determined by HPLC analysis.

Ester moiety screening

A brief investigation of the ester moiety (Table 9) showed that the highest enantioselectivity was observed with ethyl
ester (entry 2). Enantioselectivity progressively dropped when increasing the steric bulk from the ethyl group to the
1-adamantyl group (entries 2-5). Benzyl and neopentyl group afforded the adducts 62 with similar enantioselectivity
to ethyl substrate (entries 2 versus 6-7). This shows that the steric bulk of alkyl groups on the ester has an important
effect on enantioselectivity.
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Table 9. Ester moiety screening?

Ir(cod)(MeO 5 mol% )
_ thioDpp 5_1( ek 10 mol% Hn~ oPPP
)N]\ + MeCN Barton's base 100 mol%
Ph CO,R 40 eq. > Ph CO,R
s THF, MS 4A, 0°C, 24 h
61 thionp:-g-L!th 62 N
entry R Yield (%)P ee (%)°

1 Me a 44 49 .
2 Et b 79 55 NN
3 'Pr c 59 43 =N
4 ‘Bu d 75 21 o/ “BAr
5 1-Ad e 68 15 L1
6 Bn f 63 54
7 CH,'Bu g 49 51

261: 0.1 mmol, MeCN: 4 mmol. ® Determined by *H NMR analysis of the crude mixture using 3,4,5-trichloropyridine
as an internal standard. ¢ Determined by HPLC analysis.

Table 10. Unsuccessful examples

[Ir(cod)(OMe)], 5 mol%
. L15 10 mol%
thioD
N/ opp Barton's basse  x
J]\ + MeCN >
R R2 THF, MS 4A, 24 h
thioDpp:- _L!th
1 2 3 4 5 thicD
. io
_-thioDpp _-thioDpp _-thioDpp _-thioDpp N PP
N N N N
NMe NBn I/\O Ph)k(o
Ph 2 Ph 2 Ph N Ph N\« \
N
(6] O (6] 0o (¢}
63a 63b 63c 63d 64
NR NR NR NR 50% yield, 50% ee
6 7 8 10
thioD thioD thioD thioD thioD
N pp N pp N pp N pp NT pp
Ph)J\CFs Ph)J\CN Ph)]\C(S)NMez Ph)l\C(S)OEt Ph/\)I\COzEt
65 66 67 68 69
failed to be failed to be failed to be failed to be failed to be
synthesized synthesized synthesized synthesized synthesized
11 12 13
. thioD thioD
N/thIODpp NT pp N pp
NMez +
CO,Et  Ph /=N
Ph/\)J\cozEt /J\ 2 /\)H\/ woN.
Ph 0 N
70 71 72 A
. . . % BArF
failed to be failed to be failed to be (0]
synthesized synthesized synthesized L15

Based on the ester effect observed above, other N-thioDpp ketimines were synthesized (Table 10). No corresponding
products were observed with a-iminoamides 63a-d which contained different substituents on nitrogen (entries 1-4).
Ketimine bearing an a-oxazoline substituent could deliver the corresponding adduct in 50% yield with 50% ee (entry
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5). Ketimines bearing a-CF3, a-CN, a-thioamide, a-thiocester, a-alkyl, a-alkene and a-alkyne substituents failed to be
synthezised (entries 6-13).

Ligand modification

Table 11. Ligand modification?

Ar'
[M(cod)(MeO)]l, 5 mol%
Ligand 10 mol% . -

~thioDpp Barton's base 1 equiv HN/thlonp BF4_ .

N + MeCN . (for L2: “BArF)

Ph)I\COQEt THF, MS 4A, 24 h Ph” £ “CO,Et N N

i cN E \)=N'
61b thionp:-g-Pth 62b 6
Entr Ligand Temp. Time Yield? ee®
Y Arl A (°C) (h) (%) (%)
1 L1 H ;\{Q/ 0 24 79 54
2 L10 Ph ;\{Q/ 0 24 61 43
3 L11 H )(@\ 0 24 26 22
Ph
4 L12 H 0 24 27 18
Ph
5 L13 H 0 24 30 38
Et
6 L14 H ;;@ 0 24 63 56
Et
ipr pr
7 L15 H g@/ 0 24 54 65
ipr

8 L15 H -5 72 79 68

5
I
i'b
I
5
I

261b: 0.1 mmol, MeCN: 4 mmol. ® Determined by *H NMR analysis of the crude mixture using 3,4,5-trichloropyridine
as an internal standard. ¢ Determined by HPLC analysis.
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In order to improve the enantioselectivity, modifications to the ligand were explored (Table 11). A negative effect on
catalytic activity and enantioselectivity was observed when a phenyl group on the indanyl group was introduced (entry
1 versus 2). Ligands with meta-disubstituted aromatics (entries 3—4) or 1-naphthyl group (entry 5) gave the product
with low yield and enantioselectivity. Ligands with ortho-disubstituted aromatics had a positive effect, giving the
desired product with higher enantioselectivity (entries 6-7). With optimal NHC precursor L15, the reaction gave the
product 62b in 79% yield with 68% ee at —5 °C with a prolonged reaction time.

Additive screening

Employing monodentate ligands as additives gave similar results for the reaction (Table 12, entries 1-3). The addition
of bidentate ligand dppe and dppp gave a negative effect on catalytic activity (entries 4-5). However bidentate ligands
with bulky backbones e.g. dppf and Xantphos, had no negative effect on the catalytic activity (entries 6-7).

Table 12. Additive screening?

[Ir(cod)(MeO)], 5 mol%

L15 10 mol% .
_thioDpp Additive 10 mol% i~ hiebep
N + MeCN Barton's base 100 mol%
Ph)]\002Et 40 eq. > Ph COREt
61b THF, 0°C, 24 h ) CN
thionp:-g-IF!th 62b
Entry Additive Yield (%) ee (%)° Pr Pr

1 PPhs 55 64
2 PBus 56 65 /=N
3 P(S)Phs 57 65 NN P
4 dppe 15 64 -BE
5 dppp 13 62 0 4
6 dppf 54 65 L13
7 Xantphos 62 65

261b: 0.1 mmol, MeCN: 4 mmol. ® Determined by *H NMR analysis of the crude mixture using 3,4,5-trichloropyridine
as an internal standard. ¢ Determined by HPLC analysis.

Screening of reaction conditions

Decreasing the MeCN loading gave slightly improved enantioselectivtity, while the yield dropped (Table 13, entries
1-5). Considering the enantioselectivity and catalytic activity, the effect of concentration was investigated with 10 eq.
of MeCN (entries 3, 6-8). Around 38% yield and 66% ee was observed with different concentrations. Finally, the
optimal reaction conditions was found to be 0.1 M, 40 eq. of MeCN with the reaction carried out at -5 °C and with a
longer reaction time (entry 9).

Table 13. Condition Screening?

[Ir(cod)(MeQO)l, 5 mol%

thioD
_-thioDpp L15 10 mol% HNT OPPP
)N]\ +  MeCN Barton's base 100 mol%
e -
CO,Et
Ph” NCO,Et s THF, MS 4A, T, t Ph 2
61b thionp:-g-!:!th 62b CN
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Entry MeCN Conc. T t Yieldb ee®
(eq.) (M) (°C) (h) (%) (%)
1 40 0.1 0 24 54 65 _ ipr
2 20 0.1 0 24 37 67 Pr
3 10 0.1 0 24 17 69
4 5 0.1 0 24 6 70 /=t
5 2 0.1 0 24 trace - N _N ipr
6 10 0.2 0 24 39 66 % _
7 10 0.25 0 24 38 67 (o BF4
8 10 0.29 0 24 35 66 L15
9 40 0.1 -5 72 79 68
10 40 0.1 -10 12 57 70

261b: 0.1 mmol, MeCN: 4 mmol. ® Determined by *H NMR analysis of the crude mixture using 3,4,5-trichloropyridine
as an internal standard. ¢ Determined by HPLC analysis.

2.2.3 3P NMR studies
To gain an insight in the mechanism, 3!P NMR studies were conducted (Figures 3-7).

PB7888

=
LIN-4-140c- P E
a ' PPhy
140 120 100 80 60 40 20 0 -10 -50 -70 -90 -110 -130 -150 -170 -190 -210 -230
f1 (ppm)
PB7892 o
LIN-4-140-3- P E
b ' PPh; + [Ir{cod)OMe]; + Ligand + Barton's base
‘ 0.01 mmol  0.005 mmol 0.01 mmol 0.1 mmol
140 120 100 80 60 40 20 0 -10 -50 -70 -90 -110 -130 -150 -170 -190 -210 -230
f1 (ppm)
PB7889 sg
LIN-4-140d- P 3
5
c ‘ dppe
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
140 120 100 80 60 40 20 0 -10 -50 -90 -110 -130 -150 -170 -190 -210 -230
f1 (ppm)
PB7893 o ~ =
LIN-4-140-4- P i & 8
a 5 T dppe + [Ir(cod)OMe], + Ligand + Barton's base
d l 0.01 mmol  0.005 mmol  0.01 mmol 0.1 mmol
|
I - )
-
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
140 120 100 80 60 40 20 0 -10 -110 -130 -150 -170 -190 -210 -230

-50
f1 (ppm)
Figure 3. 3P NMR studies on additive effect

31P NMR studies showed that no new peaks were generated when monodentate ligand, PPhs was used as an additive
(Figure 3. a vs b). On the other hand, using dppe as additive, two new peaks located at downfield were observed (c
vs d), indicating that dppe coordinated to Ir center, and thus-formed complex may have no catalytic activity. This is
in line with the experimental results using dppe as additive, in which the catalytic efficiency decreased.
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Figure 4. 3'P NMR studies on coordination effect between substrates and I//NHC complex

Sulfur has the potential to form a strong dative bond with transition metals, however, 1P NMR studies showed that
there was no interaction between the N-thioDpp group and Ir/NHC complex (Figure 4).
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Figure 5. 3'P NMR studies of the reaction mixture (1)

3P NMR studies of the complete reaction mixture showed that two new peaks appeared at around 7 and 10 ppm
(Figure 5). However, these peaks disappeared when the reaction was quenched with acid.
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Figure 6. 3'P NMR studies of the reaction mixture (2)

The two new peaks at around 7 and 10 ppm appeared, upon mixing product 62b with Ir/L15 complex and Barton’s
base (Figure 6, b), and they became more prominent after either MeCN was added (Figure 6, b versus ¢) or with
prolonged time (Figure 7, a versus b). Treatment of product 62b with Barton’s base gave no new peaks (Figure 7, ).
Using MeONa instead of Barton’s base, a new peak at 31 ppm was observed (Figure 7, d). Based on the literature,®
the new peaks which appeared at around 7 and 10 ppm can be assigned to thiophosphinimide 62b°.
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2.2.4 Kinetic studies

Figure 7. 3'P NMR studies of the reaction mixture (3)

Determination of the reaction order in ketimine.

The reactions with different concentrations of ketimine 61b (0.1 mmol, 0.2 mmol, 0.3 mmol and 0.4 mmol) 81.3,
162.6,243.9 and 325.2 mM were performed according to the general procedure®, and the results were summarized in

the Table 14 and Figure 8. The results showed that the reaction order in ketimine is 0.4.

Table 14. Initial rate of reaction with varied concentration of ketimine

[ketimine] (mM) d[Product]/dt (mM/h)
81.3 3.03
162.6 3.86
243.9 4.56
325.2 4,94
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Figure 8. (a) Initial rate kinetic experiments for ketimine. (b) Plot of In(d[Product]/dt) versus In([ketimine])
Determination of the reaction order in MeCN.

The reactions with different concentrations of MeCN (2 mmol, 3 mmol, 4 mmol and 5 mmol) 1777.8, 2553.2, 3561.9
and 3906.3 mM were performed according to the general procedure®®, and the results were summarized in the Table
15 and Figure 9. The results showed that the reaction order in MeCN is 0.6.

Table 15. Initial rate of reaction with varied concentration of MeCN

[MeCN] (mM) d[Product]/dt (mM/h)
1777.8 2.09
2553.2 2.45
3561.9 2.99
3906.3 3.44
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(a). Initial rate kinetic experiments for MeCN. (b). Plot of In(d[Product]/dt) versus In([MeCN])

Figure 9. (a) Initial rate kinetic experiments for MeCN (b) Plot of In(d[Product]/dt) versus In([MeCN])
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Product (mM})

Determination of the reaction order in catalyst.

The reactions with different concentrations of catalyst (5 mol%, 7.5 mol% and 10 mol%) 4.1, 6.1 and 8.1 mM were

performed according to the general procedure®®, and the results were summarized in the Table 16 and Figure 10. The

results showed that the reaction order in catalyst is 0.9.

Table 16. Initial rates of reaction with varied concentration of catalyst

[Catalyst] (mM) d[Product]/dt (mM/h)
4.1 1.99
6.1 2.91
8.1 3.67
Equation y=arbx 13
R-Squar 097244 - ..
1 6 T " e - alue  Standard Error A
Product Intercept | 215 1021 Equaton Y-a+ox
] = ces , ot
Equation V=arow A ™ 2 Vaue  Standard Error
Ad), R-Soquare 090169 s IN(APrOMCTT) INerept 054919 006514
12 (o A g ) Py Sepe | OmsT| 00598
Product Slope 20 013304 — 11 A
Equaiion Y=arba . = |4
= 10+ |agresquae  osers ] =
= g |roae e vrwe| A : g [ = In(d[Product)dt) |
o g =
2 -~ @ 09
S 61 " =
o — — =
4 M = 41mM 0.8 4
e 6.1mM
2 y A 81mM 074 .
0 |
: I — o6 +——¥¥¥F—F—F——1——7"—"
1 3 4 5 13 1.4 1.5 1.6 1.7 1.8 1.9 20 21 22
Time (h) In([catalyst])

(a). Initial rate kinetic experiments for catalyst.

(b). Plot of In(d[Product]/dt) versus In([catalyst])

Figure 10. (a) Initial rate kinetic experiments for catalyst. (b) Plot of In(d[Product]/dt) versus In([catalyst])

Kinetic isotope effects®

Table 17. Comparison of initial rates of CH3CN and CD3CN

E - CIITITI]
Ad). R-Square 00045
12 Vawe  Siandard Eror
Proact  memept | 031
Product Siope 227 n
Eaaion EXE
104 Jaasame  ome:
Valus._ Stantan Eror
Product Intercept 052
Product Slope 082 ]
8 -
= CH3CN
” e CD3CN
[
4 4 . »
— -
—® -
2 4 . e
.
T T T T T T T
1 2 3 4 5
Time (h)

Time [Product] (mM)/ [Product] (mM)/
(h) CHsCN CDsCN

1h 2.2 1.3

2h 4.1 1.9

3h 6.3 2.3

4h 8.6 3.1

5h 11.3 3.8

Figure 11. Initial rate kinetic experiments for CH3CN and

CDsCN

The reaction with CD3CN was performed independently under the identical reaction conditions. The results were

summarized in the Table 17 and Figure 11. Based on the slopes in Figure 11, the value of kinetic isotope effect was

calculated to be ku/kp =2.27/0.62 = 3.7, suggesting the presence of primary kinetic isotope effects.



2.2.5 Investigation of substrate scope

Table 18. Substrate scope

[Ir(cod)(MeO)]l, 5 mol%
N/thionp NHC/L15 10 mol% HN/thionp
+ MeCN Barton's Base 1 equiv.
Ar” COLEt H THE. S 4A. 5 g © A ECO,Et
61 thioDpp:-3-PPh, ; . 62 CN
1 2 3 4 5

@“: &

o

j k
76% yield, 68% ee 40% vyield, 21% ee 77% yield, 68% ee 78% yield, 71% ee 82% yield, 72% ee
(-5°C) (-5°C) (-5°C) (-5°C) (-5°C)
6 7 8 ) 9 10
‘7{ ‘Zc Bu ‘LLT
By~ : “ F4C” :
| m By n o p
91% yield, 66% ee 81% yield, 71% ee 70% yield, 39% ee 83% yield, 80% ee 73% yield, 52% ee
(-5°C) (-5°C) (-5°C) (-5°C) (=10 °C)
11 12 - 13 14 15
" ' o O 0
F Mej3Si MeO MeS
q clr s t u
69% vyield, 71% ee 70% yield, 59% ee 93% yield, 62% ee 69% yield, 71% ee 77% yield, 71% ee
(-10°C) (-5°C) (-5°C) (0°C) (0°C)
16 17 o 18
7
0 2 3 SN
< \
0 v o w X

66% yield, 70% ee
(0°C)

73% yield, 62% ee
(0°C)

66% yield, 50% ee
(0°C)

The substrate scope was investigated using the optimized reaction conditions described above (Table 18). Aromatic
o-iminoesters bearing alkyl substituents on the aromatic ring gave the corresponding products 62 with good to
excellent yield and moderate enantioselectivity (entries 1,3-7,9), with the exception of the substituents having ortho-
methyl (entry 2) and the excessively bulky meta-di-tert-butyl groups (entry 8). Substrates with electron-withdrawing
groups had no detrimental effects (entries 10,11). Ketimines bearing electron-donating groups on the aromatic ring
gave similar enantioselectivity (entries 14-17). Lower enantioselectivity was observed for the ketimine bearing the
heteroaromatic 2-thienyl group (entry 18).

2.2.6 Determination of absolute configuration

Although crystals of the product 62b were unable to be obtained, transformation to O-analogue 63 was performed
(Scheme 23), which showed a highly crystalline nature. The absolute configuration of the product was determined by
analogy to the X-ray crystal structure of the 63, which provided proof of the absolute configuration of the stereogenic
center. The absolute configuration of other products were deduced by analogy.
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Scheme 23. Product transformation

CO,Et

Figure 12. X-ray crystal structure of product
2.2.7 Transformation of the product

. 1. 35% H,0, aq. _Cbz
[ ]
e THODPP - EtOAC/ACOH NH; ¢ HCI HN

rt Cbz-Cl, NaHCO3
e CO,Et : CO,Et
COQEt o]
2.4 M HCI/EtOAc CN EtOAc/H,0, 0 °C CN
CN 60 °C
62b s 64 65

thionp:.g.!:!ph2 64% vyield (3 steps)

Scheme 24. Product transformation

a-Alkylnitrile-substiteted amino ester analogue 65 was synthesized via a short transformation sequence. Product 62b
was treated with aqueous H»O5, and the crude product was dissolved in a mixture of 4 M HCI/EtOAc (1:1) and heated
to 60 °C. Thus-obtained amine hydrochloride 64 reacted with Chz-CI under basic conditions to give the Cbhz-protected
amine 65.
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2.3 Construction of a,a-disubstituted a-amino acid derivatives with a,8-unsaturated y-butyrolactam

In Section 2.2, N-thioDpp a-iminoesters 61b showed high reactivity in the construction of a,a-disubstituted a-amino
acid derivatives via a catalytic asymmetric Mannich-type reaction. Considering the utility of a,a-disubstituted a-amino
acid derivatives,*! | searched for other pronucleophiles using N-thioDpp a-iminoester 61b as electrophile. As a result,
| found a,4-unsaturated y-butyrolactam 66 could serve as suitable candidate, which gave the a-addition product 67b
(Scheme 25).

_ o [Cu(MeCN),]PFg thioDpp
N/thlonp Ligand NH o
+
)J\ \ NBoc EtsN > Ph NB
Ph”” NCO,Et s E0,C | o¢
thionp:-g-pPh2
61b 66 67b

Scheme 25. a-Addition of a,f-unsaturated y-butyrolactam

2.3.1 Literature known a-addition of «,f-unsaturated y-butyrolactam

)

versatile C-4 nucleophile
| X  N-containing heterocycle building blocks

o Y. R
ﬁj W™ X 0
X - R -
/ . X
HY- \'\cl'”wo_gﬁus a"tj_°| or Vinylogous Michael reaction //
annich reaction
ri R EWG
69 Y= O,NPG 70
®
E
O
E
Morita-Baylis-Hillman-type product
| X (MBH-type product)
71

Figure 13. Construction of y-butenolide and «,S-unsaturated y-butyrolactams by addition of cyclic dienolate-type
nucleophiles

Nitrogen-containing heterocycles are important structural motifs because such units are present in numerous natural
and non-natural compounds with significant biological activities and pharmacological properties.*? Recently, a,5-
unsaturated y-butyrolactam 66 has received much attention because this unit is embedded in a number of bioactive
compounds® and it can be used as a versatile C-4 nucleophile for delivering N-containing heterocyclic building
blocks.** In this regard, efforts have been made for using «,f-unsaturated y-butyrolactam 66 as a nucleophile in
catalytic asymmetric reactions.* Deprotonation at the y-position leads to dienolate intermediate 68 which can undergo
either a-addition or y-addition (Figure 13). Asymmetric y-addition, including vinylogous aldol reactions, Mannich
reactions and Michael reactions, have been well-studied, whereas only a few successful examples have been described
for the a-addition which afforded Morita-Baylis-Hillman (MBH)-type product 71.46

37



The first example of MBH-type addition of a,f-unsaturated y-butyrolactam 66 was reported by Wang et al. in 2013
(Scheme 26).4” They showed that a simple bifunctional thiourea catalyst was able to promote the reaction of o8-
unsaturated y-butyrolactam 66 with a series of aryl a-ketoesters 72. The authors proposed that the reaction proceeded
via a direct asymmetric aldol addition-isomerization pathway to give the chiral a-hydroxy esters 73.

0 (0] (0] EOC
OEt cat. (15 mol%)
NBoc T =~
Ar *\ DCM, 30 °C HO.,,
¢} CO,Et
72 66 A 73
CF,
up to 88% yield
O\ )S]\ up to 99% ee
v N7 N CFj
i H H
7N ¢ Wang, R. et al. Chem. Commun. 2013, 49, 3300
cat.

Scheme 26. Catalytic asymmetric aldol additon-isomerization

In the same year, Pan and Han et al. achieved the first enantioselective MBH reaction of a,f-unsaturated -
butyrolactam 66 to isatins 74 (Scheme 27).%% The reaction, catalyzed by chiral bisthiourea and DABCO, afforded the
corresponding products 75 in good to excellent yields (up to 91%) and with moderate enantioselectivities (up to 78%

ee).

Boc
N

L (100 mol%)
DABCO (5 mol%)

\ NBoc DCM. 1t » R

up to 91% yield
up to 78% ee

HN

DU
S
OO \l// Pan, Y. et al. RSC Adv. 2013, 3, 10127
HN

ZITITZ

Scheme 27. The MBH reaction of isatins with «,f-unsaturated y-butyrolactam

In 2014, an alternative strategy based on the direct a-addition of a,5-unsaturated y-butyrolactam 66 emerged. Wang
et al. coupled a,8-unsaturated y-butyrolactam 66 with N-aryl tetrahydroisoquinolines 76 via an organocatalyzed
asymmetric oxidative coupling to the a-C(sp®)-H bond of tertiary amines (Scheme 28).4° A wide range of
tetrahydroisoquinolines 76 were employed in this reaction, delivering the products in good to excellent yields (up to
89%) and with good to excellent enantioselectivities (up to 93% ee).
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Wang, R. et al. Org.Lett. 2014,16, 5358

cat.

Scheme 28. Oxidative coupling of a,f-unsaturated y-butyrolactam to tetrahydroisoquinolines

Given that butyrolactam containing motifs are present in a variety of bioactive compounds and can serve as versatile
synthetic intermediates in the construction of many biologically and pharmacologically active compounds, | focused
on the catalytic asymmetric coupling of a,f-unsaturated y-butyrolactam 66 with N-thioDpp a-iminoesters 61 to give
a,a-disubstituted a-amino acid derivatives.

2.3.2 Screening of reaction conditions
Table 19. Ligand Screening?

o [Cu(MeCN)4]PFg 10 mol%

- thioDpp Ligand 10mol%  TOPPP~ o
)J\ + \ NBoc Eth X mol%
»  Ph
Ph CO,Et THF, T, 24 h Et0,C \ NBoc
61b 66 ii 67b
thionp:-g-PPh2

. T Yield® eet
Entry Ligand X °C) (%) %)
1 (R,R)-Ph-BPE 20 0 78 51

2 (R,Rp)-Taniaphos 20 0 28 5
3 (R)-Tol-Binap 20 0 69 -32
4 (R)-DM-Segphos 20 0 31 —24
5 (R,R)-'Pr-Duphos 50 -20 90 34
6 Josiphos-1 50 -20 38 21
7 Josiphos-2 50 -20 94 -22
8 (R)-DMM-Garphos 50 -20 19 —-49
9 (R,Rp)-Taniaphos 50 -20 39 16
10 (R)-Segphos 50 -20 27 -40
11 (R)-Binap 50 -20 37 -32
12 (R,R)-QuinoxP 50 -20 24 74
13 (R)-Garphos 50 -20 38 -22
14 (R,R)-Ph-BPE 50 -20 55 76

15 (R)-DTBM-Segphos 50 -20 - -

16 (Ra,S,S)-SpiroBox 50 -20 - -
17 (R)-DTBM-Biphep 50 -20 - -
18 (R)-Xyl-MeO-Biphep 50 -20 16 -
19 (R)-DIPA-MeO-Biphep 50 -20 — —
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261b: 0.1 mmol, 66: 0.15 mmol. ® Determined by *H NMR analysis of the crude mixture using 3,4,5-trichloropyridine
as an internal standard. ¢ Determined by HPLC analysis.

D PPh, O
P/\/P / ‘ PAr, PAr;
h PPh2 PAr, PAr,

Ph Me; O

ow
ZIIIIII

R,R)-Ph-BPE
(R.R) (R,Rp)-Taniaphos (R)-Binap (R)- Segphos
Az Ph Ar= Ph
Pr (R)-Tol-Binap (R)ﬁf"fseiﬂp:oz y
Ar= 4-Me-CgHy STTRTeTs

(R)-DTBM-Segphos

’Pr Q/p Ar= 3,5-Bu,-4-MeO-CgH,
AI’2P H
@ Me (R)-Garphos

PA Ar= Ph
’Pr“‘“‘ . )
Josiphos 1

MeO PAr, (R)-DMM-Garphos
Ar= Ph Ar= 3,5-Me,-4-MeO-CgH,
Josiphos 6
Ar= 3,5-(CF3),-CgH3

S,,,"Ph (R)-Xyl-MeO-Biphep ;Bu
N Ar= 3,5-Me,-4-MeO-CgH, P
MeO PA
Ne_Ph e "2 (R)-DTBM-MeO-Biphep
8)98 :

MeO P
© 2 Ar= 3,5-Bu,-4-MeO-CgH,
(R)-Xyl-MeO-Biphep

,S)-SpriroBox Ar= 3,5-(PryN),-4-MeO-CgH,

(R,R)-Pr-Duphos

z \\\\13

(R,R)-QuinoxP

A variety of bisphosphine ligands were evaluated for the reaction of a-iminoesters 61b with a,f-unsaturated y-
butyrolactam 66 as the representative reaction, in the presence of [Cu(MeCN)4]PFs and Et3N as base (Table 19). The
reaction proceeded with bisphosphine ligands in THF at 0 °C, delivering the MBH-type product 67b, albeit with low
enantioselectivity (entries 1-4). Ligand screening at —20 °C in THF (entries 5-19) showed that (R,R)-QuinoxP and
(R,R)-Ph-BPE provided the product with the highest enantioselectivity, and the latter showed higher catalytic activity.
(R)-DTBM-Segphos, (Ra,S,S)-SpiroBox and Biphep-type ligands almost completely failed to promote the reaction
(entries 15-19).

With the optimal ligand, (R,R)-Ph-BPE, the effect of Cu(l) sources was investigated (Table 20). Cu(l) species with
different counteranions afforded similar results, with the exception of mesitylcopper which failed to provide the
desired product (entries 1-4). To improve the catalytic efficiency, some additives were investigated (entries 5-9). A
trace amount of H,O may have an effect on the reaction, however, no obvious effect was observed when using MS
4A as an additive (entries 5-6). LiBF4 is a strong Lewis acid which can coordinate to «,8-unsaturated y-butyrolactam
66. While the addition of LiBF. improved the yield significantly, the enantioselectivity dropped significantly (entries
7-9). It was determined that even in the absence of Cu(l) complex, NEts and LiBF4 alone could promote the reaction,
giving a low yield of product (entry 10).
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Table 20. Condition Screening?

Cu(l) 10 mol%
o (R,R)-Ph-BPE 10 mol% thioD
_-thioDpp EtsN 50 mol% 10 pp\NH o
)N]\ + &/NBOC Additive x mol%
> Ph
Ph CO,Et THF, T, 24 h Etj\bNBoc
61b 66 i 67b
thionp:-g-Pph2

N t T Yield.? eec

Entry Cu(l) Additive ) °C) %) %)
1 [Cu(MeCN)4]PFs - 72 -50 16 91
2 Mesitylcopper - 48 -40 - -
3 [Cu(MeCN)4]SbFg - 72 -50 24 87
4 [Cu(MeCN)4]CIO4 - 72 -50 11 91
5 [Cu(MeCN)4]PFs MS 4A 72 -40 - 69
6 [Cu(MeCN)4]PFs MS 4A 72 -50 19 74
7 [Cu(MeCN)4]PFs LiBF. (0.3 €q) 48 -50 95 59
8 [Cu(MeCN)4]PFs LiBF. (0.5 eq) 48 -50 95 59
9 [Cu(MeCN)4]ClO, LiBF; (1.0 eq) 72 -50 97 58
10 — LiBF4 (0.5 eq) 72 -40 13 -

261b: 0.1 mmol, 66: 0.15 mmol. ® Determined by *H NMR analysis of the crude mixture using 3,4,5-trichloropyridine
as an internal standard. ¢ Determined by HPLC analysis.

A brief survey on the effect of bases was next conducted (Table 21). Using LiO(p-OMeC¢Ha) as base in THF at —40
°C, enantioselectivity decreased when increasing the base loading (entries 1-3). Using EtsN as base, lowering the
reaction temperature improved the enantioselectivity, but catalytic activity decreased (entries 4-7). Increasing the
loading of EtsN could improve the yield (entry 8). Quinuclidine could promote the reaction in THF at —20 °C, and
giving product with low yield and ee (entry 9), however, no product was detected when the reaction was carried out
at—40 °C (entry 10). No corresponding product was observed when proton-sponge or DIPEA was used as base (entries
11-14). Although an excellent yield was observed when using DBU as base at —20 °C, the enantioselectivity was only
14% (entry 15). DBU displayed both low yield and ee when the reaction was carried out at —40 °C (entries 16,17).

Table 21. Base Screening?

o}

thioD
N/ pp .
)j\ \ NBoc
Ph” NCO,Et

[Cu(MeCN)4]PFg 10 mol%

thioD
(R,R)-Ph-BPE 10 mol% PP~NH o

Base x mol%
> Ph NB
THF, Tt E0,C |l o¢
S

61b 66 . i 67b
th|onp:-§-|:>Ph2

t T Yield.b eec

Entry Base X ) (°C) (%) (%)
1 LiO(p-OMeCgHa) 10 48 -40 62 52

2 LiO(p-OMeCgHa) 20 48 -40 75 31

3 LiO(p-OMeCgHa4) 50 48 -40 24 29

4 Et:N 50 24 -20 55 76

5 Et:N 50 24 -30 70 83

6 Et:N 50 72 -40 48 87

7 Et:N 50 72 -50 16 91

8 Et:N 100 72 -50 30 91
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9 Quinuclidine 50 24 -20 32 17

10 Quinuclidine 50 24 —40 - -
11 Proton-sponge 50 24 —40 - -
12 DIPEA 10 24 -40 - -
13 DIPEA 50 24 —40 — —
14 DIPEA 50 48 —40 - -
15 DBU 50 24 -20 85 14
16 DBU 10 24 —40 — —
17 DBU 20 24 —40 31 75

261b: 0.1 mmol, 66: 0.15 mmol. ® Determined by *H NMR analysis of the crude mixture using 3,4,5-trichloropyridine
as an internal standard. ¢ Determined by HPLC analysis.

The base screening showed that EtsN was the optimal base examined for this reaction. Increasing the base loading to
2 eq. improved the yield to 59% whilst maintaining high enantioselectivity (Table 22, entry 1 versus 2). Using 2 eq.
of nucleophile at a high concentration (0.2 M) improved the yield significantly: 81% yield and 90% ee was obtained
(entry 5). However, higher concentrations decreased the enantioselectivity (entries 6-8). Under the optimal reaction
conditions, product 67b was obtained in 94% yield with 90% ee (entry 9).

Table 22. Condition Screening?

o [Cu(MeCN),JPFg 10 mol% -
N~ fiobpp || (R,R)-Ph-BPE 10 mol% hieDPP~ o
+ NBoc Et3N X equiv.
Ph)]\CO Et \ > Ph
? THF, 50°C, 72 h eo,c || NBoC
61b 66 . i 67b
th|onp:-§-P|:>h2
Entry Nu « Conc. Yield® eec
(eq.) (M) (%) (%)
1 15 1 0.1 30 91
2 15 2 0.1 59 92
3 15 5 0.1 52 90
4 15 10 0.1 48 91
5 2 2 0.2 81 90
6 2 1 0.5 48 86
7 2 1 0.4 57 88
8 2 1 0.33 69 88
9d 2 2 0.2 94 90

261b: 0.1 mmol. ® Determined by *H NMR analysis of the crude mixture using 3,4,5-trichloropyridine as an internal
standard. ¢ Determined by HPLC analysis. ¢ 96 h, Isolated yield.
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2.3.3 Proposed mechanism

_-thioDpp 0 [Cu(MeCN),]PFg HN/thiO%pp
)N]\ ? (R,R)-Ph-BPE
+ NBoc EtsN Ph
Ph CO,Et -
2 \ Et0,C \ NBoc
61b 66
s [Cu(MeCN)4]PFg 67b
. [I EtsN (R,R)-Ph-BPE
thIODppZ-g-PPhZ
EtsN |Si
Q HN,PPh2
. o
7" “NBoc Cu
8 \— Ph
NBoc
EtO,C |
81
Cu’
O/
0
2 /[( Cu
__/\ osu Ph, 87
—P :
79 Ph 0
N
ﬁ NBoc
61b
Ph CO,Et 80

Scheme 29. Proposed mechanism

Based on Wang’s report*® on the addition-isomerization sequence, | propose the reaction mechanism as shown in
Scheme 29. Deprotonation of 66 by EtsN at the y-position gave dienolate intermediate 78, which formed complex 79
with Cu(l)/(R,R)-Ph-BPE. Then, a direct Mannich-type addition to N-thioDpp a-iminoesters 61b furnished 81 which
isomerized to give the final product.

2.3.4 Investigation of substrate scope

Table 23. Substrate scope

With optimized conditions being established, the scope of the reaction was evaluated (Table 23). The reaction could
be carried out on a gram scale (entry 1). High enantioselectivity was observed for the ketimines bearing small and
bulky alkyl groups at the meta and para positons (entries 2—-3,5-7), however enantioselectivity dropped slightly with
para-phenyl substituted substrate (entry 4). Lower enantioselectivity was observed for the ketimines bearing electron-
withdrawing groups (entries 9,10,16). Ketimines bearing electron-donating groups on the aromatic ring gave similar
enantioselectivity (entries 11-15).
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. [CU(CHsCN),JPFs 10 mol% .

-~ oD (R,R)-Ph-BPE 10molos  MOPPPS

)]\ oo Et;N 200 mol% )
A" TCOLE THF, ~50 °C, 96 h oA \ NBoc
EtO,C
61 66 thionp:-%—!:IPh2 67
1 2 3 4 5
(j Ij’:
1
b i j Ph k Bu I

99% yield, 91% ee
Gram-scale (1.18 g)

87% yield, 91% ee

69% yield, 94% ee

73% yield, 84% ee

73% yield, 94% ee

6 7 8 9 10
S o
F Me3Si
m n o q s
Bu
76% yield, 94% ee 70% yield, 92% ee 84% vyield, 88% ee 88% yield, 74% ee 75% yield, 88% ee
11 12 15
MeO

jop

t
55% yield, 94% ee

jo)

u
91% yield, 88% ee

ke

89% yield, 90% ee

88% vyield, 91% ee

86% yield, 86% ee

y

(-40 °C) (-40 °C) (-40 °C)

16

FsC %

r4
FsC
84% yield, 81% ee
2.3.5 Determination of absolute configuration
thioDpp thioDpp
Q 4 M HCI in 1,4-Dioxane NH O
Ph** | NBoc ; Ph*/ \NH
EtO,C thionp:-g-Pth EtO,C
67b 82

Scheme 30. Product transformation

Crystals of the product 67b were not able to be obtained. Thus, product 67b was transformed into 82 (Scheme 30)
which showed a highly crystalline nature. The absolute configuration of the product was determined by the X-ray
crystal structure as shown in Figure 14. The absolute configuration of other products were deduced by analogy.
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Figure 14. X-ray crystal structure of the product®
2.3.6 Catalyst recovery and reuse

Recovery and reuse of the Cu(l)/(R,R)-Ph-BPE complex was attempted (Scheme 29). It was found that the catalyst
was fairly stable and could be purified by chromatography on silica gel. The recovered catalyst showed almost the
same performance compared with new catalyst to give the product in high yield and with high enantioselectivity.

[Cu(CH3CN)4]PFg (10 mol%)

0 thioDpp

N~ ebep (R.R)-Ph-BPE (10 mol%) NH O
)]\ + { NBoc  EtaN (200 mol%) s "
- oc
Ph™  "COMEt THF, -50 °C, 96 h co.d \
61b 66 2 67b
chromatography .
ﬁ on SiO, 89% yield, 91% ee
thionp:-g-Pph2
_ thioDpp 0] recovered Cu(l)/(R,R)-Ph-BPE thionp\NH o
N +
)]\ (\ :NBOC Et;N (200mol%) o "
- oc
Ph™  COE THF, -50 °C, 90 h eo,d \
61b 66 67b

85% vyield, 91% ee
Scheme 31. Recovery and reuse of Cu(l)/(R,R)-Ph-BPE

2.3.7 Transformation of the product

thionp\NH o 1. H,0, aq., EtOAC/ACOH (4/1) NH, O
rt, quant.
>  Ph™Y NH
Ph \ NBoc 2.4 M HCl ag., EtOAc \
0. _ EtO,C
2 60 °C, then basic Al,Oj3 plate, 70%
67b s 83

thionp:-§-||:!Ph2
Scheme 32. Product transformation

Product 67b was treated with aqueous H,0>, and the crude product was dissolved in a mixture of 4 M HCI/EtOAc and
heated to 60 °C to give o,a-disubstituted a-amino ester 83.
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3. Research summary and conclusion

S
ﬁ [CUu(CH5CN),]PFg 3-6 mol% [l
PP (R)-DMM-Garphos 3-6 mol% AL
H CN el — 0 S,
R\)]\ + \|/ LiO'Bu 5-10 mol% R\’}'I\/CN
3 3 NFlu toluene, -78 °C H
spT_  SP NFlu
30 Flu: 9-fluorenylidene 31
85-99% yield
anti/syn = 83/17-95/5
84-95% ee
s [M(cod)(MeO), 5 mol% =
1] Chiral triazolium 10 mol% PPh
2
N/Pth Barton's base 1 equiv. HN”
+ MeCN >
THF, MS 4A, 5d Ar”E CO,Et
Ar COzEt Ar2 ' :\ 2
1 - / CN
61 Ar BFy 62
=
Chiral triazolium: N7 up to 93% yield
up to 80% ee
l,,llo
s S
Il o [Cu(CH,CN)JPF 10 mol% ||3|
_~PPhy (R,R)-Ph-BPE 10 mol% “NNH O
)NJ\ . ( NBoc EtsN 200 mol%
> Ar*Y
A CO,E s THF, -50 °C, 96 h cod N\
61 66 2~ 67
a-addition up to 99% yield

up to 94% ee

In summary, by using N-(diphenylthiophosphinoyl)ketimines as soft Lewis basic electrophiles in Mannich reactions,
| developed 1) a highly diastereo- and enantioselective method to access to a,f-diamino derivatives bearing contiguous
tri- and tetrasubstituted stereocenters; 2) the first example of a catalytic asymmetric Mannich-type reaction of MeCN
with acyclic ketimines; 3) asymmetric a-addition of a,4-unsaturated y-butyrolactam to ketimines for the construction
of a,a-disubstituted a-amino acid derivatives.
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4. Experimental
4.1 General experimental
4.1.1 General

All reactions were performed in a flame-dried glassware with a Teflon-coated magnetic stirring bar unless otherwise
noted. The flasks or test tubes were fitted with a 3-way glass stopcock and reactions were run under Ar atmosphere.
Air- and moisture-sensitive liquids were transferred via a gas-tight syringe and a stainless-steel needle. All work-up
and purification procedures were carried out with reagent-grade solvents under ambient atmosphere.

4.1.2 Instrumentation

Infrared (IR) spectra were recorded on a HORIBA FT210 Fourier transform infrared spectrophotometer. NMR was
recorded on JEOL ECS-400 or Bruker AVANCE I11 HD400. Chemical shifts for proton were reported in parts per
million downfield from tetramethylsilane and are referenced to residual protium in the NMR solvent (CDCls: & 7.24
ppm or TMS in CDCls: 6 0.00 ppm; DMSO-ds: & 2.49; CD30D: 6 3.30 ppm or TMS in CD30D: 6 0.00 ppm; CD3sCN:
5 1.94 ppm ). For 3C NMR, chemical shifts were reported in the scale relative to NMR solvent (CDCl3: § 77.0 ppm;
DMSOds: § 39.5; CD3;0D: § 49.0 ppm; CD3CN: § 118.26 ppm) as an internal reference. For 1P NMR, chemical shifts
were reported in the scale relative to HsPO4 (6 0.0 ppm in D,O) or OP(OPh)3 (6 —17.6035 ppm in CDCls) as an external
reference. For 1°F NMR, chemical shifts were reported in the scale relative to PhCF3(8 —62.7680 ppm in CDCls) as an
external reference. NMR data are reported as follows: chemical shifts, multiplicity (s: singlet, d: doublet, dd: doublet
of doublets, t: triplet, g: quartet, m: multiplet, br: broad signal), coupling constant (Hz), and integration. Optical
rotation was measured using a 1 mL cell with a 1.0 dm path length on a JASCO polarimeter P-1030. High-resolution
mass spectra (ESI TOF (+)) was measured on Thermo Fisher Scientific LTQ Orbitrap XL. HPLC analysis was
conducted on a JASCO HPLC system equipped with Daicel chiral-stationary-phase columns (g 0.46 cm x 25 cm).

4.1.3 Materials

Unless otherwise noted, materials were purchased from commercial suppliers and were used without further
purification. Solvents were purified by passing through a solvent purification system (Glass Contour). EtsN was
distilled from CaH,. MS 4A was purchased from Nacalai Tesque Co. Ltd. and dried by microwave oven heating three
times. Barton’s base was purchased from Aldrich. All the metals or chiral phosphine ligands were purchased from
TCI Co. Ltd., Aldrich or Strem Chemical Co. Ltd. and used as received (opened and handled in a dry box). Column
chromatography was performed with silica gel Merck 60 (230-400 mesh ASTM) or silicagel 60 N (spherical, neutral,
40-50 [1m) from Kanto Chemical Co. Ltd. Preparative TLC plates (1.05788.0001, PLC Aluminium Oxide 60 Fzs4, 1.5
mm) and preparative TLC plates (1.05744.0001, PLC Silica gel 60 F2ss, 0.5 mm) were purchased from Merck.

4.2 Synthetic procedures
4.2.1 Procedures for preparation of ketimine

Procedure A:3

S
Il
MeO OMe ﬁ neat NPPh,
_—
+
R Ph,PNH, 130 °C R

A 50 mL, one-necked, round-bottomed flask equipped with a Teflon-coated magnetic stirring bar was charged with
diphenylthiophosphinamide (5 mmol, 1.0 equiv.) and acetal (5 mmol, 1.0 equiv.). The flask was equipped with a reflux
condenser without flow of tap water (air-cooling), and the mixture was heated to 130 °C (oil bath temperature) under
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ambient atmosphere. After stirring for 1 h, another portion of acetal (5 mmol, 1.0 equiv.) was added. After stirring for
an additional 1 h, the mixture was cooled to room temperature. The mixture was diluted with 10 mL EtOAc, and EtzN
(1 mL), then neutral silica gel was added. The volatiles were removed under reduce pressure. The crude mixture was
purified by column chromatography.

Procedure B:%2

Magnesium (22 mmol, 1.1 equiv.) was heated at reduced pressure for 10 min in a three neck round flask with condenser
and dropping funnel. A catalytic amount of I, followed by THF (30 mL) were added after cooling to room temperature
and aryl bromide (20 mmol, 1 equiv.) in THF (5 mL) was added dropwise and the reaction mixture was stirred for 1h.
The formed Grignard reagent was added over 1h to a solution of diethyl oxalate (20 mmol, 1 equiv.) in THF (10 mL)
at —78 °C. After 1h at —78 °C, the mixture was warmed to 0 °C. The mixture was quenched with aqueous saturated
NH.4CI, extracted with Et,O, washed with brine, dried over MgSOQy, filtered off, and the solvents were evaporated. The
crude product was purified by flash column chromatography to afford pure a-keto esters.

i
S
O 1 . _PPh,
1) Mg, I, THF PhyPNH, » TICla N
ArBr > Ar OEt - ot
2) (CO,Et),, THF, —78°C a DCM, Et;N Ar
o}

A flame-dried flask equipped with a magnetic stirring bar and 3-way glass stopcock was charged with a-keto esters (5
mmol, 1 equiv.) and phosphinothioic amide (5 mmol, 1 equiv) under Ar atmosphere. DCM (30 mL) was added, and
the solution was stirred for 1 min at rt, then cooled to 0 °C. Et;N (5 mL) was added and the resulting solution was
stirred at the same temperature for another 5 min. Then TiCls (5 mL) solution (1 M in DCM) was added dropwise.
The solution was warmed to room temperature and stirred overnight. The reaction was quenched with sat. NaHCO;
and extracted with DCM. The organic layers were combined and dried over anhydrous Na;SO4. After filtration and
concentration under reduced pressure, the obtained crude product was purified by silica gel column chromatography
(n—Hexane/Ethyl acetate) to afford the desired product.

Procedure C:

A mixture of keto acid (40 mml, 1 equiv.), alcohol (40 mmol, 1 equiv.) and DMAP (6 mmol, 0.15 equiv.) in DCM
(200 mL) was cooled to 0 °C. DCC (60 mmol, 1.5 equiv.) was added, and the resulting mixture was warmed to room
temperature and stirred overnight. The mixture was quenched with aqueous saturated NH4CI, extracted with DCM,
washed with brine, dried over MgSQO, filtered off, and the solvents were evaporated. The crude product was purified
by flash column chromatography to afford pure a-keto esters.

OH DCC, DMAP OR
+ ROH "~ o
o DCM o
S
1}
o _PPh,
OR S TiCly OR

—_—

+
o PhoPNH2  pom, EtN

A flame-dried flask equipped with a magnetic stirring bar and 3-way glass stopcock was charged with a-keto esters (5
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mmol, 1 equiv.) and phosphinothioic amide (5 mmol, 1 equiv) under Ar atmosphere. DCM (30 mL) was added, and
the solution was stirred for 1 min at rt, then cooled to 0 °C. EtsN (5 mL) was added and the resulting solution was
stirred at the same temperature for another 5 min. Then TiCls (5 mL) solution (1 M in DCM) was added dropwise.
The solution was warmed to room temperature and stirred overnight. The reaction was quenched with sat. NaHCO3
and extracted with DCM. The organic layers were combined and dried over anhydrous Na;SO,. After filtration and
concentration under reduced pressure, the obtained crude product was purified by silica gel column chromatography
(n—Hexane/Ethyl acetate) to afford the desired product.

Procedure D: 53

Arylglyoxal (10 mml, 1 equiv.) was added to a mixture of amine (20 mml, 2 equiv.), elemental sulfur (20 mml, 2
equiv.) and NazS (0.1 mml, 0.01 equiv.).The mixture was heated to 60 °C for 4 h. The obtained solid was removed
by filtration. EtOH (45 mL) was added to the mixture and then heating, followed by hot filtration. The solvents were
evaporated. The crude product was purified by flash column chromatography to afford a-keto amides.

0
OH NR
+ R2NH Sg, NaQS 2
OH o]
S
Il
0 N,PPh2
NR; ﬁ TiCly OR
_——
+
0 PhaPNH2 - pom, Et,N i

A flame-dried flask equipped with a magnetic stirring bar and 3-way glass stopcock was charged with a-keto esters (5
mmol, 1 equiv.) and phosphinothioic amide (5 mmol, 1 equiv) under Ar atmosphere. DCM (30 mL) was added, and
the solution was stirred for 1 min at rt, then cooled to 0 °C. EtsN (5 mL) was added and the resulting solution was
stirred at the same temperature for another 5 min. Then TiCl4 (5 mL) solution (1 M in DCM) was added dropwise.
The solution was warmed to room temperature and stirred overnight. The reaction was quenched with sat. NaHCO3
and extracted with DCM. The organic layers were combined and dried over anhydrous Na,SQO,. After filtration and
concentration under reduced pressure, the obtained crude product was purified by silica gel column chromatography
(n—Hexane/Ethyl acetate) to afford the desired product.

N-(4-(6-Methoxynaphthalen-2-yl)butan-2-ylidene)-P,P-diphenylphosphinothioic amide (30b)

i
NPPh,

MeO l l

Procedure A: Colorless crystal; M. p.97-98 °C; IR (KBr): v 1650, 1633, 1606 cm™*; 'H NMR (400 MHz, DMSO-de):
8 7.77-7.65 (m, 7H), 7.47-7.33 (m, 7H), 7.29 (d, J = 2.5 Hz, 1H), 7.13 (dd, J = 2.5, 9.0 Hz, 1H), 3.85 (s, 3H), 3.12—
3.04 (m, 4H), 2.28 (d, J = 1.1 Hz, 3H); **C NMR (100 MHz, DMSO-de): § 194.1 (d, J = 11.4 Hz), 156.8, 136.6, 135.9,
135.6, 132.8, 131.2 (d, J = 2.9 Hz), 130.5 (d, J = 10.5 Hz), 128.8, 128.6, 128.4 (d, J = 12.4 Hz), 127.7, 126.7, 126.0,
118.6, 105.8, 55.1, 44.4 (d, J = 22.9 Hz), 30.7, 26.2 (d, J = 19.1 Hz); *'P NMR (DMSO-dg): 5 44.9; HRMS (ESI) Anal.
calcd. for C,7H260ONNaPS m/z 466.1365 [M+Na]*, found 466.1371.

49



N-(5-Methylhexan-2-ylidene)-P,P-diphenylphosphinothioic amide (30d)

i
NPPh,

Procedure A: Yellow oil; IR (neat): v 1645 cm™; *H NMR (400 MHz, DMSO-dg): & 7.90-7.85 (m, 4H), 7.52-7.46
(m, 6H), 2.60 (t, J = 7.6 Hz, 2H), 2.27 (d, J = 1.4 Hz, 3H), 1.54-1.43 (m, 3H), 0.85 (d, J = 6.4 Hz, 6H); 3C NMR (100
MHz, DMSO-ds): 6 195.3 (d, J = 10.5 Hz), 136.7, 135.7, 131.3 (d, J = 3.8 Hz), 130.5, 128.5 (d, J = 12.4 Hz), 41.5 (d,
J =20.0 Hz), 34.0, 27.2, 26.3 (d, J = 19.1 Hz), 22.3; 3P NMR (DMSO-ds): & 44.5; HRMS (ESI) Anal. calcd. for
C19H24NNaPS m/z 352.1259 [M+Na]*, found 352.1270.

N-(Hex-5-en-2-ylidene)-P,P-diphenylphosphinothioic amide amide (30f)

i
NPPh,

A

Procedure A: Yellow solid; M. p. 69-71 °C; IR (KBr): v 1726, 1639 cm; *H NMR (400 MHz, DMSO-ds): & 7.92—
7.86 (M, 4H), 7.50-7.45 (m, 6H), 5.88-5.78 (m, 1H), 5.06-4.96 (m, 2H), 2.71 (t, J = 7.3 Hz, 2H), 2.41-2.35 (m, 2H),
2.27 (s, 3H); 3C NMR (100 MHz, DMSO-ds): 5 194.1 (d, J = 11.4 Hz), 137.4, 136.7, 135.6, 131.3 (d, J = 2.9 Hz),
130.6 (d, J = 10.5 Hz), 128.5 (d, J = 12.4 Hz), 115.4, 42.6 (d, J = 20.0 Hz), 29.0, 26.1 (d, J = 18.1 Hz); P NMR
(DMSO-ds): § 44.9; HRMS (ESI) Anal. calcd. for C1sH0NNaPS m/z 336.0946 [M+Na]*, found 336.0952.

N-(Oct-5-yn-2-ylidene)-P,P-diphenylphosphinothioic amide (30g)

i
NPPh,

A

Procedure A: Yellow crystal; M. p. 38-40 °C; IR (KBr): v 2349, 1643 cm™*; *H NMR (400 MHz, DMSO-de): & 7.97—
7.91 (m, 4H), 7.52-7.46 (m, 6H), 2.78 (t, J = 6.9 Hz, 2H), 2.52-2.48 (m, 2H), 2.27 (d, J = 1.4 Hz, 3H), 2.15-2.08 (m,
2H), 1.00 (t, J = 7.6 Hz, 3H); 13C NMR (100 MHz, DMSO-ds): & 192.9 (d, J = 10.5 Hz), 136.7, 135.7, 131.3 (d, J =
2.9 Hz), 130.6 (d, J = 10.5 Hz), 128.5 (d, J = 12.4 Hz), 81.9, 79.0, 42.8 (d, J = 21.0 Hz), 25.8 (d, J = 17.2 Hz), 14.4,
14.1, 11.8; %P NMR (DMSO-dg): & 45.0; HRMS (ESI) Anal. calcd. for C0H22NNaPS m/z 362.1103 [M+Na]*, found
362.1113.

N-(Oct-5-yn-2-ylidene)-P,P-diphenylphosphinothioic amide (30h)

S

]
NPPh,
BnO

Procedure A: Yellow oil; IR (neat): v 1714, 1644 cm™*; *H NMR (400 MHz, DMSO-de): & 7.90-7.84 (m, 4H), 7.52—
7.44 (m, 6H), 7.34-7.24 (m, 5H), 4.43 (s, 2H), 3.44 (t, J = 6.4 Hz, 2H), 2.67 (t, J = 7.3 Hz, 2H), 2.27 (d, J = 1.1 Hz,
3H), 1.94-1.87 (m, 2H); *C NMR (100 MHz, DMSO-dg): & 194.6 (d, J = 11.5 Hz), 138.5, 136.7, 135.7, 131.3 (d, J =
2.9 Hz), 130.6 (d, J = 10.5 Hz), 128.5 (d, J = 12.4 Hz), 128.2, 127.43, 127.35, 71.9, 68.8, 40.5 (d, J = 21.9 Hz), 26.1
(d, J = 18.1 Hz), 25.3; P NMR (DMSO-dg): & 44.8; HRMS (ESI) Anal. calcd. for C24H,s0ONNaPS m/z 430.1365
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[M+Na]*, found 430.1375.

Ethyl-5-((diphenylphosphorothioyl)imino)hexanoate (30i)

i
o NPPh,

EtO

Procedure A: Yellow oil; IR (neat): v 1732, 1646 cm™*; *H NMR (400 MHz, DMSO-de): & 7.92-7.86 (m, 4H), 7.53—
7.45 (m, 6H), 4.05 (q, J = 7.1 Hz, 2H), 2.63 (t, J = 7.3 Hz, 2H), 2.33 (t, J = 7.3 Hz, 2H), 2.27 (d, J = 1.4 Hz, 3H),
1.92-1.85 (m, 2H), 1.16 (t, J = 7.1 Hz, 3H); *C NMR (100 MHz, DMSO-ds): 5 194.1 (d, J = 11.5 Hz), 172.6, 136.6,
135.6, 131.3 (d, J = 2.9 Hz), 130.6 (d, J = 10.5 Hz), 128.5 (d, J = 12.4 Hz), 59.8, 42.7 (d, J = 20.0 Hz), 32.6 (d, J =
4.8 Hz), 25.9 (d, J=18.1 Hz), 20.3, 14.1; 3P NMR (DMSO-ds): § 44.9; HRMS (ESI) Anal. calcd. for C2H240,NNaPS
m/z 396.1158 [M+Na]*, found 396.1161.

N-(5-Isocyanopentan-2-ylidene)-P,P-diphenylphosphinothioic amide (30j)

S

I
NPPh,
NC

Procedure A: Colorless crystal; M. p. 82-83 °C; IR (KBr): v 2246, 1639 cm™; *H NMR (400 MHz, DMSO-ds): §
7.88-7.83 (m, 4H), 7.49-7.42 (m, 6H), 2.66 (t, J = 7.3 Hz, 2H), 2.49 (t, J = 7.3 Hz, 2H), 2.24 (d, J = 1.4 Hz, 3H),
1.94-1.86 (m, 2H); *3C NMR (100 MHz, DMSO-dg): § 193.3 (d, J = 11.4 Hz), 136.5, 135.5, 131.4 (d, J = 2.9 Hz),
130.6 (d, J=10.5 Hz), 128.6 (d, J = 12.4 Hz), 120.4, 42.3 (d, J = 21.9 Hz), 25.9 (d, J = 18.1 Hz), 20.8, 15.6; 3P NMR
(DMSO-ds): & 45.3; HRMS (ESI) Anal. calcd. for C1gH19N2NaPS m/z 349.0899 [M+Na]*, found 349.0907.

N-(6-(3,7-Dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-1-yl)hexan-2-ylidene)-P,P-diphenylphosphinothioic
amide (30k)

i
NPPh,

<i:jﬁz\,\l/o\/\)]\
I

Procedure A: Amorphous solid; IR (KBr): v 1703, 1659 cm™; *H NMR (400 MHz, DMSO-ds): & 8.04 (s, 1H), 7.95—
7.90 (m, 4H), 7.50-7.47 (m, 6H), 3.93-3.89 (m, 5H), 3.44 (s, 3H), 2.68 (d, J = 6.4 Hz, 2H), 2.31 (s, 3H), 1.70-1.57
(m, 4H); ¥C NMR (100 MHz, DMSO-ds): 6 194.7 (d, J = 11.4 Hz), 154.4, 150.8, 148.2, 142.9, 136.7, 135.7, 131.2
(d, J=2.9 Hz), 130.6 (d, J = 10.5 Hz), 128.5 (d, J = 12.4 Hz), 106.6, 43.2 (d, J = 21.0 Hz), 33.1, 29.4, 27.0, 26.1 (d,
J = 18.1 Hz), 22.4; 3P NMR (DMSO-ds): & 44.6; HRMS (ESI) Anal. calcd. for CzsHz302NsNaPS m/z 516.1594
[M+Na]*, found 516.1581.

N-(Heptan-3-ylidene)-P,P-diphenylphosphinothioic amide (301)

i
NPPh,

Procedure A: Yellow oil; IR (neat): v 1645 cm™; *H NMR (400 MHz, DMSO-dg): & 7.94-7.89 (m, 4H), 7.51-7.46
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(m, 6H), 2.70-2.63 (m, 4H), 1.46-1.38 (m, 2H), 1.22-1.13 (M, 2H), 1.03 (t, J = 7.3 Hz, 3H), 0.77 (t, J = 7.4 Hz, 3H);
13C NMR (100 MHz, DMSO-de):  198.6 (d, J = 11.4 Hz), 137.2, 136.1, 131.2 (d, J = 2.9 Hz), 130.6 (d, J = 10.5 Hz),
128.5 (d, J = 12.4 Hz), 33.6 (d, J = 20.0 Hz), 27.6, 21.9, 13.7, 10.2; 3P NMR (DMSO-ds): & 43.4; HRMS (ESI) Anal.
calcd. for C1oH24sNNaPS m/z 352.1259 [M+Na]*, found 352.1254.

N-Cyclohexylidene-P,P-diphenylphosphinothioic amide (30m)

i
NPPh,

Procedure A: White solid; M. p. 95-97 °C; IR (KBr): v 1633 cm™?; *H NMR (400 MHz, DMSO-dg): & 7.91-7.85 (m,
4H), 7.52-7.46 (m, 6H), 2.62-2.59 (m, 4H), 1.60-1.53 (m, 6H); 3C NMR (100 MHz, DMSO-ds): § 198.4 (d, J = 11.4
Hz), 136.8, 135.8, 131.2 (d, J = 2.9 Hz), 130.5 (d, J = 10.5 Hz), 128.5 (d, J = 12.4 Hz), 27.3, 24.2; *'P NMR (DMSO-
de): 6 44.2; HRMS (ESI) Anal. calcd. for C1sH2o0NNaPS m/z 336.0946 [M+Na]*, found 336.0944.

Methyl 2-((diphenylphosphorothioyl)imino)-2-phenylacetate (61a)

Il
NPPh,

COzMe

Procedure C: Yellow crystal; M. p.144-145 °C; IR (KBr): v 1735, 1631, 1591 cm%; 'H NMR (400 MHz, CDCls): &
8.06-8.00 (m, 4H), 7.95-7.93 (m, 2H), 7.61-7.57 (m, 1H), 7.51-7.71 (m, 8H), 3.97 (s, 3H); *C NMR (100 MHz,
CDCls): 6 169.6 (d, J = 9.0 Hz), 165.0 (d, J = 17.1 Hz), 135.6, 134.5, 134.2, 134.0, 133.8, 131.51, 131.48, 131.4,
131.3,129.0, 128.9, 128.5, 128.3, 52.4; 31P NMR (CDCls): § 52.0; HRMS (ESI) Anal. calcd. for C,1H1s0,NNaPS m/z
402.0688 [M+Na]*, found 402.0680.

Ethyl 2-((diphenylphosphorothioyl)imino)-2-phenylacetate (61b)
S
]
NPPh,

CO,Et

Procedure B: Pale yellow crystal; M. p.110-112 °C; IR (KBr): v 1731, 1638 cm™*; 'H NMR (400 MHz, CDCls): &
8.06-8.00 (m, 4H), 7.97-7.95 (m, 2H), 7.61-7.57 (m, 1H), 7.51-7.41 (m, 8H), 4.47 (q, J = 7.2 Hz, 2H), 1.34 (1, J =
7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): 5 169.9 (d, J = 8.8 Hz), 164.5 (d, J = 16.9 Hz), 135.7, 134.7, 134.4, 134.2,
133.7, 131.44, 131.41, 131.4, 131.3, 129.0, 128.9, 128.4, 128.3, 62.2, 13.7; 3P NMR (CDCl3): § 51.8; HRMS (ESI)
Anal. calcd. for C»H200,NNaPS m/z 416.0845 [M+Na]*, found 416.0842.

Isopropyl 2-((diphenylphosphorothioyl)imino)-2-phenylacetate (61c)
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Il
NPPh,

COziPr

Procedure C: Yellow crystal; M. p.105-106 °C; IR (KBr): v 1726, 1631, 1612 cm™*; *H NMR (400 MHz, CDCls): &
8.06-8.01 (m, 4H), 7.95-7.93 (m, 2H), 7.60-7.56 (m, 1H), 7.50-7.41 (m, 8H), 5.43-5.34 (m, 1H), 1.39 (d, J = 6.3 Hz,
6H); 13C NMR (100 MHz, CDCls): 6 170.0 (d, J = 8.7 Hz), 164.0 (d, J = 16.8 Hz), 135.9, 134.8, 134.6, 134.4, 133.6,
131.39, 131.36, 131.28, 129.0, 128.9, 128.4, 128.3, 71.2, 21.6; 3P NMR (CDCls): § 51.5; HRMS (ESI) Anal. calcd.
for Ca3sH2202NNaPS m/z 430.1001 [M+Na]*, found 430.0997.

tert-Butyl 2-((diphenylphosphorothioyl)imino)-2-phenylacetate (61d)

Il
NPPh,

COztBu

Procedure C: Yellow crystal; M. p.138-140 °C; IR (KBr): v 1725, 1682, 1645 cm!; IH NMR (400 MHz, CDCls): 8
8.06-8.01 (m, 4H), 7.98-7.96 (m, 2H), 7.59-7.55 (m, 1H), 7.50-7.40 (m, 8H), 1.60 (s, 9H); *C NMR (100 MHz,
CDClz): 6 170.0 (d, J = 8.5 Hz), 163.2 (d, J = 16.3 Hz), 136.2, 135.2, 135.1, 135.0, 133.3, 131.36, 131.28, 131.25,
129.0, 128.8, 128.4, 128.2, 85.6, 28.2; 31P NMR (CDCls): 8 50.9; HRMS (ESI) Anal. calcd. for C2sH240.NNaPS m/z
444.1158 [M+Na]*, found 444.1155.

Adamantan-1-yl 2-((diphenylphosphorothioyl)imino)-2-phenylacetate (61e)

)
Il
NPPh,
o

Procedure C: Yellow crystal; M. p.187-189 °C; IR (KBr): v 1726, 1639 cm*; *H NMR (400 MHz, CDCls): & 8.06—
7.97 (m, 6H), 7.59-7.55 (m, 1H), 7.50-7.40 (m, 8H), 2.32 (d, J = 2.7 Hz, 6H), 2.21 (s, 3H), 1.73-1.74 (m, 6H); 13C
NMR (100 MHz, CDCls): & 169.7 (d, J = 8.4 Hz), 163.1 (d, J = 16.4 Hz), 136.1, 135.2, 135.1, 134.9, 133.3, 131.4,
131.29, 131.28, 131.24, 139.1, 128.7, 128.4, 128.2, 85.9, 41.5, 36.0, 31.1; 3P NMR (CDCls): & 51.0; HRMS (ESI)
Anal. calcd. for C3oH3102NPS m/z 500.1808 [M+H]*, found 500.1805.

Benzyl 2-((diphenylphosphorothioyl)imino)-2-phenylacetate (61f)
S
]
NPPh,

COZBn

Procedure B: Yellow solid; IR (KBr): v 1734, 1637, 1592, 1577 cm*; *H NMR (400 MHz, CDCls): 6 8.06-7.99 (m,
4H), 7.92-7.89 (m, 2H), 7.58-7.54 (m, 1H), 7.46-7.38 (m, 10H), 7.33-7.30 (m, 3H), 5.44 (s, 2H); *C NMR (100
MHz, CDCls): 6 169.4 (d, J=8.9 Hz), 164.3 (d, J = 17.1 Hz), 135.6, 134.53, 134.5, 134.2, 134.0, 133.8, 131.5, 131.44,
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131.4,131.3,129.1, 129.0, 128.9, 128.49, 128.46, 128.44, 128.3, 68.0; 31P NMR (CDClIs): 5 52.0; HRMS (ESI) Anal.
calcd. for C27H220.NNaPS m/z 478.1001 [M+Na]*, found 478.0996.
Neopentyl 2-((diphenylphosphorothioyl)imino)-2-phenylacetate (61g)
S
I
NPPh,

COZCHztBu

Procedure B: Yellow solid; IR (KBr): v 2958, 1733, 1642, 1592, 1577 cm?; *H NMR (400 MHz, CDClIs):  8.06—
7.95 (m, 6H), 7.62-7.58 (m, 1H), 7.52-7.41 (m, 8H), 4.12 (s, 2H), 0.92 (s, 9H); **C NMR (100 MHz, CDCls): 5 170.0
(d, J=8.7Hz), 164.9 (d, J = 17.0 Hz), 135.8, 134.7, 134.4, 134.2, 133.7, 131.41, 131.39, 131.3, 129.0, 128.9, 128.4,
128.3, 75.4, 31.0, 26.5; %P NMR (CDCls): & 51.7; HRMS (ESI) Anal. calcd. for CasH20.NNaPS m/z 458.1314
[M+Na]*, found 458.1308.

Ethyl 2-((diphenylphosphorothioyl)imino)-2-(o-tolyl)acetate (61h)

Il
NPPh,

CO,Et

Procedure B: Yellow crystal; M. p.111-112 °C; IR (KBr): v 1734, 1644 cm™; 'H NMR (400 MHz, CDCls): § 8.01—
7.96 (m, 4H), 7.56 (d, J = 7.8 Hz, 2H), 7.47-7.36 (m, 7H), 7.27-7.22 (m, 1H), 4.40 (q, J = 7.2 Hz, 2H), 2.44 (s, 3H),
1.31 (d, J = 7.2 Hz, 3H); *3C NMR (100 MHz, CDCl3): § 172.4 (d, J = 10.5 Hz), 164.5 (d, J = 19.0 Hz), 138.9, 135.4,
134.4, 134.2, 134.0, 132.0, 131.77, 131.51, 131.42, 131.40, 130.2, 128.4, 128.2, 126.0, 62.2, 21.7, 13.7; 3'P NMR
(CDCls): 6 52.6; HRMS (ESI) Anal. calcd. for C23H220,NNaPS m/z 430.1001 [M+Na]*, found 430.0993.

Ethyl 2-((diphenylphosphorothioyl)imino)-2-(m-tolyl)acetate (61i)

s
Il
NPPh,

CO,Et

Procedure B: Yellow crystal; M. p.65-67 °C; IR (KBr): v 1736, 1642 cm*; *H NMR (400 MHz, CDCls): & 8.06—
8.00 (m, 4H), 7.78-7.76 (m, 1H), 7.72 (s, 1H), 7.49-7.35 (m, 8H), 4.46 (q, J = 7.4 Hz, 2H), 2.42 (s, 3H), 1.34 (t, J =
7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): § 170.2 (d, J = 8.9 Hz), 164.5 (d, J = 17.1 Hz), 138.7, 135.8, 134.7, 134.6,
134.4, 134.2, 131.40, 131.38, 131.3, 129.5, 128.8, 128.4, 128.3, 126.3, 62.2, 21.4, 13.7; 3'P NMR (CDCls): § 51.7;
HRMS (ESI) Anal. calcd. for C23H2202NNaPS m/z 430.1001 [M+Na]*, found 430.1000.

Ethyl 2-((diphenylphosphorothioyl)imino)-2-(p-tolyl)acetate (61j)
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s
Il
NPPh,

CO,Et

Procedure B: Yellow crystal; M. p.122-124 °C; IR (KBr): v 1732, 1638, 1601 cm™; *H NMR (400 MHz, CDCl5): &
8.05-8.00 (m, 4H), 7.85 (d, J = 8.2 Hz, 2H), 7.48-7.40 (m, 6H), 7.28 (d, J = 8.1 Hz, 2H), 4.45 (q, J = 7.2 Hz, 2H),
2.42 (s, 3H), 1.33 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): 6 169.8 (d, J = 8.7 Hz), 164.6 (d, J = 17.0 Hz),
144.9, 136.0, 134.9, 131.9, 131.6, 131.4, 131.32, 131.26, 129.6, 129.1, 128.4, 128.2, 62.2, 21.8, 13.7; 3P NMR
(CDCls): 6 51.4; HRMS (ESI) Anal. calcd. for Ca3H2,0,NNaPS m/z 430.1001 [M+Na]*, found 430.0997.

Ethyl 2-([1,1'-biphenyl]-4-yl)-2-((diphenylphosphorothioyl)imino)acetate (61k)
S
Il
NPPh,
CO,Et
Ph

Procedure B: Yellow crystal; M. p.108-110 °C; IR (KBr): v 1738, 1631, 1597 cm; *H NMR (400 MHz, CDCl5): &
8.08-8.02 (m, 6H), 7.72-7.70 (m, 2H), 7.63-7.61 (m, 2H), 7.49-7.38 (m, 9H), 4.49 (g, J = 7.2 Hz, 2H), 1.35 (t, J =
7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): 6 169.6 (d, J = 8.7 Hz), 164.5 (d, J = 16.9 Hz), 146.5, 139.6, 135.8, 134.8,
133.2, 133.0, 131.42, 131.38, 131.28, 129.6, 129.0, 128.5, 128.4, 128.3, 127.5, 127.2, 62.3, 13.7; 3'P NMR (CDCls):
8 51.8; HRMS (ESI) Anal. calcd. for CsH2s02NPS m/z 470.1338 [M+H]*, found 470.1334.

Ethyl 2-(4-(tert-butyl)phenyl)-2-((diphenylphosphorothioyl)imino)acetate (611)

S

Il
NPPh,

CO,Et
Bu

Procedure B: Yellow crystal; M. p.115-118 °C; IR (KBr): v 1734, 1633, 1598 cm™; *H NMR (400 MHz, CDCls): &
8.06-8.00 (m, 4H), 7.80 (d, J = 1.8 Hz, 2H), 7.67 (t, J = 1.8 Hz, 2H), 7.49-7.42 (m, 6H), 4.47 (g, J = 7.2 Hz, 2H),
1.35-1.31 (m, 12H); *C NMR (100 MHz, CDCls): § 169.4 (d, J = 8.8 Hz), 164.6 (d, J = 17.0 Hz), 157.9, 136.0, 134.9,
131.8,131.5,131.4,131.3,131.2, 129.0, 128.4, 128.2, 125.9, 62.1, 35.2, 31.0, 13.7; 3'P NMR (CDCls): 5 51.4; HRMS
(ESI) Anal. calcd. for CasH2002NPS m/z 450.1651 [M+H]*, found 450.1646.
Ethyl 2-(3,5-dimethylphenyl)-2-((diphenylphosphorothioyl)imino)acetate (61m)
S
Il
NPPh,

CO,Et

Procedure B: Yellow crystal; M. p.142-144 °C; IR (KBr): v 1733, 1644, 1594 cm™t; 'H NMR (400 MHz, CDCl5): &
8.05-8.00 (m, 4H), 7.54 (s, 2H), 7.47-7.41 (m, 6H), 7.22 (s, 1H), 4.46 (q, J = 7.2 Hz, 2H), 2.37 (s, 6H), 1.33 (t, J =
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7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): 6 170.4 (d, J = 9.1 Hz), 164.6 (d, J = 17.2 Hz), 138.6, 135.9, 135.6, 134.8,
134.4, 134.2, 131.4, 131.32, 131.26, 128.4, 128.3, 126.8, 62.1, 21.3, 13.7; 3P NMR (CDCls): 6 51.7; HRMS (ESI)
Anal. calcd. for C24H2402NNaPS m/z 444.1158 [M+Na]*, found 444.1155.

Ethyl 2-(3,5-di-tert-butylphenyl)-2-((diphenylphosphorothioyl)imino)acetate (61n)

Il
NPPh,

CO,Et

Bu

Procedure B: Yellow crystal; M. p.143-145 °C; IR (KBr): v 1741, 1633 cm™*; *H NMR (400 MHz, CDCls): 6 8.07—
8.01 (m, 4H), 7.92-7.90 (m, 2H), 7.53-7.50 (m, 1H), 7.46-7.40 (m, 6H), 4.46 (q, J = 7.2 Hz, 2H), 1.38-1.35 (m, 21H);
13C NMR (100 MHz, CDCls): § 170.7 (d, J = 9.0 Hz), 164.7 (d, J = 17.0 Hz), 151.5, 136.0, 134.9, 134.0, 133.8, 131.39,
131.35, 131.32, 131.29, 128.38, 128.35, 128.3, 123.3, 62.0, 35.0, 31.2, 13.9; 3P NMR (CDCls3): 6 51.1; HRMS (ESI)
Anal. calcd. for C3oH3702NPS m/z 506.2277 [M+H]*, found 506.2274.

Ethyl 2-((diphenylphosphorothioyl)imino)-2-(naphthalen-2-yl)acetate (610)

Il
NPPh,

Procedure B: Yellow crystal; M. p.145-147 °C; IR (KBr): v 1733, 1635, 1618 cm; *H NMR (400 MHz, CDCl3): &
8.29 (s, 1H), 8.16 (dd, J = 1.8, 8.7 Hz, 1H), 8.10-8.04 (m, 4H), 7.94-7.87 (m, 3H), 7.63-7.53 (m, 2H), 7.50-7.42 (m,
6H), 4.53 (g, J = 7.2 Hz, 2H), 1.36 (t, J = 7.2 Hz, 3H); **C NMR (100 MHz, CDCls): § 170.0 (d, J = 8.7 Hz), 164.6
(d, J =16.9 Hz), 135.9, 134.8, 132.5, 131.9, 131.8, 131.6, 131.43, 131.40, 131.3, 129.7, 129.0, 128.9, 128.4, 128.3,
127.9, 127.1, 123.7, 62.3, 13.8; 3'P NMR (CDCls): § 51.8; HRMS (ESI) Anal. calcd. for C6H2302NPS m/z 444.1182
[M+H]*, found 444.1178.

Ethyl 2-((diphenylphosphorothioyl)imino)-2-(4-(trifluoromethyl)phenyl)acetate (61p)
S
Il
NPPh,
CO,Et
Fs;C

Procedure B: Yellow crystal; M. p.146-148 °C; IR (KBr): v 1733, 1638 cm*; *H NMR (400 MHz, CDCls): 6 8.07—
7.99 (m, 6H), 7.75 (d, J = 8.3 Hz, 2H), 7.51-7.43 (m, 6H), 4.48 (q, J = 7.2 Hz, 2H), 1.34 (t, J = 7.2 Hz, 3H); *C NMR
(100 MHz, CDCls): 6 168.5 (d, J = 8.4 Hz), 164.0 (d, J = 16.5 Hz), 137.4, 137.2, 135.2, 135.0, 134.6, 134.1, 131.69,
131.66, 131.4, 131.3, 129.2, 128.5, 128.4, 127.5, 125.90, 125.86, 125.82, 124.8, 122.1, 119.4, 62.6, 13.7; F NMR
(375 MHz, CDCls): §-63.2; 31P NMR (CDCl3): 6 52.9; HRMS (ESI) Anal. calcd. for C23H1s0,NFsNaPS m/z 484.0718
[M+Na]*, found 484.0716.

Ethyl 2-((diphenylphosphorothioyl)imino)-2-(4-fluorophenyl)acetate (61q)
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NPPh,
CO,Et

F

Procedure B: Yellow crystal; M. p.94-96 °C; IR (KBr): v 1737, 1644, 1600 cm*; 'H NMR (400 MHz, CDCls): &
8.05-7.51 (m, 6H), 7.48-7.41 (m, 6H), 7.20-7.14 (m, 2H), 4.46 (q, J = 7.2 Hz, 2H), 1.33 (t, J = 7.2 Hz, 3H); 3C NMR
(100 MHz, CDCls): 6 168.5 (d, J = 8.4 Hz), 167.4, 164.9, 164.3 (d, J = 16.7 Hz), 135.6, 134.6, 131.6, 131.53, 131.50,
131.47, 131.4, 131.2, 130.8, 130.7, 130.55, 130.52, 128.4, 128.3, 116.3, 116.1, 62.4, 13.7; °F NMR (375 MHz,
CDCls): 8 -103.5; 3P NMR (CDCls): 8 52.0; HRMS (ESI) Anal. calcd. for Cz,H190.NFNaPS m/z 434.0750 [M+Na]*,

found 434.0744.
Ethyl 2-(3-chloro-4-methylphenyl)-2-((diphenylphosphorothioyl)imino)acetate (61r)
S

[l
NPPh,

CO,Et

Cl

Procedure B: Yellow crystal; M. p.112-114 °C; IR (KBr): v 1742, 1639 cm™*; *H NMR (400 MHz, CDCls): 6 8.04—
7.98 (m, 4H), 7.93 (d, J = 1.8 Hz, 1H), 7.70 (dd, J = 1.8, 8.0 Hz, 1H), 7.50-7.42 (m, 6H), 7.34 (d, J = 8.0 Hz, 1H),
4.46 (q, J = 7.2 Hz, 2H), 2.45 (s, 3H), 1.33 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCls): & 168.6 (d, J = 8.5 Hz),
164.2 (d, J=16.7 Hz), 142.6, 135.5, 135.3, 134.5, 133.7, 133.5, 131.51, 131.49, 131.38, 131.33, 131.27, 129.2, 128.5,
128.3, 127.3, 62.4, 20.5, 13.7; 3'P NMR (CDClIs): & 52.2; HRMS (ESI) Anal. calcd. for Cp3H210,NCINaPS m/z

464.0611 [M+Na]*, found 464.0602.
Ethyl 2-((diphenylphosphorothioyl)imino)-2-(4-(trimethylsilyl)phenyl)acetate (61s)

S

Il
NPPh,

CO,Et
Me3Si

Procedure B: Yellow crystal; M. p.117-119 °C; IR (KBr): v 1736, 1628, 1592 cm™*; *H NMR (400 MHz, CDCl5): &
8.06-8.00 (m, 4H), 7.92 (d, J = 8.2 Hz, 2H), 7.65 (d, J = 8.2 Hz, 2H), 7.49-7.40 (m, 6H), 4.47 (g, J = 7.2 Hz, 2H),
1.33 (t, J = 7.2 Hz, 3H), 0.29 (s, 9H); *3C NMR (100 MHz, CDCls): 6 170.1 (d, J = 8.9 Hz), 164.5 (d, J = 17.0 Hz),
148.4, 135.8, 134.7, 134.5, 134.3, 133.7, 131.41, 131.38, 131.27, 128.4, 128.3, 127.9, 62.2, 13.8, -1.4; P NMR
(CDCls): 6 51.7; HRMS (ESI) Anal. calcd. for CasH2902NPSSi m/z 466.1420 [M+H]*, found 466.1422.

Ethyl 2-((diphenylphosphorothioyl)imino)-2-(4-methoxyphenyl)acetate (61t)

Il
NPPh,
CO,Et

MeO
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Procedure B: Yellow crystal; M. p.92-94 °C; IR (KBr): v 1734, 1627, 1594 cm*; 'H NMR (400 MHz, CDCls): &
8.05-7.99 (m, 4H), 7.95-7.92 (m, 2H), 7.48-7.40 (m, 6H), 6.99-6.95 (m, 2H), 4.45 (q, J = 7.2 Hz, 2H), 3.88 (s, 3H),
1.32 (t, J = 7.2 Hz, 3H); *3C NMR (100 MHz, CDCl3): 6 169.1 (d, J = 8.4 Hz), 164.7 (d, J = 17.0 Hz), 164.3, 136.2,
135.1, 131.37,131.33, 131.27, 131.24, 131.22, 128.3, 128.2, 127.2, 127.0, 114.3, 62.1, 55.6, 13.7; 3'P NMR (CDCly):
851.0; HRMS (ESI) Anal. calcd. for C23H2,03NNaPS m/z 446.0950 [M+Na]*, found 446.0942.

Ethyl 2-((diphenylphosphorothioyl)imino)-2-(4-(methylthio)phenyl)acetate (61u)

s
Il
NPPh,

CO,Et

MeS

Procedure B: Yellow crystal; M. p.121-123 °C; IR (KBr): v 1733, 1628, 1585 cm; *H NMR (400 MHz, CDCl5): &
8.04-7.99 (m, 4H), 7.87-7.85 (m, 2H), 7.48-7.40 (m, 6H), 7.30-7.27 (m, 2H), 4.45 (q, J = 7.2 Hz, 2H), 2.52 (s, 3H),
1.32 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCl3): 6 169.7 (d, J = 8.5 Hz), 164.5 (d, J = 16.8 Hz), 147.4, 136.0,
134.9, 131.34, 131.23, 130.6, 130.4, 129.3, 128.4, 128.2, 125.2, 62.2, 14.7, 13.7; 3'P NMR (CDCls): § 51.4;HRMS
(ESI) Anal. calcd. for C23H220.NnaPS; m/z 462.0722 [M+H]*, found 462.0717.

Ethyl 2-(benzo[d][1,3]dioxol-5-yl)-2-((diphenylphosphorothioyl)imino)acetate (61v)

S

Il
NPPh,

Ly
(o}

Procedure B: Yellow crystal; M. p.117-119 °C; IR (KBr): v 1734, 1636, 1616 cm™%; *H NMR (400 MHz, CDCls): §
8.04-7.98 (M, 4H), 7.55 (d, J = 1.7 Hz, 1H), 7.48-7.41 (m, TH), 6.87 (d, J = 8.2 Hz, 1H), 6.07 (s, 2H), 4.44 (q, J =
7.2 Hz, 2H), 1.32 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCls): § 168.8 (d, J = 8.2 Hz), 164.5 (d, J = 16.6 Hz),
152.7, 148.5, 136.0, 135.0, 131.33, 131.32, 131.2, 129.1, 128.7, 128.4, 128.2, 126.4, 108.3, 107.8, 102.1, 62.2, 13.7;
3P NMR (CDCl3): § 51.3; HRMS (ESI) Anal. calcd. for C2sH2104NPS m/z 438.0923 [M+H]*, found 438.0922.

Ethyl 2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-((diphenylphosphorothioyl)imino)acetate (61w)

S

Il
NPPh,

o
Soas
o

Procedure B: Yellow solid; IR (KBr): v 1733, 1634, 1593 cm™; *H NMR (400 MHz, CDCl5): § 8.04-7.98 (m, 4H),
7.55 (d, J = 2.1 Hz, 1H), 7.47-7.39 (m, 7H), 6.93 (d, J = 8.6 Hz, 1H), 4.44 (q, J = 7.2 Hz, 2H), 4.34-4.27 (m, 4H),
1.32 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCls):  169.0 (d, J = 8.3 Hz), 164.6 (d, J = 16.8 Hz), 148.9, 143.7,
135.0, 131.32, 131.29, 131.26, 131.22, 128.4, 128.2, 123.6, 118.1, 117.7, 64.8, 64.1, 62.2, 13.7; 3P NMR (CDCl5): &
51.1; HRMS (ESI) Anal. calcd. for C24H220sNNaPS m/z 474.0899 [M+Na]*, found 474.0895.

Ethyl 2-((diphenylphosphorothioyl)imino)-2-(thiophen-2-yl)acetate (4v)
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S

[l
NPPh,

S

\ |/

Procedure B: White crystal; M. p.114-115 °C; IR (KBr): v 1731, 1620 cm™*; *H NMR (400 MHz, CDCls): § 8.04—
7.98 (m, 4H), 7.69 (dd, J = 0.8, 5.0 Hz, 1H), 7.59 (dd, J = 0.9, 3.8 Hz, 1H), 7.46-7.41 (m, 6H), 7.16-7.14 (m, 1H),
4.44 (q, J=7.2 Hz, 2H), 1.33 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDClz): 5 163.5 (d, J = 9.2 Hz), 163.4, 142.3
(d, J=25.9 Hz), 136.0, 135.0, 134.9, 134.5, 131.35, 131.32, 131.29, 131.18, 128.8 (d, J = 1.4 Hz), 128.4, 128.2, 62.5,
13.7; 3P NMR (CDCls): § 51.1; HRMS (ESI) Anal. calcd. for CxH1s0.NNaPS, m/z 422.0409 [M+Na]*, found
422.0407.

CO,Et

Ethyl 2-((diphenylphosphorothioyl)imino)-2-(3-methoxyphenyl)acetate (61y)
S
]
NPPh,

CO,Et

OMe

Procedure B: Yellow crystal; M. p.72-74 °C; IR (KBr): v 1741, 1650 cm™; *H NMR (400 MHz, CDCls): § 8.05—
7.99 (m, 4H), 7.51-7.38 (m, 9H), 7.14-7.12 (m, 1H), 4.46 (9, J = 7.2 Hz, 2H), 3.85 (s, 3H), 1.33 (t, J = 7.2 Hz, 3H);
13C NMR (100 MHz, CDCls): § 169.8 (d, J = 8.8 Hz), 164.4 (d, J = 16.8 Hz), 159.8, 135.8, 135.7, 135.5, 134.6, 131.44,
131.41, 131.37, 131.3, 129.9, 128.4, 128.3, 121.8, 119.4, 113.9, 62.2, 55.4, 13.7; 3P NMR (CDCly): § 51.8; HRMS
(ESI) Anal. calcd. for C23H2203NNaPS m/z 446.0950 [M+Na]*, found 446.0944.

Ethyl 2-(3,5-bis(trifluoromethyl)phenyl)-2-((diphenylphosphorothioyl)imino)acetate (61z)

s
Il
NPPh,

F1C
CO,Et

CF;

Procedure B: Yellow crystal; M. p.125-127 °C; IR (KBr): v 1735, 1645 cm™*; *H NMR (400 MHz, CDCls): § 8.32
(s, 2H), 8.07 (s, 1H), 8.04-7.98 (m, 4H), 7.54-7.46 (m, 6H), 4.50 (g, J = 7.2 Hz, 2H), 1.36 (t, J = 7.2 Hz, 3H); *C
NMR (100 MHz, CDCls): 6 166.7 (d, J = 7.9 Hz), 163.4 (d, J = 16.0 Hz), 136.5, 136.3, 134.6, 133.6, 133.2, 132.8,
132.5,132.1, 131.92, 131.90, 131.4, 131.3, 128.7, 128.6, 128.5, 126.8, 126.64, 126.61, 126.57, 126.53, 126.5, 124.1,
121.4,118.7, 63.0, 13.7; F NMR (375 MHz, CDCls): § —63.1; 31P NMR (CDCls): 4 54.1; HRMS (ESI) Anal. calcd.
for Co4sH180,NFgNaPS m/z 552.0592 [M+Na]*, found 552.0580.

2-((Diphenylphosphorothioyl)imino)-V,/V-dimethyl-2-phenylacetamide (63a)

S

Il
NPPh,

NM82
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Procedure D: Yellow solid; IR (KBr): v 1645, 1590, 1574 cm*; 'H NMR (400 MHz, CDCls): § 8.08-7.99 (m, 6H),
7.60-7.56 (m, 1H), 7.51-7.41 (m, 8H), 3.06 (s, 3H), 2.78 (s, 3H); 3C NMR (100 MHz, CDCls): § 174.2 (d, J =8.0
Hz), 165.9 (d, J = 14.7 Hz), 135.8, 134.8, 134.7, 134.5, 133.6, 131.46, 131.38, 131.35, 129.0, 128.9, 128.4, 128.3,
37.7, 34.0; 3P NMR (CDCl5): & 51.1; HRMS (ESI) Anal. calcd. for C2,H210N,NaPS m/z 415.1004 [M+Na]*, found
415.1002.

N,N-Dibenzyl-2-((diphenylphosphorothioyl)imino)-2-phenylacetamide (63b)

S
Il
NPPh,
Nan

(o]

Procedure D: Brown solid; IR (KBr): v 1631, 1594, 1577 cm; *H NMR (400 MHz, CDCls): & 8.11-8.05 (m, 4H),
7.98-7.95 (m, 2H), 7.58-7.54 (m, 1H), 7.46-7.42 (m, 8H), 7.24-7.23 (m, 5H), 7.13-7.09 (m, 1H), 7.05-7.03 (m, 2H),
6.83-6.81 (m, 2H), 4.62 (s, 2H), 4.24 (s, 3H); °C NMR (100 MHz, CDCls): § 173.9 (d, J = 8.4 Hz), 166.7 (d, J = 14.6
Hz), 136.0, 135.8, 135.5, 135.3, 134.8, 134.6, 133.4, 131.49, 131.42, 131.39, 129.8, 129.1, 128.9, 128.5, 128.32,
128.27,128.1, 127.8, 127.3,53.2, 48.1; 3P NMR (CDCls): § 51.1; HRMS (ESI) Anal. calcd. for CasHagON,NaPS m/z
567.1630 [M+Na]*, found 567.1625.

N-(2-Oxo-1-phenyl-2-(piperidin-1-yl)ethylidene)-P,P-diphenylphosphinothioic amide (63c)

Procedure D: Yellow solid; IR (KBr): v 2937, 2855, 1643, 1590, 1574 cm™; *H NMR (400 MHz, CDCls): § 8.05-
8.02 (m, 6H), 7.61-7.56 (m, 1H), 7.51-7.42 (m, 8H), 3.69 (brs, 2H), 3.13 (t, J = 5.7 Hz, 2H), 1.71-1.39 (m, 6H); 3C
NMR (100 MHz, CDCls): 6 174.2 (d, J = 8.0 Hz), 164.2 (d, J = 14.6 Hz), 135.9, 135.0, 134.8, 134.7, 133.6, 131.5,
131.4,131.37,131.30, 129.0, 128.9, 128.4, 128.3, 47.4, 41.8, 25.1, 24.7, 24.2; 3'P NMR (CDCls):  51.0; HRMS (ESI)
Anal. calcd. for CasH250N2NaPS m/z 455.1317 [M+Na]*, found 455.1310.

N-(2-Ox0-2-(2-0xo00xazolidin-3-yl)-1-phenylethylidene)-P,P-diphenylphosphinothioic amide (63d)
I
NPPh,
o o
Procedure D: Yellow solid; IR (KBr): v 1786, 1692, 1685, 1626, 1588, 1574 cm™; 'H NMR (400 MHz, CDCls): &
8.06-8.01 (m, 2H), 7.95-7.90 (m, 4H), 7.59-7.55 (m, 1H), 7.49-7.39 (m, 8H), 4.61-4.55 (m, 1H), 4.51-4.45 (m, 1H),
4.36-4.29 (m, 1H), 4.18-4.12 (m, 1H); 3C NMR (100 MHz, CDClz): § 170.7 (d, J = 9.6 Hz), 16.7 (d, J = 17.1 Hz),
153.1, 135.4, 135.2, 134.7, 134.5, 134.3, 134.2, 133.5, 131.55, 131.51, 131.48, 131.45, 131.3, 131.2, 131.1, 128.9,

128.6, 128.5, 128.4, 63.6, 41.5; 3P NMR (CDCls): & 51.8; HRMS (ESI) Anal. calcd. for CosHi03N.NaPS m/z
457.0746 [M+Na]*, found 457.0742.

N-((4,4-Dimethyl-4,5-dihydrooxazol-2-yl)(phenyl)methylene)-P,P-diphenylphosphinothioic amide (64)
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Yellow solid; IR (KBr): v 1673, 1636, 1616, 1589, 1576 cm*; H NMR (400 MHz, CDCls): & 8.06-8.00 (m, 6H),
7.58-7.54 (m, 1H), 7.48-7.40 (m, 8H), 4.19 (s, 2H), 1.46 (s, 6H); 3C NMR (100 MHz, CDCls): § 168.2 (d, J = 10.3
Hz), 156.0 (d, J = 15.6 Hz), 136.4, 136.3, 136.2, 135.2, 133.5, 131.4, 131.3, 131.23, 131.20, 129.3, 128.7, 128.3, 128.2,
79.1, 69.0, 27.8; 3P NMR (CDCl3): & 51.6; HRMS (ESI) Anal. calcd. for CosHa4ON2PS m/z 419.1341 [M+Na]*,
found 419.1339.

4.2.2 Procedures for preparation of NHC precursor®

(5aR,10bS)-2-(3,5-Dimethylphenyl)-5a,10b-dihydro-4H,6 H-indeno[2,1-b][1,2,4]triazolo[4,3-d][1,4] oxazin-2-
ium tetrafluoroborate (L11)

—BF4
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White solid; M. p.249-252 °C; IR (KBr): v 3421, 3130, 3102, 3055, 3016, 2923, 1621, 1584, 1540, 1483, 1461, 1447,
1427, 1104, 1084, 1006 cm™%; *H NMR (400 MHz, CDsCN): § 10.28 (s, 1H), 7.62-7.60 (m, 1H), 7.52 (t, J = 0.6 Hz,
2H), 7.42-7.32 (m, 4H), 5.93 (d, J = 4.2 Hz, 1H), 5.17 (d, J = 16.4 Hz, 1H), 5.03 (dd, J = 0.2, 16.4 Hz, 1H), 4.95-
4.93 (m, 1H), 3.45 (dd, J = 5.0, 17.2 Hz, 1H), 3.23 (d, J = 17.2 Hz, 1H), 2.45 (d, J = 0.6 Hz, 6H); 13C NMR (100 MHz,
CDsCN): 8 151.1, 141.68, 141.65, 140.3, 136.0, 133.5, 130.6, 128.2, 126.6, 125.5, 119.6, 78.2, 62.6, 60.9, 37.8, 21.2;
HRMS (ESI) Anal. calcd. for C2oH200N3 m/z 318.1601 [M-BF4]*, found 318.1602. [a]o%® 246.0 (c 0.59, CH3CN).

(5aR,10bS)-2-([1,1':3",1""-Terphenyl]-5'-yl)-5a,10b-dihydro-4 H,6 H-indeno|2,1-b][1,2,4]triazolo[4,3-
d][1,4]oxazin-2-ium tetrafluoroborate (L12)

Ph
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Pale yellow solid; IR (KBr): v 3418, 3054, 2931, 1732, 1614, 1593, 1578, 1535, 1499, 1473, 1462, 1438, 1102, 1083,
1063 cm; *H NMR (400 MHz, CDsCN): & 10.47 (s, 1H), 8.16 (t, J = 1.6 Hz, 1H), 8.09 (d, J = 1.6 Hz, 2H), 7.85—
7.82 (m, 4H), 7.67 (d, J = 7.1 Hz, 1H), 7.59-7.55 (m, 4H), 7.52-7.48 (m, 2H), 7.44-7.38 (m, 3H), 5.98 (d, J = 4.2 Hz,
1H), 5.22 (d, J = 16.4 Hz, 1H), 5.05 (d, J = 16.4 Hz, 1H), 4.99-4.97 (m, 1H), 3.47 (dd, J = 5.0, 17.2 Hz, 1H), 3.25 (d,
J =17.2 Hz, 1H); 3C NMR (100 MHz, CDsCN): § 151.1, 144.6, 141.6, 140.9, 139.5, 137.0, 135.9, 130.6, 130.0,
129.6,128.2,128.1, 126.6, 125.4, 119.3, 78.1, 62.7, 60.8, 37.7; HRMS (ESI) Anal. calcd. for CaH24ON3 m/z 442.1914
[M-BF4]*, found 442.1912. [a]o® 212.4 (c 0.76, CH3CN).

61



(5aR,10bS)-2-(Naphthalen-1-yl)-5a,10b-dihydro-4H,6 H-indeno[2,1-b][1,2,4]triazolo[4,3-d][1,4] oxazin-2-ium
tetrafluoroborate (L13)
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Purple solid; M. p.224-227 °C; IR (KBr): v 3421, 3112, 3077, 3032, 2940, 1600, 1577, 1527, 1514, 1486, 1461, 1427,
1120, 1101, 1084, 1019, 1005 cm%; *H NMR (400 MHz, CDsCN): & 10.24 (s, 1H), 8.29 (d, J = 8.3 Hz, 1H), 8.16—
8.13 (m, 1H), 7.90-7.85 (m, 2H), 7.77-7.69 (m, 3H), 7.57 (d, J = 7.4 Hz, 1H), 7.45-7.36 (m, 3H), 6.03 (d, J = 4.2 Hz,
1H), 5.24 (d, J = 16.4 Hz, 1H), 5.09 (d, J = 16.4 Hz, 1H), 5.03-5.01 (m, 1H), 3.51 (dd, J = 5.1, 17.2 Hz, 1H), 3.28 (d,
J = 17.2 Hz, 1H); 3C NMR (100 MHz, CDsCN): § 151.5, 143.9, 141.8, 136.1, 135.1, 133.5, 132.1, 130.6, 129.6,
129.5, 128.7, 128.4, 128.2, 126.7, 126.2, 126.1, 125.5, 122.6, 78.3, 62.7, 61.1, 37.9; HRMS (ESI) Anal. calcd. for
C2oH1s0N3 m/z 340.1444 [M-BF,]*, found 340.1446. [a]o? 138.5 (c 0.76, CH3CN).

(5aR,10bS)-2-(2,6-Diethylphenyl)-5a,10b-dihydro-4H,6 H-indeno[2,1-b][1,2,4]triazolo[4,3-d][1,4] oxazin-2-ium
tetrafluoroborate (L.14)
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White solid; M. p.204-206 °C; IR (KBr): v 3421, 3124, 3088, 3049, 2973, 2938, 2905, 2880, 1579, 1531, 1485, 1463,
1432, 1105, 1086, 1058, 1001 cm%; *H NMR (400 MHz, CDsCN): & 10.11 (s, 1H), 7.63 (t, J = 7.7 Hz, 1H), 7.45—
7.36 (m, 6H), 6.02 (d, J = 4.2 Hz, 1H), 5.17 (d, J = 16.2 Hz, 1H), 5.05-5.01 (m, 2H), 3.50 (dd, J = 5.0, 17.3 Hz, 1H),
3.25 (d, J = 17.3 Hz, 1H), 2.42 (brs, 4H), 1.14 (S, 6H); 3C NMR (100 MHz, CDsCN): § 151.8, 143.9, 142.5, 141.8,
136.5, 133.4, 130.6, 128.44, 128.40, 126.8, 124.5, 78.1, 62.8, 61.1, 38.0, 24.6, 15.4; HRMS (ESI) Anal. calcd. for
C22H240Ns m/z 346.1914 [M-BF4]*, found 346.1911. [a]o?* 89.9 (¢ 0.55, CHsCN).

4.2.3 Procedures for construction of «f-diamino derivatives bearing contiguous tri- and tetrasubstituted
stereocenters

A flame-dried 20 mL test tube equipped with a magnetic stirring bar and 3-way glass stopcock was charged with 9-
Fluorenylidene-protected a-iminoacetonitrile (43.7 mg, 0.2 mmol), corresponding N-thioketimine (0.22 mmol, 1.1
equiv), (R)-2,2-Bis[Bis(4—methoxyl-3,5-dimethylphenyl)phosphino]-,4’,6,6  tetramethoxylbiphenyl (5.2 mg, 0.006
mmol, 3 mol%) and [Cu(CH3sCN)4]PFs (2.2 mg, 0.006 mmol, 3 mol%) in a glove box under Ar atmosphere. After
evacuating for 5 min, the tube was backfilled with Ar and anhydrous PhMe was added at rt. The mixture solution was
stirred for 20min at rt, then cooled to —78 °C and LiO'Bu (10 uL, 0.01 mmol, 5 mmol%) was added, then the resulting
solution was stirred at the same temperature. The reaction was quenched with AcOH (0.2 mL) (0.1N in PhMe), then
sat. NH4Cl solution was added. The mixture was extracted with ethyl acetate, and the organic layers were combined
and dried over anhydrous Na,SOs. After filtration and concentration under reduced pressure, the obtained crude
product was purified by silica gel column chromatography (n—Hexane/Ethyl acetate) to afford the desired product.

N-((1R,2R)-1-((9H-Fluoren-9-ylidene)amino)-1-cyano-2-methyl-4-phenylbutan-2-yl)-P,P-
diphenylphosphinothioic amide (31a)
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Yellow crystal; M. p. 152-153 °C; IR (CHCIs): v 2237, 1730, 1711, 1648, 1602 cm™*; *H NMR (400 MHz, CDCls): &
8.19-8.14 (m, 2H), 7.89 (d, J = 7.8 Hz, 1H), 7.65 (t, J = 7.3 Hz, 2H), 7.59-7.49 (m, 7H), 7.47-7.42 (m, 1H), 7.39-
7.33 (m, 2H), 7.29-7.17 (m, 8H), 6.55 (s, 1H), 3.50 (d, J = 2.3 Hz, 1H), 2.93 (dt, J = 4.6, 13.5 Hz, 1H), 2.79 (dt, J =
5.5, 12.4 Hz, 1H), 2.57 (dt, J = 4.8, 14.0 Hz, 1H), 2.21-2.12 (m, 1H), 1.63 (s, 3H); **C NMR (100 MHz, CDCls): §
169.3, 144.1, 141.7, 141.4, 137.7, 136.8, 135.8, 134.9, 133.9, 132.8, 132.54, 132.43, 132.1, 131.9 (d, J = 2.9 Hz),
131.4 (d, J=2.9 Hz), 131.1, 130.2, 130.1, 128.62, 128.57, 128.4, 128.31, 128.29, 128.24, 126.0, 122.7, 120.6, 119.7,
117.2,61.6 (d, J = 3.8 Hz), 57.8 (d, J = 1.9 Hz), 39.6 (d, J = 7.6 Hz), 30.0, 20.9 (d, J = 3.8 Hz); 3P NMR (CDCl5): &
54.0; HRMS (ESI) Anal. calcd. for Cs7H32NsNaPS m/z 604.1947 [M+Na]*, found 604.1942; [a]o® 3.9 (c 2.53, CHClI;,
99% ee sample after separation of anti diastereomer by recrystallizaton); Enantiomeric excess of the product was
determined to be 94% ee by chiral stationary phase HPLC analysis (CHIRALPAK IE (# 0.46 cm x 25 cm), 2—
propanol/n—hexane = 1/17, flow rate 2.0 mL/min, detection at 254 nm, tz = 10.9 min (minor), 14.4 min (major)).

N-((1R,2R)-1-((9H-Fluoren-9-ylidene)amino)-1-cyano-4-(6-methoxynaphthalen-2-yl)-2-methylbutan-2-yl)-
P,P-diphenylphosphinothioic amide (31b)

Amorphous yellow powder; IR (CHCIs): v 2363, 1728, 1649, 1606 cm™; *H NMR (400 MHz, CDCls): 6 8.21-8.15
(m, 2H), 7.84 (d, J = 7.8 Hz, 1H), 7.67-7.62 (m, 4H), 7.59-7.50 (m, 8H), 7.49-7.41 (m, 2H), 7.36-7.24 (m, 3H), 7.22—
7.16 (m, 2H), 7.12-7.09 (m, 2H), 6.51 (s, 1H), 3.90 (s, 3H), 3.54 (d, J = 2.3 Hz, 1H), 3.09-3.01 (m, 1H), 2.96-2.88
(m, 1H), 2.69-2.61 (m, 1H), 2.30-2.21 (m, 1H), 1.66 (s, 3H); **C NMR (100 MHz, CDCls): § 169.3, 157.2, 144.1,
141.8,137.8, 136.8, 136.6, 135.8, 135.1, 134.0, 133.0, 132.8, 132.6, 132.5, 132.2,131.9 (d, J=2.9 Hz), 131.4 (d, J =
1.9 Hz), 131.2, 130.3, 130.2, 129.0, 128.8, 128.7, 128.6, 128.5, 128.45, 128.35, 128.3, 127.6, 127.0, 126.2, 122.8,
120.6, 119.7, 118.8, 117.3, 105.6, 61.8 (d, J = 3.8 Hz), 58.0, 55.3, 39.4 (d, J = 6.7 Hz), 30.0, 21.1 (d, J = 3.8 Hz); 3'P
NMR (CDCls): 6 53.9; HRMS (ESI) Anal. calcd. for C42H3sON3NaPS m/z 684.2209 [M+Na]*, found 684.2200; [a]p?’
-15.8 (c 0.83, CHCls, 99% ee sample after separation of anti diastereomer by chiral stationary phase HPLC);
Enantiomeric excess of the product was determined to be 94% ee by chiral stationary phase HPLC analysis
(CHIRALPAK AD3 (g 0.46 cm x 25 cm), 2—propanol/n—-hexane/diethylamine = 1/17/0.1, flow rate 0.8 mL/min,
detection at 254 nm, tr = 52.9 min (major), 57.3 min (minor)).

N-((1R,2R)-1-((9H-Fluoren-9-ylidene)amino)-1-cyano-2-methylheptan-2-yl)-P,P-diphenylphosphinothioic
amide (31c)
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Amorphous yellow powder; IR (CHCI3): v 2237, 1711, 1649, 1602 cm™*; *H NMR (400 MHz, CDClz): 6 8.16-8.11
(m, 2H), 7.97 (d, J = 8.0 Hz, 1H), 7.67 (t, J = 9.4 Hz, 2H), 7.60-7.42 (m, 8H), 7.40-7.32 (m, 2H) 7.27-7.24 (m, 1H),
7.21-7.17 (m, 2H), 6.53 (s, 1H), 3.39 (d, J = 1.4 Hz, 1H), 2.17 (dt, J = 3.4, 13.5 Hz, 1H), 1.83-1.74 (m, 1H), 1.52 (s,
3H), 1.43-1.21 (m, 6H), 0.88 (t, J = 6.2 Hz, 3H); 3C NMR (100 MHz, CDCl3): § 169.1, 144.1, 141.7, 137.8, 136.9,
135.9,135.1, 134.0, 132.7, 132.5, 132.4,132.1, 131.8 (d, J = 2.9 Hz), 131.3 (d, J = 2.9 Hz), 131.2, 130.3, 130.2, 128.7,
128.5,128.4,128.35 (d, J = 1.9 Hz), 128.2 (d, J = 1.9 Hz), 122.7, 120.6, 119.7, 117.4, 61.6 (d, J = 3.8 Hz), 58.0, 37.8
(d, J =7.6 Hz), 32.0, 23.3, 22.6, 20.8 (d, J = 2.9 Hz), 14.0; 3P NMR (CDCls): & 53.7; HRMS (ESI) Anal. calcd. for
CasH34N3NaPS m/z 570.2103 [M+Na]*, found 570.2101; [a]n?” 48.7 (c 3.40, CHCIl3, 99% ee sample after separation
of anti diastereomer by recrystallizaton); Enantiomeric excess of the product was determined to be 91% ee by chiral
stationary phase HPLC analysis (CHIRALPAK IE (g 0.46 cm x 25 cm), 2—propanol/n—hexane = 1/17, flow rate 2.0
mL/min, detection at 254 nm, tg = 7.6 min (minor), 10.5 min (major)).

N-((1R,2R)-1-((9H-Fluoren-9-ylidene)amino)-1-cyano-2,5-dimethylhexan-2-yl)-P,P-diphenylphosphinothioic
amide (31d)
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Amorphous yellow powder; IR (CHCI3): v 2361, 1732, 1648, 1602 cm™*; *H NMR (400 MHz, CDCls): 6 8.17-8.12
(m, 2H), 7.96 (d, J = 7.8 Hz, 1H), 7.66 (t, J = 13.0 Hz, 2H), 7.60—7.33 (m, 10H), 7.28-7.18 (m, 3H), 6.47 (s, 1H), 3.43
(d, J = 1.8 Hz, 1H), 2.19 (dt, J = 3.0, 13.0 Hz, 1H), 1.84-1.76 (m, 1H), 1.52-1.40 (m, 5H), 1.28-1.21 (m, 1H), 0.86
(t, J = 5.0 Hz, 6H); *3C NMR (100 MHz, CDCly): § 169.1, 144.2, 141.8, 137.9, 137.0, 136.0, 135.2, 134.2, 132.8,
132.6, 132.5, 132.1, 131.8 (d, J = 2.9 Hz), 131.4 (d, J = 2.9 Hz), 131.2, 130.3, 130.2, 128.8, 128.6, 128.5, 128.44,
128.37,128.3, 128.2, 122.8, 120.6, 119.7, 117.3, 61.7 (d, J = 3.8 Hz), 58.1, 35.8 (d, J = 7.6 Hz), 32.5, 28.4,22.8, 22.4,
21.0 (d, J = 3.8 Hz); 3P NMR (CDCls): 6 53.6; HRMS (ESI) Anal. calcd. for CssHssN3sNaPS m/z 570.2103 [M+Na]",
found 570.2093; [a]p?* 48.2 (¢ 0.57, CHCls, 99% ee sample after separation of anti diastereomer by chiral stationary
phase HPLC); Enantiomeric excess of the product was determined to be 95% ee by chiral stationary phase HPLC
analysis (CHIRALPAK OD3 (g 0.46 cm x 25 cm), 2—propanol/n—hexane/diethylamine = 1/17/0.1, flow rate 0.8
mL/min, detection at 254 nm, tgr = 61.1 min (minor), 69.4 min (major)).

4

N-((1R,2R)-1-((9H-Fluoren-9-ylidene)amino)-1-cyano-2,6-dimethylhept-5-en-2-yl)-P,P-
diphenylphosphinothioic amide (31e)
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Amorphous yellow powder; IR (CHCI3): v 2323, 1732, 1648, 1602 cm™*; *H NMR (400 MHz, CDClz): 6 8.18-8.13
(m, 2H), 7.54 (d, J =7.8 Hz, 1H), 7.66 (t, J = 7.6 Hz, 2H), 7.58-7.41 (m, 8H), 7.39-7.31 (m, 2H), 7.27-7.23 (m, 1H),
7.20-7.15 (m, 2H), 6.50 (s, 1H), 5.11 (t, J = 6.4 Hz 1H), 3.45 (d, J = 2.3 Hz, 1H), 2.29-2.16 (m, 3H), 1.89-1.83 (m,
1H), 1.67 (s, 3H), 1.55 (s, 6H); 3C NMR (100 MHz, CDCls): § 169.1, 144.0, 141.6, 137.7, 136.8, 135.8, 135.0, 133.9,
132.7, 132.5, 132.4, 132.2, 132.0, 131.8 (d, J = 2.9 Hz), 131.3 (d, J = 2.9 Hz), 131.1, 130.1, 130.0, 128.53, 128.46,
128.3(d, J=19.1 Hz), 128.31, 128.2, 123.7, 122.6, 120.6, 119.7, 117.2, 61.5 (d, J = 3.8 Hz), 57.8 (d, J = 1.9 Hz), 37.9
(d, J = 7.6 Hz), 25.6, 22.3, 20.7 (d, J = 3.8 Hz), 17.7; 3'P NMR (CDCls): & 53.8; HRMS (ESI) Anal. calcd. for
CssHa4N3NaPS m/z 582.2103 [M+Na]*, found 582.2098; [a]p%’ 25.3 (¢ 5.78, CHCI3 98% ee sample after separation
of anti diastereomer by recrystallizaton); Enantiomeric excess of the product was determined to be 90% ee by chiral
stationary phase HPLC analysis (CHIRALPAK IE (2 0.46 cm x 25 cm), 2—propanol/n—hexane = 1/17, flow rate 1.0
mL/min, detection at 254 nm, tg = 14.0 min (minor), 18.5 min (major)).

N-((1R,2R)-1-((9H-Fluoren-9-ylidene)amino)-1-cyano-2-methylhex-5-en-2-yl)-P,P-diphenylphosphinothioic
amide (31f)
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Amorphous yellow powder; IR (CHCI3): v 2361, 1737, 1647, 1602 cm™*; IH NMR (400 MHz, CDCls): § 8.16-8.11
(m, 2H), 7.96 (d, J = 7.8 Hz, 1H), 7.67 (dd, J = 7.3, 12.6 Hz, 2H), 7.59-7.32 (m, 10H), 7.27-7.24 (m, 1H), 7.19-7.15
(m, 2H), 6.60 (s, 1H), 5.86-5.76 (m, 1H), 5.06-4.96 (m, 2H), 3.41 (s, 1H), 2.36-2.30 (m, 2H), 2.25-2.19 (m, 1H),
1.95-1.86 (m, 1H), 1.54—1.53 (m, 3H); 3C NMR (100 MHz, CDCls): & 169.3, 144.2, 141.8, 138.0, 137.9, 136.9,
135.9,134.8,133.8,132.8, 132.7,132.5,132.2,131.9 (d, J = 2.9 Hz), 131.4 (d, J = 2.9 Hz), 131.2, 130.2, 130.1, 128.7,
128.6, 128.54, 128.47, 128.45, 128.32, 128.30, 122.8, 120.6, 119.8, 117.3, 115.1, 61.5 (d, J = 3.8 Hz), 57.8, 37.1 (d, J
= 8.6 Hz), 27.9, 20.7 (d, J = 3.8 Hz); 3P NMR (CDClz): & 54.0; HRMS (ESI) Anal. calcd. for CssHaoN3sNaPS m/z
554.1790 [M+Na]*, found 554.1780; [o]p?” 25.7 (¢ 0.35, CHCl3, 92% ee sample after separation of anti diastereomer
by recrystallizaton); Enantiomeric excess of the product was determined to be 90% ee by chiral stationary phase HPLC
analysis (CHIRALPAK IE (g 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/17, flow rate 2.0 mL/min, detection at 254
nm, tr = 8.3 min (minor), 10.9 min (major)).

2

N-((1R,2R)-1-((9H-Fluoren-9-ylidene)amino)-1-cyano-2-methyloct-5-yn-2-yl)-P,P-diphenylphosphinothioic
amide (319)
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Amorphous yellow powder; IR (CHCI3): v 2359, 1728, 1649, 1602 cm™*; *H NMR (400 MHz, CDCls): 6 8.18-8.12
(m, 2H), 7.94 (d, J = 7.6 Hz, 1H), 7.73 (d, J = 7.3 Hz, 1H), 7.66 (d, J = 7.6 Hz, 1H), 7.60-7.43 (m, 8H), 7.39-7.35
(m, 1H), 7.33-7.24 (m, 2H), 7.16-7.11 (m, 2H), 6.61 (s, 1H), 3.68 (d, J = 1.8 Hz, 1H), 2.52-2.42 (m, 3H), 2.09-1.98
(m, 3H), 1.52 (s, 3H), 1.01 (t, J = 7.6 Hz, 3H); °C NMR (100 MHz, CDCls): § 169.2, 144.1, 141.7, 137.8, 136.9,
135.8,134.8,133.7,132.7,132.6, 132.5, 132.1, 131.9 (d, J = 2.9 Hz), 131.3 (d, J = 2.9 Hz), 131.1, 130.0, 129.9, 128.6,
128.5, 128.4, 128.2, 122.8, 120.6, 119.7, 117.1, 82.6, 79.0, 61.3 (d, J = 3.8 Hz), 57.3, 37.3 (d, J = 8.6 Hz), 20.8 (d, J
= 3.8 Hz), 14.0, 13.7, 12.2; 3P NMR (CDCls): & 54.0; HRMS (ESI) Anal. calcd. for CssHs2N3NaPS m/z 580.1947
[M+Na]*, found 580.1937; [a]o® 42.3 (¢ 2.34, CHCIl3, 99% ee sample after separation of anti diastereomer by
recrystallizaton); Enantiomeric excess of the product was determined to be 88% ee by chiral stationary phase HPLC
analysis (CHIRALPAK IB3 (# 0.46 cm x 25 cm), 2—propanol/n—hexane/diethylamine = 1/17/0.1, flow rate 1.0
mL/min, detection at 254 nm, tg = 7.9 min (minor), 29.4 min (major)).

N-((1R,2R)-1-((9H-Fluoren-9-ylidene)amino)-5-(benzyloxy)-1-cyano-2-methylpentan-2-yl)-P,P-
diphenylphosphinothioic amide (31h)

S
Ml

Ph,P
2’>NH
Bno\/\}l\/CN

Amorphous yellow powder; IR (CHCI3): v 2361, 1728, 1649, 1601 cm™*; *H NMR (400 MHz, CDCls): 6 8.15-8.10
(m, 2H), 7.96 (d, J = 7.8 Hz, 1H), 7.69-7.64 (m, 2H), 7.59-7.42 (m, 9H), 7.39-7.23 (m, 7H), 7.18-7.13 (m, 2H), 6.62
(s, 1H), 4.45 (s, 2H), 3.52-3.38 (m, 3H), 2.37-2.31 (m, 1H), 1.96-1.84 (m, 2H), 1.82—1.72 (m, 1H), 1.53 (s, 3H); 3C
NMR (100 MHz, CDCls): 8 169.2, 144.1, 141.8, 138.2, 137.9, 136.9, 135.8, 134.9, 133.9, 132.7, 132.6, 132.5, 132.1,
131.9(d, J =2.9 Hz), 131.3 (d, J = 2.9 Hz), 131.2, 130.3, 130.1, 128.7, 128.5, 128.41, 128.37, 128.3 (d, J = 1.9 Hz),
127.7,127.6, 122.8, 120.6, 119.7, 117.3, 73.1, 70.3, 61.4 (d, J = 3.8 Hz), 57.7, 34.7 (d, J = 7.6 Hz), 24.1,20.8 (d, J =
3.8 Hz); 3P NMR (CDCls): 8 53.9; HRMS (ESI) Anal. calcd. for C3sH3sONsNaPS m/z 648.2209 [M+Na]*, found
648.2201; [o]po®" 25.8 (c 1.05, CHCIls, 92% ee sample after separation of anti diastereomer by recrystallizaton);
Enantiomeric excess of the product was determined to be 91% ee by chiral stationary phase HPLC analysis
(CHIRALPAK 1IB3 (7 0.46 cm x 25 cm), 2—propanol/n-hexane/diethylamine = 1/17/0.1, flow rate 1.0 mL/min,
detection at 254 nm, tr = 11.0 min (minor), 54.0 min (major)).

2Zum

Ethyl (5R,6R)-6-((9H-fluoren-9-ylidene)amino)-6-cyano-5-((diphenylphosphorothioyl)amino)-5-
methylhexanoate (31i)
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Amorphous yellow powder; IR (CHCI3): v 2359, 1727, 1649, 1601 cm™; *H NMR (400 MHz, CDCls): 6 8.16-8.10
(m, 2H), 7.96 (d, J = 7.6 Hz, 1H), 7.66 (t, J = 6.4 Hz, 2H), 7.59-7.42 (m, 8H), 7.40-7.31 (m, 2H), 7.27-7.24 (m, 1H),
7.20-7.15 (m, 2H), 6.60 (s, 1H), 4.12 (g, J = 7.1 Hz, 2H), 3.42 (d, J = 2.0 Hz, 1H), 2.35-2.20 (m, 3H), 1.96-1.87 (M
1H), 1.85-1.73 (m, 2H), 1.54 (s, 3H), 1.24 (t, J = 7.1 Hz, 3H); *C NMR (100 MHz, CDCl3): § 173.2, 169.1, 144.0,
141.6, 137.6, 136.6, 135.6, 134.8, 133.8, 132.7, 132.4, 132.3, 132.0, 131.8 (d, J = 1.9 Hz), 131.3 (d, J = 2.9 Hz), 131.0,
130.2, 130.1, 128.6, 128.4, 128.34, 128.31, 128.20, 128.15, 122.6, 120.5, 119.6, 117.1, 61.4 (d, J = 2.9 Hz), 60.2, 57.6,
37.1(d, J=7.6 Hz), 34.0, 20.6 (d, J = 3.8 Hz), 19.0, 14.1; 3P NMR (CDCls): 5 53.9; HRMS (ESI) Anal. calcd. for
CssH3402N3NaPS m/z 614.2002 [M+Na]*, found 614.1995; [a]n?® 38.3 (¢ 3.88, CHClI3, 93% ee sample after separation
of anti diastereomer by recrystallizaton); Enantiomeric excess of the product was determined to be 92% ee by chiral
stationary phase HPLC analysis (CHIRALPAK IB3 (g 0.46 cm x 25 cm), 2—propanol/n—hexane/diethylamine =
1/17/0.1, flow rate 0.8 mL/min, detection at 254 nm, tg = 11.1 min (minor), 63.6 min (major)).

N-((1R,2R)-1-((9H-Fluoren-9-ylidene)amino)-1-cyano-5-isocyano-2-methylpentan-2-yl)-P,P-
diphenylphosphinothioic amide (31j)

i
Ph,P.

Amorphous yellow powder; IR (CHCI3): v 2249, 1730, 1648, 1601 cm™*; IH NMR (400 MHz, CDCls): § 8.11-8.05
(m, 2H), 7.94 (d, J = 7.8 Hz, 1H), 7.67 (t, J = 7.6 Hz, 2H), 7.59-7.42 (m, 8H), 7.40-7.36 (m, 2H), 7.28-7.19 (m, 3H),
6.63 (s, 1H), 3.40 (d, J = 2.1 Hz, 1H), 2.36-2.18 (m, 3H), 1.99-1.79 (m, 3H), 1.55 (s, 3H); **C NMR (100 MHz,
CDCls): 5 169.6, 144.1, 141.7, 137.6, 136.3, 135.3, 134.6, 133.6, 132.9, 132.30, 132.26, 132.2, 132.1 (d, J = 2.9 Hz),
131.6 (d, J = 3.8 Hz), 131.1, 130.4, 130.3, 128.7, 128.64, 128.57, 128.5, 128.44, 128.37, 122.8, 120.7, 119.8, 119.3,
117.0, 61.2 (d, J = 3.8 Hz), 57.7, 37.0 (d, J = 6.7 Hz), 20.7 (d, J = 3.8 Hz), 20.3, 17.3; 3'P NMR (CDCls): & 54.1;
HRMS (ESI) Anal. calcd. for CssH2gN4NaPS m/z 567.1743 [M+Na]*, found 567.1733; [a]o?® 50.9 (c 1.78, CHCls, 99%
ee sample after separation of anti diastereomer by recrystallizaton); Enantiomeric excess of the product was
determined to be 87% ee by chiral stationary phase HPLC analysis (CHIRALPAK IE (# 0.46 cm x 25 cm), 2—
propanol/n-hexane = 1/5, flow rate 1.0 mL/min, detection at 254 nm, tr = 24.0 min (minor), 27.3 min (major)).

N-((1R,2R)-1-((9H-Fluoren-9-ylidene)amino)-1-cyano-6-(3,7-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-
1-yl)-2-methylhexan-2-yl)-P,P-diphenylphosphinothioic amide (31k)
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Amorphous yellow powder; IR (CHCIs): v 2359, 1732, 1656, 1603 cm™*; *H NMR (400 MHz, CDCl3): & 8.13-8.08
(m, 2H), 7.95 (d, J = 7.8 Hz, 1H), 7.75 (d, J = 7.6 Hz, 1H), 7.63 (d, J = 7.3 Hz, 1H), 7.57 (d, J = 7.6 Hz, 1H), 7.54—
7.40 (m, 8H), 7.36 (dt, J = 1.2, 6.2 Hz, 1H), 7.31-7.26 (m, 2H), 7.13 (dt, J = 3.2, 7.8 Hz, 2H), 6.60 (s, 1H), 4.12-3.99
(m, 2H), 3.88 (s, 3H), 3.47 (s, 4H), 2.39 (t, J = 10.3 Hz, 1H), 1.84-1.52 (m, 7H); 1*C NMR (100 MHz, CDCly): &
169.1, 155.3, 151.6, 148.7, 144.1, 141.8, 141.4, 137.9, 137.0, 136.0, 135.1, 134.0, 132.7, 132.5, 132.0, 131.8 (d, J =
2.9 Hz),131.3 (d, J=2.9 Hz), 131.2, 130.2, 130.1, 128.7, 128.5, 128.39, 128.37, 128.27, 128.24, 122.9, 120.6, 119.6,
117.3, 107.6, 61.5 (d, J = 3.8 Hz), 57.6, 41.1, 37.5 (d, J = 7.6 Hz), 33.5, 29.6, 28.2, 21.0, 20.7 (d, J = 3.8 Hz); 3P
NMR (CDCls3): 6 53.7; HRMS (ESI) Anal. calcd. for C4oH3s02N7NaPS m/z 734.2438 [M+Na]*, found 734.2424; [a]p®
52.7 (¢ 1.09, CHCIls, 99% ee sample after separation of anti diastereomer by chiral stationary phase HPLC);
Enantiomeric excess of the product was determined to be 84% ee by chiral stationary phase HPLC analysis
(CHIRALPAK TA3 and OD3 (g 0.46 cm x 25 cm each), 2—propanol/n—hexane/diethylamine = 50/50/0.1, flow rate 0.5
mL/min, detection at 254 nm, tg = 58.8 min (minor), 97.3 min (major)).

2um

N-((S)-3-((R)-((9H-Fluoren-9-ylidene)amino)(cyano)methyl)heptan-3-yl)-P,P-diphenylphosphinothiocic amide
311

Ph,P

mZ
I

Amorphous yellow powder; IR (CHCI3): v 2369, 1731, 1646, 1601 cm™*; *H NMR (400 MHz, CDCls): & 8.12-8.06
(m, 2H), 8.00 (d, J = 7.6 Hz, 1H), 7.71 (dd, J = 7.3, 13.5 Hz, 2H), 7.65-7.56 (m, 3H), 7.53-7.35 (m, 7H), 7.26-7.21
(m, 3H), 6.40 (s, 1H), 3.60 (d, J = 3.4 Hz, 1H), 2.38-2.29 (m, 1H), 2.00-1.91 (m, 3H) 1.50-1.31 (m, 2H), 1.17-1.08
(m, 2H), 1.04 (t, J = 7.6 Hz, 3H), 0.78 (t, J = 7.1 Hz, 3H); 3C NMR (100 MHz, CDCls): § 168.3, 144.1, 141.7, 137.9,
136.9, 135.9 (d, J =3.8 Hz), 134.8,132.7,132.2, 132.1, 131. (d, J = 2.9 Hz), 131.3 (d, J = 2.9 Hz), 131.1, 130.9, 130.8,
128.8,128.5, 128.4, 128.3, 122.9, 120.6, 119.7, 117.9, 64.3 (d, J = 3.8 Hz), 57.9, (d, J = 2.9 Hz), 34.9 (d, J = 6.7 Hz),
28.4(d, J=3.8 Hz, 1H), 25.6, 23.0, 13.8, 8.9; 3'P NMR (CDCls): § 53.3; HRMS (ESI) Anal. calcd. for CssHzsN3NaPS
m/z 570.2103 [M+Na]*, found 570.2103; [a]o®* —95.1 (c 0.49, CHCIls, 97% ee sample after separation of anti
diastereomer by recrystallizaton); Enantiomeric excess of the product was determined to be 83% ee by chiral stationary
phase HPLC analysis (CHIRALPAK IE (g 0.46 cm x 25 c¢cm), 2—propanol/n-hexane = 1/17, flow rate 2.0 mL/min,
detection at 254 nm, tr = 7.7 min (major), 9.8 min (minor)).

N-(1-(((9H-Fluoren-9-ylidene)amino)(cyano)methyl)cyclohexyl)-P,P-diphenylphosphinothioic amide (31m)
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Amorphous yellow powder; IR (CHCIs): v 2238, 1711, 1648, 1601 cm™; *H NMR (400 MHz, CDCl3): & 8.20-8.15
(m, 2H), 7.95 (d, J = 7.6 Hz, 1H), 7.82 (dd, J = 7.6 Hz, 13.5 Hz, 2H), 7.64 (d, J = 7.6 Hz, 2H), 7.56 (d, J = 7.6 Hz,
1H), 7.53-7.36 (m, 7H), 7.30-7.22 (m, 3H), 6.34 (s, 1H), 3.68 (s, 1H), 2.62-2.59 (m, 1H), 2.35-2.31 (m, 1H), 2.03—
1.99 (m, 1H), 1.82-1.77 (m, 1H), 1.44-1.21 (m, 6H); ¥*C NMR (100 MHz, CDCly): & 168.8, 144.1, 141.5, 137.7,
136.9, 136.1,135.9, 135.1, 132.8, 132.3, 132.2, 132.1, 131.7 (d, ) = 2.9 Hz), 131.4 (d, J = 2.9 Hz), 131.0, 130.9, 130.7,
128.7, 128.5, 128.38, 128.36, 128.3, 128.2, 128.1, 122.8, 120.7, 119.7, 117.5, 61.9 (d, J = 2.9 Hz), 57.2,32.6 (d, J =
5.7 Hz),32.2 (d, J=1.9 Hz), 24.8, 21.9, 21.6; *'P NMR (CDCls): § 52.0; HRMS (ESI) Anal. calcd. for C3sH3oN3NaPS
m/z 554.1790 [M+Na]*, found 554.1782; [a]o?’ 62.7 (c 1.88, CHCls, 67% ee sample); Enantiomeric excess of the
product was determined to be 67% ee by chiral stationary phase HPLC analysis (CHIRALPAK IC (g 0.46 cm x 25
cm), 2—propanol/n-hexane = 1/17, flow rate 1.0 mL/min, detection at 254 nm, tr = 9.5 min (minor), 10.9 min (major)).

Transformation of the product

To a solution of 31a-anti (581.7 mg, 1 mmol) in THF (20 mL) at 0 °C, then 1 M HCI (5 mL) was added dropwise. The
resulting solution was warmed to rt and stirred for 5 h. The reaction was quenched with sat. NaHCOj3 solution. The
mixture was extracted with ethyl acetate, and the organic layers were combined and dried over anhydrous NazSOa.
After filtration and concentration under reduced pressure, the obtained crude product was purified by silica gel column
chromatography (n—Hexane/Ethyl acetate) to afford the desired product in quant. yield.

N-((1R,2R)-1-Amino-1-cyano-2-methyl-4-phenylbutan-2-yl)-P,P-diphenylphosphinothioic amide (36)

S
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2 \NH

Ph

H,
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Amorphous yellow powder; IR (CHCIs): v 2231, 1734, 1604 cm*; 'H NMR (400 MHz, CDCls): § 8.24-8.19 (m, 2H),
7.97-7.92 (dd, J = 8.4, 13.3 Hz, 2H), 7.58-7.45 (m, 6H), 7.35-7.32 (m, 2H), 7.28-7.22 (m, 3H), 5.09 (s, 1H), 3.48 (s,
1H), 2.92 (dt, J = 6.0, 13.0 Hz, 1H), 2.72 (dt, J = 6.0, 12.6 Hz, 1H), 1.98-1.86 (m, 2H), 1.83 (d, J = 6.9 Hz, 2H), 1.39
(s, 3H); 3C NMR (100 MHz, CDCls): & 141.3, 136.3, 135.3, 135.2, 134.1, 132.4, 132.2, 131.9 (d, J = 2.9 Hz), 131.7
(d, J=15.3 Hz), 130.5, 130.4, 128.7, 128.6, 128.5, 128.34, 128.32, 126.2, 120.8, 60.6 (d, J = 3.8 Hz), 49.8, 39.5 (d, J
= 8.6 Hz), 30.0, 20.1 (d, J = 3.8 Hz); 3P NMR (CDCls): § 53.3; HRMS (ESI) Anal. calcd. for CsH27N3PS m/z
420.1658 [M+H]*, found 420.1657; [a]o® —15.3 (c 0.76, CHCl5).

A solution of 36 (42.0 mg, 0.1 mmol) in a mixture of Conc. HCI/MeOH (v/v:1/4)(2 mL) was heated to 40 °C and
stirred for 5 d. The reaction was diluted with water (10 mL), then washed with ethyl acetate(10 mL) four times. The
aqueous phase was evaporated under reduced pressure to afford 37 (25.2 mg, 81% yield)

(2R,3R)-2,3-Diamino-3-methyl-5-phenylpentanethioamide dihydrochloride (37)
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Colorless crystal; M. p. 117-118 °C; IR (KBr): v 2927 (brm), 1629 cm™; 'H NMR (400 MHz, CD;OD): 6 7.25-7.24
(m, 4H), 7.19-7.14 (m, 1H), 4.59 (s, 1H), 3.27-3.25 (m, 1H), 2.84 (dt, J = 4.8, 13.0 Hz, 1H), 2.72 (dt, J = 4.8, 12.8
Hz, 1H), 2.19 (dt, J = 4.8, 12.8 Hz, 1H), 1.64 (s, 3H); 1*C NMR (100 MHz, CD;0D): § 197.6, 141.2, 129.7, 129.5,
127.6, 62.4, 58.1, 39.6, 29.9, 20.9; HRMS (ESI) Anal. calcd. for C12H20N3sS [M—H-2Cl1] m/z 238.1372 [M-H-2CI]*,
found 238.1370; [o]p?* —48.4 (c 0.89, MeOH).

To a solution of 36 (42.0 mg, 0.1 mmol) in a mixture of Conc. HCI/MeOH (v/v: 1/4)(2 mL), H.O, (35 wt %)(0.2 mL)
was added dropwise at room temperature. The reaction was quenched with sat. NaHCOs solution after stirred for 30
min at room temperature. The mixture was extracted with ethyl acetate, and the organic layers were combined and
dried over anhydrous Na;SO4. After filtration and concentration under reduced pressure, the obtained crude mixture
was dissolved in Conc. HCI/THF (v/v:1/1)(2 mL). The mixture was heated to 40 °C and stirred for 3 d. The reaction
was diluted with water (10 mL), then washed with ethyl acetate(10 mL) four times. The aqueous phase was evaporated
under reduced pressure. Crude product was passed through a short column of Dowex® 50%8 hydrogen form (200 —
400 mesh) using ammonium hydroxide (2 M) as eluent to give the desired product as colorless oil in 65% yield.

(2R,3R)-2,3-Diamino-3-methyl-5-phenylpentanenitrile (38)
NH,

P
Ph

H,

Zum

Colorless oil; IR (KBr): v 3385 (brm), 2359 cm%; *H NMR (400 MHz, CD;0D): § 7.27-7.219 (m, 4H), 7.17-7.12
(m, 1H), 3.67 (s, 1H), 2.74-2.61 (m, 2H), 1.85-1.74 (m, 2H), 1.25 (s, 3H); *C NMR (100 MHz, CD:OD): § 143.5,
129.5, 129.4, 126.9, 122.1, 55.4, 54.5, 41.9, 30.9, 23.3; HRMS (ESI) Anal. calcd. for C1oH1sNs m/z 204.1495 [M+H]*,
found 204.1493; [o]o? 3.4 (¢ 0.66, CHCIs).

4.2.4 Procedures for construction of a,a-disubstituted a-amino acid derivatives using MeCN as nucleophile

A flame-dried 20 mL test tube equipped with a magnetic stirring bar and 3-way glass stopcock was charged with
[Ir(cod)(OMe)]2 (3.3 mg, 0.005 mmol) and NHC precursor (5.0 mg, 0.01 mmol) and MS 4A (100 mg) under Ar
atmosphere, then THF (0.5 mL) and Barton’s base (20.0 (L, 0.1 mmol) was added at room temperature. The mixture
was stirred at room temperature for 0.5 h and then cooled to -5 °C. Ketimine (0.1 mmol) in THF (0.5 mL) was added
followed by MeCN (210 IL, 4 mmol). The resulting reaction mixture was stirred at -5 °C for 5 d. Reaction was
quenched with AcOH (0.2 ml, 1.0 M in THF). After diluting the mixture with EtOAc and passed through a shot pad
of silica gel column (eluted with EtOAc). After evaporation, the residue was purified by preparative TLC (n-
hexane/ethyl acetate) to give the product.

Ethyl (R)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-phenylpropanoate (62b)

White powder; IR (KBr): v 2251, 1733 cm%; *H NMR (400 MHz, CDCls): § 7.94-7.81 (m, 4H), 7.51-7.40 (m, 6H),
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7.37-7.34 (m, 2H), 7.26-7.23 (m, 3H), 4.35-4.28 (m, 1H), 4.23-4.11 (m, 3H), 3.66 (d, J = 16.6 Hz, 1H), 1.18 (t, J =
7.1 Hz, 3H); ¥C NMR (100 MHz, CDCl5): 6 171.7 (d, J = 5.8 Hz), 137.6 (d, J = 7.1 Hz), 136.3, 135.2, 134.5, 133.5,
132.2,132.0, 131.8 (d, J = 2.7 Hz), 130.8, 130.7, 128.9, 128.7, 128.65, 128.61, 128.4, 128.2, 125.9, 117.0, 65.0, 63.0,
28.1, 13.7; 3P NMR (CDCls): 6 54.7; HRMS (ESI) Anal. calcd. for C24H230.N,NaPS m/z 457.1110 [M+Na]*, found
457.1105; [a]o® —6.3 (¢ 0.66, CHCI3, 68% ee sample); Enantiomeric excess of the product was determined to be 68%
ee by chiral stationary phase HPLC analysis (CHIRALPAK IC (g 0.46 cm x 25 cm), 2—propanol/n—hexane = 1/5, flow
rate 1.0 mL/min, detection at 254 nm, tg = 18.0 min (major), 23.7 min (minor)).

Ethyl (R)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-(o-tolyl)propanoate (62h)

White powder; IR (KBr): v 2246, 1725 cm™; 'H NMR (400 MHz, CDCls): 6 7.90-7.84 (m, 2H), 7.55-7.45 (m, 5H),
7.41 (d, J = 7.8 Hz, 1H), 7.32-7.28 (m, 1H), 7.17-7.11 (m, 3H), 6.99 (dt, J = 0.9, 7.4 Hz, 1H), 6.54 (d, J = 7.4 Hz,
1H), 4.92 (d, J = 15.9 Hz, 1H), 4.74 (d, J = 8.3 Hz, 1H), 4.29-4.37 (m, 1H), 4.23-4.16 (m, 1H), 3.55 (d, J = 15.8 Hz,
1H), 1.86 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H); **C NMR (100 MHz, CDCls): § 172.6 (d, J = 11.7 Hz), 136.9, 136.1, 135.1,
133.0,132.8 (d,J=1.7 Hz), 131.95, 131.93, 131.90, 131.8, 131.72, 131.68, 131.0 (d, J = 3.0 Hz), 130.5, 130.4, 129.0,
128.8,127.6, 127.5, 127.4,125.5, 116.8, 64.3 (d, J = 1.3 Hz), 63.6, 29.1, 20.4, 13.9; 3'P NMR (CDCls): § 51.5; HRMS
(ESI) Anal. calcd. for CasH2502N2NaPS m/z 471.1267 [M+Na]*, found 471.1260; [o]p?* 1.9 (c 0.75, CHCls, 21% ee
sample); Enantiomeric excess of the product was determined to be 21% ee by chiral stationary phase HPLC analysis
(CHIRALPAK 1A (g 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tr =
10.0 min (minor), 11.3 min (major)).

Ethyl (R)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-(m-tolyl)propanoate (62i)

White powder; IR (KBr): v 2251, 1733 cm™; *H NMR (400 MHz, CDCls): 6 7.92-7.80 (m, 4H), 7.52-7.39 (m, 6H),
7.19-7.12 (m, 2H), 7.06-7.02 (m, 2H), 4.35-4.27 (m, 1H), 4.23-4.15 (m, 3H), 3.64 (d, J = 10.8 Hz, 1H), 2.21 (s, 3H),
1.18 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCl3): 5 171.7 (d, J = 5.8 Hz), 138.4, 137.3 (d, J = 6.7 Hz), 136.4,
135.4, 134.5, 133.5, 132.2, 132.0, 131.81, 131.78, 131.75, 130.7, 130.6, 129.6, 128.7, 128.6, 128.5, 128.2, 128.1,
126.7,117.1, 65.0, 63.0, 28.1, 21.5, 13.7; 3'P NMR (CDCly): § 54.4; HRMS (ESI) Anal. calcd. for C2sH250,N2NaPS
m/z 471.1267 [M+Na]*, found 471.1257; [a]o®® -7.3 (c 0.82, CHCls;, 68% ee sample); Enantiomeric excess of the
product was determined to be 68% ee by chiral stationary phase HPLC analysis (CHIRALPAK IC (g 0.46 cm x 25
cm), 2—propanol/n—hexane = 1/5, flow rate 1.0 mL/min, detection at 254 nm, tg = 15.0 min (major), 20.1 min (minor)).

Ethyl (R)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-(p-tolyl)propanoate (62j)
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White powder; IR (KBr): v 2251, 1732 cm™; *H NMR (400 MHz, CDCls): 6 7.93-7.81 (m, 4H), 7.52-7.38 (m, 6H),
7.24-7.22 (m, 2H), 7.03 (d, J = 8.0 Hz, 2H), 4.34-4.26 (m, 1H), 4.22-4.08 (m, 3H), 3.64 (d, J = 16.6 Hz, 1H), 2.27
(s, 3H), 1.17 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDClz): 5 171.8 (d, J = 5.8 Hz), 138.9, 136.3, 135.3, 134.74,
134.66, 134.5, 133.5, 132.2, 132.1, 131.8 (d, J = 3.0 Hz), 131.7 (d, J = 3.0 Hz), 130.8, 130.7, 129.3, 128.7, 128.6,
128.3, 128.1, 125.8, 117.1, 64.8, 62.9, 28.2, 21.0, 13.7; 3P NMR (CDCls): § 54.6; HRMS (ESI) Anal. calcd. for
CasH250.N2NaPS m/z 471.1267 [M+Na]*, found 471.1261; [a]o® —2.5 (c 0.69, CHCls, 71% ee sample); Enantiomeric
excess of the product was determined to be 71% ee by chiral stationary phase HPLC analysis (CHIRALPAK IC (g
0.46 cm x 25 cm), 2—propanol/n-hexane = 1/5, flow rate 1.0 mL/min, detection at 254 nm, tg = 18.2 min (major), 23.4
min (minor)).

Ethyl (R)-2-([1,1'-biphenyl]-4-yl)-3-cyano-2-((diphenylphosphorothioyl)amino)propanoate (62Kk)

White powder; IR (KBr): v 2251, 1733 cm™%; *H NMR (400 MHz, CDCl3): § 7.91-7.82 (m, 4H), 7.53-7.33 (m, 15H),
4.38-4.18 (m, 4H), 3.68 (d, J = 16.5 Hz, 1H), 1.20 (t, J = 7.2 Hz, 3H); ¥C NMR (100 MHz, CDCls): § 171.7 (d, J =
6.6 Hz), 141.7, 139.9, 136.3, 136.2, 136.1, 135.2, 134.4, 133.4, 132.2, 132.1, 131.8 (d, J = 3.0 Hz), 131.7 (d, J = 3.0
Hz), 130.7, 130.6, 128.79, 128.76, 128.6, 128.2, 128.1, 127.7, 127.1, 127.0, 126.5, 117.0, 64.9, 63.2, 28.0, 13.7; 3P
NMR (CDCls): § 54.4; HRMS (ESI) Anal. calcd. for C3H270,N,NaPS m/z 533.1423 [M+Na]*, found 533.1415; [0]p®
7.2 (c 0.93, CHCIs, 72% ee sample); Enantiomeric excess of the product was determined to be 72% ee by chiral
stationary phase HPLC analysis (CHIRALPAK IA (g 0.46 cm x 25 cm), 2—propanol/n—hexane = 1/9, flow rate 1.0
mL/min, detection at 254 nm, tg = 13.8 min (major), 16.5 min (minor)).

Ethyl (R)-2-(4-(tert-butyl)phenyl)-3-cyano-2-((diphenylphosphorothioyl)amino)propanoate (621)

White powder; IR (KBr): v 2251, 1733 cm™; *H NMR (400 MHz, CDCls): 6 7.91-7.79 (m, 4H), 7.50-7.37 (m, 6H),
7.28-7.21 (m, 4H), 4.36-4.28 (m, 1H), 4.24-4.14 (m, 3H), 3.65 (d, J = 16.6 Hz, 1H), 1.25 (s, 9H), 1.20 (t, J = 7.2 Hz,
3H); 3C NMR (100 MHz, CDCls): § 171.8 (d, J = 5.9 Hz), 151.9, 136.4, 135.4, 134.4 (d, J = 3.3 Hz), 134.3, 133.4,
132.2,132.1,131.8, 131.78, 131.76, 131.73, 130.7, 130.6, 128.7, 128.6, 128.3, 128.1, 125.7, 125.5, 117.2, 64.8, 63.0,
34.5, 31.1, 28.1, 13.7; 3P NMR (CDCls): 5 54.4; HRMS (ESI) Anal. calcd. for CasHz1:0.N2NaPS m/z 513.1736
[M+Na]*, found 513.1729; [a]o® 1.2 (c 0.53, CHCI;, 66% ee sample); Enantiomeric excess of the product was
determined to be 66% ee by chiral stationary phase HPLC analysis (CHIRALPAK IC (g 0.46 cm x 25 cm), 2—
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propanol/n-hexane = 1/5, flow rate 1.0 mL/min, detection at 254 nm, tr = 14.7 min (major), 17.7 min (minor)).

Ethyl (R)-3-cyano-2-(3,5-dimethylphenyl)-2-((diphenylphosphorothioyl)amino)propanoate (62m)

White powder; IR (KBr): v 2251, 1733 cm™; 'H NMR (400 MHz, CDCls): 6 7.90-7.79 (m, 4H), 7.48-7.40 (m, 6H),
6.89 (s, 2H), 6.82 (s, 1H), 4.36-4.28 (m, 1H), 4.23-4.14 (m, 3H), 3.61 (d, J = 16.5 Hz, 1H), 2.19 (s, 6H), 1.19 (t, J =
7.1 Hz, 3H); *C NMR (100 MHz, CDCls): 6 171.8 (d, J = 6.5 Hz), 138.2, 137.1 (d, J = 6.3 Hz), 136.5, 135.5, 134.5,
133.5, 132.2, 132.0, 131.77, 131.74, 131.7, 130.7, 130.6, 130.5, 128.7, 128.6, 128.1, 128.0, 123.8, 117.2, 64.9, 63.0,
28.1,21.4,13.7; 3P NMR (CDCls): & 54.2; HRMS (ESI) Anal. calcd. for Co6H270,N2NaPS m/z 485.1423 [M+Na]*,
found 485.1410; [0]p®®> —4.9 (c 0.57, CHCls3, 71% ee sample); Enantiomeric excess of the product was determined to
be 71% ee by chiral stationary phase HPLC analysis (CHIRALPAK IC (g 0.46 cm X 25 cm), 2—propanol/n—hexane =
1/5, flow rate 1.0 mL/min, detection at 254 nm, tg = 14.0 min (major), 18.5 min (minor)).

Ethyl (R)-3-cyano-2-(3,5-di-tert-butylphenyl)-2-((diphenylphosphorothioyl)amino)propanoate (62n)

White powder; IR (KBr): v 2254, 1734, 1713 cm™*; *H NMR (400 MHz, CDCly): 6 7.86-7.80 (m, 4H), 7.50-7.40 (m,
4H), 7.37-7.33 (m, 2H), 7.28-7.27 (m, 3H), 4.34-4.13 (m, 4H), 3.71 (d, J = 16.6 Hz, 1H), 1.26 (s, 18H), 1.15 (t,J =
7.2 Hz, 3H); *C NMR (100 MHz, CDCl3): 6 171.8 (d, J = 6.1 Hz), 151.1, 136.9 (d, J = 6.3 Hz), 136.7, 135.6, 134.9,
133.9, 132.0, 131.9, 131.74, 131.71, 131.69, 131.66, 130.8, 130.7, 128.7, 128.5, 128.3, 128.2, 123.0, 120.6, 117.5,
65.7,62.8,35.0,31.3,28.1, 13.8; 3P NMR (CDCls): § 54.2; HRMS (ESI) Anal. calcd. for C32Ha002N2PS m/z 547.2543
[M+H]*, found 547.2537; [a]o** 3.1 (c 1.57, CHCls, 39% ee sample); Enantiomeric excess of the product was
determined to be 39% ee by chiral stationary phase HPLC analysis (CHIRALPAK ID (g 0.46 cm x 25 c¢cm), 2—
propanol/n—hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tz = 10.5 min (major), 12.9 min (minor)).

Ethyl (R)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-(naphthalen-2-yl)propanoate (620)

White powder; IR (KBr): v 2251, 1733 cm™:; 'H NMR (400 MHz, CDCl):  7.89-7.78 (m, 5H), 7.75-7.72 (m, 2H),
7.62(d, J =8.8 Hz, 1H), 7.51-7.45 (m, 5H), 7.37-7.31 (m, 2H), 7.29-7.24 (m, 2H), 4.42-4.29 (m, 3H), 4.23-4.15 (m,
1H), 3.76 (d, J = 16.4 Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H); *C NMR (100 MHz, CDCls): 3 171.7 (d, J = 6.9 Hz), 136.3,
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135.3, 134.4 (d, J = 6.2 Hz), 134.3, 133.3, 133.0, 132.5, 132.0, 131.9, 131.8 (d, J = 3.0 Hz), 131.6 (d, J = 3.0 Hz),
130.8, 130.7, 128.8, 128.6, 128.5, 128.4, 128.1, 128.0, 127.4, 126.9, 126.5, 125.8, 123.2, 117.0, 65.1, 63.2, 28.1, 13.7;
3P NMR (CDCl3): 6 54.3; HRMS (ESI) Anal. calcd. for CasHz502N2NaPS m/z 507.1267 [M+Na]*, found 507.1257;
[0]o%® 3.7 (¢ 0.77, CHClIs, 80% ee sample); Enantiomeric excess of the product was determined to be 80% ee by chiral
stationary phase HPLC analysis (CHIRALPAK IC (g 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/5, flow rate 1.0
mL/min, detection at 254 nm, tgr = 20.0 min (major), 22.5 min (minor)).

Ethyl (R)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-(4-(trifluoromethyl)phenyl)propanoate (62p)

White powder; IR (KBr): v 2251, 1736 cm™; *H NMR (400 MHz, CDCls): § 7.84-7.75 (m, 4H), 7.54-7.43 (m, 4H),
7.41-7.34 (m, 6H), 4.44-4.30 (m, 3H), 4.25-4.19 (m, 1H), 3.63 (d, J = 16.4 Hz, 1H), 1.20 (t, J = 7.1 Hz, 3H); 13C
NMR (100 MHz, CDCls): 6 171.2 (d, J = 7.7 Hz), 140.6, 140.5, 136.0, 135.0, 133.9, 132.9, 132.11, 132.05 (d, J =3.0
Hz), 132.00, 131.9 (d, J = 3.0 Hz), 131.4, 131.1, 130.74, 130.70, 130.6, 130.4, 128.9, 128.7, 128.3, 128.2, 127.6,
126.9, 125.40, 125.36, 125.32, 125.28, 124.9, 122.2, 119.5, 116.7, 64.8, 63.6, 27.7, 13.7;°F NMR (375 MHz, CDCls):
[0 -63.0; 3P NMR (CDCl3): 8 54.2; HRMS (ESI) Anal. calcd. for CasH2,0,N2FsNaPS m/z 525.0984 [M+Na]*, found
525.0977; [a]o® —3.1 (¢ 0.62, CHCI3, 52% ee sample); Enantiomeric excess of the product was determined to be 52%
ee by chiral stationary phase HPLC analysis (CHIRALPAK ID (g 0.46 cm x 25 cm), 2—propanol/n—hexane = 1/9, flow
rate 1.0 mL/min, detection at 254 nm, tg = 28.5 min (major), 30.8 min (minor)).

Ethyl (R)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-(4-fluorophenyl)propanoate (62q)

White powder; IR (KBr): v 2251, 1734 cm%; *H NMR (400 MHz, CDCls): & 7.89-7.79 (m, 4H), 7.51-7.40 (m, 6H),
7.30-7.26 (m, 2H), 6.90-6.84 (m, 2H), 4.36-4.16 (m, 4H), 3.62 (d, J = 16.5 Hz, 1H), 1.19 (t, J = 7.2 Hz, 3H); 13C
NMR (100 MHz, CDCls): 5 171.5 (d, J = 7.8 Hz), 163.8, 161.3, 136.1, 135.1, 134.3, 133.3, 133.12, 133.09, 133.06,
133.03, 132.2, 132.0, 131.93 (d, J = 3.0 Hz), 131.86 (d, J = 3.0 Hz), 130.7, 130.6, 128.8, 128.7, 128.3, 128.21, 128.19,
128.13, 116.9, 115.5, 115.3, 64.6, 63.3, 28.1, 13.7; 1°F NMR (375 MHz, CDCls): § -112.4; 3'P NMR (CDCl3): § 54.4;
HRMS (ESI) Anal. calcd. for C24H220.N2FNaPS m/z 475.1016 [M+Na]*, found 475.1009; [a]p%® —5.5 (c 0.66, CHCls,
71% ee sample); Enantiomeric excess of the product was determined to be 71% ee by chiral stationary phase HPLC
analysis (CHIRALPAK IC (g 0.46 cm x 25 cm), 2—propanol/n—hexane = 1/5, flow rate 1.0 mL/min, detection at 254
nm, tr = 13.6 min (major), 16.4 min (minor)).

Ethyl (R)-2-(3-chloro-4-methylphenyl)-3-cyano-2-((diphenylphosphorothioyl)amino)propanoate (62r)
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White powder; IR (KBr): v 2252, 1734 cm™; *H NMR (400 MHz, CDCls): 6 7.87-7.79 (m, 4H), 7.51-7.39 (m, 6H),
7.20 (d, J=2.1 Hz, 1H), 7.11 (dd, J = 2.1, 8.0 Hz, 1H), 7.05 (d, J = 8.1 Hz, 1H), 4.37-4.16 (m, 4H), 3.60 (d, J=16.5
Hz, 1H), 2.26 (s, 3H), 1.20 (t, J = 7.1 Hz, 3H); **C NMR (100 MHz, CDCl3): § 171.3 (d, J = 7.1 Hz), 136.9, 136.42,
136.36, 135.1, 134.6, 134.1, 133.1, 132.1, 132.0, 131.9 (d, J = 3.0 Hz), 131.8 (d, J = 3.0 Hz), 130.8, 130.7, 130.6,
128.8, 128.7, 128.2, 128.1, 127.1, 124.3, 116.8, 64.5, 63.3, 27.9, 19.6, 13.7; 3'P NMR (CDCls): & 54.3; HRMS (ESI)
Anal. calcd. for C2sH240,N2CINaPS m/z 505.0877 [M+Na]*, found 505.0876; [o]o?® —3.1 (c 0.85, CHCls, 59% ee
sample); Enantiomeric excess of the product was determined to be 59% ee by chiral stationary phase HPLC analysis
(CHIRALPAK IA (7 0.46 cm x 25 cm), 2—propanol/n—hexane = 1/20, flow rate 1.0 mL/min, detection at 254 nm, tr =
13.8 min (major), 15.5 min (minor)).

Ethyl (R)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-(4-(trimethylsilyl)phenyl)propanoate (62s)

T™MS

White powder; IR (KBr): v 2251, 1734 cm%; *H NMR (400 MHz, CDClg): § 7.91-7.79 (m, 4H), 7.50-7.41 (m, 4H),
7.40-7.30 (m, 6H), 4.36-4.28 (m, 1H), 4.24-4.16 (m, 3H), 3.65 (d, J = 16.6 Hz, 1H), 1.19 (t, J = 7.2 Hz, 3H), 0.22 (s,
9H); 3C NMR (100 MHz, CDClz): § 171.6 (d, J = 6.1 Hz), 141.6, 137.7 (d, J = 6.8 Hz), 136.3, 135.3, 134.4, 133.6,
133.3,132.2,132.1,131.8 (d, J = 3.0 Hz), 131.7 (d, J = 3.0 Hz), 130.7, 130.6, 128.7, 128.6, 128.3, 128.1, 125.2, 117.1,
65.0,63.1, 28.0, 13.7, -1.3; 3P NMR (CDCls): § 54.5; HRMS (ESI) Anal. calcd. for C27H31:0,N,NaPSSi m/z 529.1505
[M+Na]*, found 529.1488; [a]o® 1.9 (c 1.21, CHCI;, 62% ee sample); Enantiomeric excess of the product was
determined to be 62% ee by chiral stationary phase HPLC analysis (CHIRALPAK IA (g 0.46 cm x 25 cm), 2—
propanol/n—hexane = 1/20, flow rate 1.0 mL/min, detection at 254 nm, tg = 8.1 min (major), 9.2 min (minor)).

Ethyl (R)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-(4-methoxyphenyl)propanoate (62t)

MeO

White powder; IR (KBr): v 2251, 1732 cm™%; *H NMR (400 MHz, CDCls): & 7.92-7.80 (m, 4H), 7.48-7.40 (m, 6H),
7.26-7.23 (m, 2H), 6.74-6.70 (m, 2H), 4.34-4.26 (m, 1H), 4.22-4.12 (m, 3H), 3.75 (s, 3H), 3.63 (d, J = 16.6 Hz, 1H),
1.18 (t, J = 7.2 Hz, 3H); C NMR (100 MHz, CDCls): § 171.8 (d, J = 6.1 Hz), 159.7, 136.3, 135.3, 134.6, 133.5,
132.2,132.1,131.8 (d, J = 3.0 Hz), 131.7 (d, J = 3.0 Hz), 130.8, 130.6, 129.5, 129.4, 128.7, 128.6, 128.3, 128.2, 127 .4,
117.2, 113.9, 64.6, 63.0, 55.2, 28.2, 13.7; 3'P NMR (CDCls): 8 54.4; HRMS (ESI) Anal. calcd. for CasHz503N2NaPS
m/z 487.1216 [M+Na]*, found 487.1209; [a]o® —1.5 (c 0.65, CHCls, 71% ee sample); Enantiomeric excess of the
product was determined to be 71% ee by chiral stationary phase HPLC analysis (CHIRALPAK IC (g 0.46 cm x 25
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cm), 2—propanol/n—hexane = 1/5, flow rate 1.0 mL/min, detection at 254 nm, tgr = 23.7 min (major), 29.3 min (minor)).

Ethyl (R)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-(4-(methylthio)phenyl)propanoate (62u)

S

MeS

White powder; IR (KBr): v 2251, 1732 cm™; *H NMR (400 MHz, CDClz): § 7.89-7.80 (m, 4H), 7.51-7.39 (m, 6H),
7.22-7.19 (m, 2H), 7.05-7.02 (m, 2H), 4.34-4.26 (m, 1H), 4.22-4.14 (m, 3H), 3.63 (d, J = 16.5 Hz, 1H), 2.42 (s, 3H),
1.18 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCly): § 171.5 (d, J = 6.5 Hz), 139.9, 136.1, 135.2, 134.4, 133.8,
133.7,133.4,132.1,132.0,131.8 (d, J=3.0 Hz), 131.7 (d, J = 3.0 Hz), 130.7, 130.6, 128.7, 128.6, 128.3, 128.1, 126.5,
125.9, 117.0, 64.7, 63.1, 28.0, 15.2, 13.7; 3P NMR (CDCls): 6 54.4; HRMS (ESI) Anal. calcd. for C2sHz502N2NaPS;
m/z 503.0987 [M+Na]*, found 503.0983; [o]o®® 4.9 (c 1.05, CHCI;, 71% ee sample); Enantiomeric excess of the
product was determined to be 71% ee by chiral stationary phase HPLC analysis (CHIRALPAK IC (g 0.46 cm x 25
cm), 2—propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tr = 42.2 min (major), 49.0 min (minor)).

Ethyl (R)-2-(benzo[d][1,3]dioxol-5-yl)-3-cyano-2-((diphenylphosphorothioyl)amino)propanoate (62v)

White powder; IR (KBr): v 2252, 1733 cm™; 'H NMR (400 MHz, CDCls): 6 7.93-7.80 (m, 4H), 7.49-7.42 (m, 6H),
6.83 (dd, J=2.1, 8.2 Hz, 1H), 6.74 (d, J = 2.0 Hz, 1H), 6.64 (d, J = 8.2 Hz, 1H), 5.90 (dd, J = 1.4, 14.7 Hz, 2H), 4.36—
4.28 (m, 1H), 4.24-4.14 (m, 3H), 3.59 (d, J = 16.5 Hz, 1H), 1.20 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCl5): &
171.7 (d, J = 6.4 Hz), 147.9, 147.8, 136.2, 135.1, 134.4, 133.3, 132.2, 132.1, 131.9 (d, J = 3.0 Hz), 131.8 (d, J = 3.0
Hz), 131.2, 131.1, 130.7, 130.6, 128.8, 128.6, 128.2, 128.1, 119.8, 117.0, 107.9, 106.8, 101.4, 64.8, 63.1, 28.2, 13.7;
3P NMR (CDCls): & 54.3; HRMS (ESI) Anal. calcd. for CasH2304N2NaPS m/z 501.1008 [M+Na]*, found 501.1004;
[0]o® —7.5 (c 0.84, CHCI3, 70% ee sample); Enantiomeric excess of the product was determined to be 70% ee by
chiral stationary phase HPLC analysis (CHIRALPAK IC (g 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9, flow rate
1.0 mL/min, detection at 254 nm, tr = 50.7 min (major), 57.5 min (minor)).

Ethyl (R)-3-cyano-2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-((diphenylphosphorothioyl)amino)propanoate
(62w)

White powder; IR (KBr): v 2251, 1732 cm; *H NMR (400 MHz, CDCls): § 7.94-7.89 (m, 2H), 7.85-7.80 (m, 2H),
7.50-7.42 (m, 6H), 6.85-6.80 (M, 2H), 6.70 (d, J = 8.5 Hz, 1H), 4.35-4.27 (M, 1H), 4.23-4.15 (m, 5H), 4.12-4.09 (m,
2H), 3.59 (d, J = 16.6 Hz, 1H), 1.20 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCly): § 171.7 (d, J = 6.0 Hz), 143.9,
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143.2, 136.3, 135.2, 134.4, 133.4, 132.3, 132.1, 131.8 (d, J = 3.0 Hz), 131.7 (d, J = 3.0 Hz), 130.73, 130.69, 130.6,
128.7,128.6,128.3,128.1, 119.0, 117.3, 117.1, 115.4, 64.5, 64.24, 64.21, 63.0, 28.2, 13.7; 3'P NMR (CDCls): & 54.4;
HRMS (ESI) Anal. calcd. for C26H2504N2NaPS m/z 515.1165 [M+Na]*, found 515.1156; [0]o? —0.3 (¢ 1.05, CHCls,
62% ee sample); Enantiomeric excess of the product was determined to be 62% ee by chiral stationary phase HPLC
analysis (CHIRALPAK 1A (g 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254
nm, tg = 21.0 min (major), 26.2 min (minor)).

Ethyl (S)-3-cyano-2-((diphenylphosphorothioyl)amino)-2-(thiophen-2-yl)propanoate (62x)

s
1]
L
S _A
7 coqt
\ cN

White powder; IR (KBr): v 2252, 1734 cm™*; *H NMR (400 MHz, CDCls): 6 7.95-7.88 (m, 4H), 7.53-7.43 (m, 6H),
7.27-7.25 (m, 1H), 7.07 (dd, J = 1.2, 3.7 Hz, 1H), 6.91 (dd, J = 3.7, 5.1 Hz, 1H), 4.29-4.21 (m, 1H), 4.16-4.01 (m,
3H), 3.84 (d, J=16.8 Hz, 1H), 1.10 (t, J = 7.2 Hz, 3H); **C NMR (100 MHz, CDCls): § 170.2 (d, J = 4.0 Hz), 142.4,
142.3, 135.9, 135.0, 134.8, 134.0, 132.0 (d, J = 3.0 Hz), 131.84 (d, J = 3.0 Hz), 131.80, 131.7, 131.1, 131.0, 128.63,
128.59, 128.50, 128.46, 127.2, 126.5, 126.1, 116.8, 63.2, 63.1, 29.4, 13.5; P NMR (CDCls): § 55.3; HRMS (ESI)
Anal. calcd. for CzH210,N2NaPS; m/z 463.0674 [M+Na]*, found 463.0667; [a]o®® —11.5 (c 0.69, CHCI3, 50% ee
sample); Enantiomeric excess of the product was determined to be 50% ee by chiral stationary phase HPLC analysis
(CHIRALPAK 1A (2 0.46 cm x 25 cm), 2—propanol/n—hexane = 1/20, flow rate 1.0 mL/min, detection at 254 nm, 18.3
min (minor), tr = 20.5 min (major)).

Transformation of the Mannich product

To a solution of 62b (400 mg, 0.92 mmol) in a mixture of EtOAc/AcOH (v/v: 4/1), (5 mL), H20; (35 wt %), (1.0 mL)
was added dropwise at room temperature. The reaction was quenched with sat. NaHCO3 solution after complete
consumption of 62b based on TLC monitoring. The mixture was extracted with ethyl acetate, and the organic layers
were combined and dried over anhydrous Na SOs. After filtration and concentration under reduced pressure, the crude
mixture was purified by silica gel column chromatography to afford the desired product in quantitative yield.

To a solution of the thus-obtained N-phosphinoylamide (41.8 mg, 0.1 mmol) in EtOAc (0.5 mL), 4 N HCI (1.5 mL)
was added dropwise at room temperature. After stirring at 60 °C for 2.5 h, the resulting mixture was concentrated, and
redissolved in EtOAc (1.5 mL), H,O (1.5 mL) was added and cooled to 0 °C. To the biphase mixture, NaHCO3 (420
mg, 5 mmol) and Cbz-CI (72 pL, 0.5 mmol) were added and the solution was stirred for 4 h. The solution was diluted
with H>O and extracted with EtOAc. The combined organic layers were washed with brine, dried (NaSO4) and
concentrated. The reaction mixture was purified by preparative TLC (hexane/acetone = 5/1) to give product 65 (22.4
mg, 64% yield).

Ethyl (R)-2-(((benzyloxy)carbonyl)amino)-3-cyano-2-phenylpropanoate (65)

Cbz
“NH

White powder; IR (CHCls): v 2257, 1726 cm%; 'H NMR (400 MHz, CDCly): § 7.41-7.26 (m, 10H), 6.21 (s, 1H),
5.16-5.06 (M, 2H); 4.26-4.20 (m, 2H), 3.80-3.70 (m, 2H), 1.19 (¢, J = 7.1 Hz, 3H); *C NMR (100 MHz, CDCl):
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169.6, 154.7, 136.5, 135.8, 129.21, 129.18, 128.6, 128.3, 128.1, 125.2, 116.6, 67.3, 63.2, 63.1, 25.2, 13.8; HRMS
(ESI) Anal. calcd. for CyoH2004N2Na m/z 375.1315 [M+Na]*, found 375.1314; [a]o® 1.4 (c 0.88, CHCIs, from 65%
ee sample).

General procedure for initial rate kinetic experiments

A flame-dried 20 mL test tube equipped with a magnetic stirring bar and 3-way glass stopcock was charged with
[Ir(cod)(OMe)]2 (3.3 mg, 0.005 mmol) and NHC precursor (5.0 mg, 0.01 mmol) under Ar atmosphere, then THF (0.5
mL) and Barton’s base (20.0 uL, 0.1 mmol) were added at room temperature. The mixture was stirred at room
temperature for 0.5 h and then cooled to 0 °C. Ketimine (0.1 mmol) in THF (0.5 mL) was added, followed by MeCN
(210 pL, 4 mmol). Aliquots were taken at 1 h intervals by removing a small amount (ca. 0.1 mL) of the reaction
solution, which were quenched it immediately with AcOH (0.1 mL, 0.1 M in THF), then passed through a small silica
gel plug, eluting with THF. After evaporation, the residue was analyzed by 'H NMR spectroscopy to determine the
yield based on the relative integration values of the peaks at 4.47 ppm (for ketimine) and 3.66 ppm (for product).

General procedure for Kinetic isotope effects

A flame-dried 20 mL test tube equipped with a magnetic stirring bar and 3-way glass stopcock was charged with
[Ir(cod)(OMe)]2 (3.3 mg, 0.005 mmol) and NHC precursor (5.0 mg, 0.01 mmol) under Ar atmosphere. THF (0.5 mL)
then Barton’s base (20.0 pL, 0.1 mmol) were added at room temperature. The mixture was stirred at room temperature
for 0.5 h and then cooled to 0 °C. para-F Substituted ketimine (0.1 mmol) in THF (0.5 mL) followed by MeCN (210
pL, 4 mmol) were added. Aliquots were taken at 1 h intervals by removing a small amount (ca. 0.1 mL) of the reaction
solution, which were quenched it immediately with AcOH (0.1 mL, 0.1 M in THF), then passed through a small silica
gel plug, eluting with THF. After evaporation, the residue was analyzed by 'F NMR spectroscopy to determine the
yield based on the relative integration values of the peaks at —103.5 ppm (for ketimine) and —112.4 (for product).

4.2.5 Procedures for construction of a,a-disubstituted a-amino acid derivatives with «,f-unsaturated p-
butyrolactam

A flame-dried 20 mL test tube equipped with a magnetic stirring bar and 3-way glass stopcock was charged with (R,R)-
Ph-BPE (25.3 mg, 0.05 mmol), [Cu(CH3CN)4]PFs (18.6 mg, 0.05 mmol) and THF (0.5 mL) under Ar atmosphere.
The mixture was stirred for 30 min to form the complex, which was stored at room temperature and used within one
day.

A flame-dried 20 mL test tube equipped with a magnetic stirring bar and 3-way glass stopcock was charged with
ketimine (0.1 mmol) and «a,f-unsaturated y-butyrolactam (0.2 mmol) under Ar atmosphere and THF (0.4 mL) was
added at room temperature, then the mixture was cooled to —50 °C. The catalyst solution (0.1 mL) containing copper
(1) complex (0.01 mmol) then Et;N (28 (1L, 0.2 mmol) were added. The resulting reaction mixture was stirred at —50
°C for 96 h. After diluting the mixture with EtOAc and concentration under reduced pressure, the obtained crude
product was purified by silica gel column chromatography (n—Hexane/Ethyl acetate) to afford the desired product.

tert-Butyl (S)-3-(1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-oxo-1-phenylethyl)-2-oxo-2,5-dihydro-1H-
pyrrole-1-carboxylate (67b)

s
I

PhoP o

@ /%N Boc
EtO,C

White solid; IR (KBr): v 1777, 1736, 1719 cm*; 'H NMR (400 MHz, CDCls): § 7.99-7.94 (m, 2H), 7.87-7.82 (m,
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2H), 7.73 (d, J = 7.0 Hz, 2H), 7.47-7.41 (m, 6H), 7.37-7.31 (m, 4H), 5.05 (d, J = 9.8 Hz, 1H), 4.12 (g, J = 7.1 Hz,
2H), 4.04 (dd, J = 1.7, 20.2 Hz, 1H), 3.53 (dd, J = 1.7, 20.2 Hz, 1H), 1.51 (s, 9H), 1.05 (t, J = 7.2 Hz, 3H); 3C NMR
(100 MHz, CDCl3): 6 171.3,171.2,166.9, 148.6, 145.9, 138.1, 136.9 (d, J = 2.6 Hz), 136.4, 135.4, 134.8, 133.8, 132.1,
132.0, 131.5(d, J =2.9 Hz), 131.2 (d, J =3.0 Hz), 130.5, 130.4, 128.7, 128.5, 128.2, 128.0, 127.9, 127.7, 127.5, 82.4,
63.7,62.8, 49.2, 28.1, 13.5; P NMR (CDCls): & 51.3; HRMS (ESI) Anal. calcd. for C5;H330sN2NaPS m/z 599.1740
[M+Na]*, found 599.1733; [0]po%® —16.1 (¢ 0.37, CHCls, 90% ee sample); Enantiomeric excess of the product was
determined to be 90% ee by chiral stationary phase HPLC analysis (CHIRALPAK IA (g 0.46 cm x 25 cm), 2—
propanol/n—hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tzr = 10.3 min (major), 13.7 min (minor)).

tert-Butyl (S)-3-(1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-oxo-1-(m-tolyl)ethyl)-2-oxo-2,5-dihydro-1H-
pyrrole-1-carboxylate (67i)

PhoP_ o

/\dNBoc
EtO,C

White solid; IR (KBr): v 1776, 1737, 1719 cm™*; 'H NMR (400 MHz, CDClg): § 7.99-7.94 (m, 2H), 7.87-7.81 (m,
2H), 7.54-7.50 (m, 2H), 7.45-7.41 (m, 6H), 7.36 (t, J = 2.0 Hz, 1H), 7.23 (t, J = 7.7 Hz, 1H), 7.12 (d, J = 7.5 Hz, 1H),
5.00 (d, J = 9.5 Hz, 1H), 4.12 (dq, J = 2.0, 7.1 Hz, 2H), 4.05 (dd, J = 2.0, 20.2 Hz, 1H), 3.56 (dd, J = 2.0, 20.2 Hz,
1H), 2.36 (s, 3H), 1.51 (s, 9H), 1.06 (t, J = 7.2 Hz, 3H); **C NMR (100 MHz, CDCls): 5 171.4, 171.3, 167.0, 148.5,
145.9, 138.0 (d, J = 1.4 Hz), 137.0, 136.94, 136.91, 136.5, 135.4, 135.0, 134.0, 132.1, 132.0, 131.5 (d, J = 2.9 Hz),
131.2 (d, J = 3.0 Hz), 130.6, 130.5, 128.9, 128.8, 128.6, 128.5, 127.9, 127.8, 127.4, 125.3,82.3, 63.7 (d, J = 1.3 Hz),
62.7,49.3, 28.1, 21.7, 13.5; 3P NMR (CDClz): § 51.4; HRMS (ESI) Anal. calcd. for C3,HasOsNoNaPS m/z 613.1897
[M+Na]*, found 613.1888; [a]pn? —23.1 (c 0.38, CHCIl3, 91% ee sample); Enantiomeric excess of the product was
determined to be 91% ee by chiral stationary phase HPLC analysis (CHIRALPAK IA (g 0.46 cm x 25 cm), 2—
propanol/n—hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tg = 8.2 min (major), 10.1 min (minor)).

tert-Butyl (S)-3-(1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-oxo-1-(p-tolyl)ethyl)-2-oxo-2,5-dihydro-1H-
pyrrole-1-carboxylate (67j)
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White solid; IR (KBr): v 1778, 1736, 1719 cm™; 'H NMR (400 MHz, CDClz): 6 7.99-7.93 (m, 2H), 7.87-7.82 (m,
2H), 7.60 (d, J = 8.3 Hz, 2H), 7.47-7.40 (m, 6H), 7.34 (t, J = 1.9 Hz, 1H), 7.15 (d, J = 8.2 Hz, 2H), 5.03 (d, J = 9.8
Hz, 1H), 4.13-4.07 (m, 2H), 4.03 (dd, J = 2.0, 20.1 Hz, 1H), 3.53 (dd, J = 2.0, 20.2 Hz, 1H), 2.35 (s, 3H), 1.51 (s,
9H), 1.06 (t, J = 7.1 Hz, 3H); 3C NMR (100 MHz, CDCls): § 171.4, 171.3, 166.9, 148.5, 145.9, 137.8, 137.0 (d, J =
2.7 Hz), 136.5, 135.4, 135.1, 134.9, 133.9, 132.2, 132.0, 131.5 (d, J = 2.9 Hz), 131.2 (d, J = 3.0 Hz), 130.6, 130.5,
128.7, 128.5, 128.3, 128.1, 127.9, 127.7, 82.3, 63.5, 62.7, 49.2, 28.1, 21.1, 13.6; 3P NMR (CDCl5): & 51.1; HRMS
(ESI) Anal. calcd. for Cs;H3s0sN2NaPS m/z 613.1897 [M+Na]*, found 613.1898; [a]po%® —27.8 (¢ 0.32, CHCls, 94%
ee sample); Enantiomeric excess of the product was determined to be 94% ee by chiral stationary phase HPLC analysis
(CHIRALPAK 1A (g 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tg =
10.3 min (major), 21.5 min (minor)).
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tert-Butyl (S)-3-(1-([1,1'-biphenyl]-4-y1)-1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-oxoethyl)-2-0x0-2,5-
dihydro-1H-pyrrole-1-carboxylate (67k)
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EtO,C

White solid; IR (KBr): v 1777, 1736, 1719 cmt; *H NMR (400 MHz, CDCls3): 4 8.01-7.95 (m, 2H), 7.89-7.84 (m,
2H), 7.80-7.78 (m, 2H), 7.63-7.57 (m, 4H), 7.48-7.39 (m, 9H), 7.36-7.32 (m, 1H), 5.08 (d, J = 9.6 Hz, 1H), 4.19-
4.11 (m, 2H), 4.06 (dd, J = 2.0, 20.2 Hz, 1H), 3.58 (dd, J = 2.0, 20.2 Hz, 1H), 1.51 (s, 9H), 1.09 (t, J = 7.1 Hz, 3H);
13C NMR (100 MHz, CDCl3): § 171.3, 171.2, 166.9, 148.5, 146.0, 140.8, 140.4, 137.2, 137.0 (d, J = 2.5 Hz), 136.4,
135.4,134.9,133.9,132.2,132.1, 131.6 (d, J = 2.8 Hz), 131.3 (d, J = 2.9 Hz), 130.6, 130.5, 128.7, 128.6, 127.9, 127.8,
127.4, 127.1, 126.3, 82.4, 63.7, 62.9, 49.3, 28.1, 13.6; 3P NMR (CDCls): & 51.4; HRMS (ESI) Anal. calcd. for
Cs7H370sN2NaPS m/z 675.2053 [M+Na]*, found 675.2043; [o]p®> —32.0 (c 0.32, CHCls, 84% ee sample);
Enantiomeric excess of the product was determined to be 84% ee by chiral stationary phase HPLC analysis
(CHIRALPAK 1A (9 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tg =
11.6 min (major), 23.7 min (minor)).

tert-Butyl (S)-3-(1-(4-(tert-butyl)phenyl)-1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-oxoethyl)-2-oxo0-2,5-
dihydro-1H-pyrrole-1-carboxylate (671)
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White solid; IR (KBr): v 1778, 1737, 1716 cm™; 'H NMR (400 MHz, CDClz): 6 7.99-7.93 (m, 2H), 7.87-7.81 (m,
2H), 7.62-7.60 (m, 2H), 7.46-7.38 (m, 6H), 7.37-7.31 (m, 3H), 4.98 (d, J = 9.2 Hz, 1H), 4.16-4.08 (m, 2H), 4.04 (dd,
J=2.0,20.1 Hz, 1H), 3.62 (dd, J = 2.0, 20.1 Hz, 1H), 1.51 (s, 9H), 1.31 (s, 9H), 1.07 (t, J = 7.1 Hz, 3H); 3C NMR
(100 MHz, CDCl3): 6 171.4, 171.3,167.0, 150.8, 148.6, 145.8, 137.0 (d, J = 2.2 Hz), 136.5, 135.4, 135.1, 1349 (d, J
=2.1Hz),134.1,132.1, 132.0, 131.5 (d, J =2.9 Hz), 131.3 (d, J = 3.0 Hz), 130.7, 130.6, 128.6, 128.5, 127.9, 127.75,
127.74, 124.6, 82.3, 63.7, 62.6, 49.2, 34.5, 31.3, 28.1, 13.5; 3P NMR (CDCls): & 51.5; HRMS (ESI) Anal. calcd. for
CasHa10sN2NaPS m/z 655.2366 [M+Na]*, found 655.2364; [o]p®> —31.7 (c 0.31, CHCIs, 94% ee sample);
Enantiomeric excess of the product was determined to be 94% ee by chiral stationary phase HPLC analysis
(CHIRALPAK 1A (g 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tg =
6.7 min (major), 12.4 min (minor)).

tert-Butyl (S)-3-(1-(3,5-dimethylphenyl)-1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-oxoethyl)-2-ox0-2,5-
dihydro-1H-pyrrole-1-carboxylate (67m)
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White solid; IR (KBr): v 1775, 1736, 1717 cm™; 'H NMR (400 MHz, CDCl3): 6 7.99-7.94 (m, 2H), 7.87-7.81 (m,
2H), 7.46-7.41 (m, 6H), 7.36 (t, J = 2.0 Hz, 1H), 7.29 (s, 2H), 6.92 (s, 1H), 4.95 (d, J = 9.2 Hz, 1H), 4.12 (dg, J = 1.8,
7.1 Hz, 2H), 4.05 (dd, J = 2.0, 20.1 Hz, 1H), 3.59 (dd, J = 2.0, 20.2 Hz, 1H), 2.31 (s, 6H), 1.51 (s, 9H), 1.07 (t, J = 7.1
Hz, 3H); 3C NMR (100 MHz, CDCl3): 6 171.4, 171.3, 167.0, 148.6, 145.7, 137.8 (d, J = 2.1 Hz), 137.0 (d, J = 2.4
Hz), 136.8, 136.5, 135.5, 135.1, 134.1, 132.1, 132.0, 131.4 (d, J = 2.9 Hz), 131.2 (d, J = 3.2 Hz), 130.7, 130.6, 129.7,
128.6, 128.4, 127.9, 127.8, 126.0, 82.3, 63.8, 62.6, 49.3, 28.1, 21.5, 13.5; 3'P NMR (CDCls): & 51.6; HRMS (ESI)
Anal. calcd. for Ca3H3,0sNNaPS m/z 627.2053 [M+Na]*, found 627.2043; [a]n?® —25.5 (c 0.38, CHCl3, 94% ee
sample); Enantiomeric excess of the product was determined to be 94% ee by chiral stationary phase HPLC analysis
(CHIRALPAK 1A (2 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tg =
6.6 min (major), 8.1 min (minor)).

tert-Butyl (S)-3-(1-(3,5-di-tert-butylphenyl)-1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-oxoethyl)-2-oxo-
2,5-dihydro-1H-pyrrole-1-carboxylate (67n)
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White solid; IR (KBr): v 1777, 1739, 1719 cm™; 'H NMR (400 MHz, CDClg): § 8.01-7.94 (m, 2H), 7.88-7.82 (m,
2H), 7.59 (d, J = 1.7 Hz, 2H), 7.49-7.39 (m, 6H), 7.33 (t, J = 1.7 Hz, 1H), 7.21 (t, J = 1.9 Hz, 1H), 5.01 (d, J = 10.4
Hz, 1H), 4.17-4.04 (m, 3H), 3.52 (dd, J = 2.0, 20.2 Hz, 1H), 1.51 (s, 9H), 1.33 (s, 18H), 1.08 (t, J = 7.1 Hz, 3H); °C
NMR (100 MHz, CDCls): 8 171.6, 171.5, 167.1, 149.3, 148.5, 145.8, 137.8 (d, J =2.3 Hz), 137.0, 136.6, 135.9, 134.7,
133.7, 132.4, 132.3, 131.6 (d, J = 2.9 Hz), 131.4 (d, J =2.9 Hz), 131.2 (d, J = 3.0 Hz), 131.18, 131.1, 130.5, 130.4,
128.7, 128.53, 128.46, 128.3, 127.8, 127.7, 123.3, 121.6, 82.3, 64.2, 62.6, 49.2, 35.0, 31.5, 28.1, 13.6; 3P NMR
(CDCly): & 50.8; HRMS (ESI) Anal. calcd. for C3gHsgOsN2NaPS m/z 711.2992 [M+Na]*, found 711.2991; [o]po® —
21.1 (c 0.35, CHCls, 92% ee sample); Enantiomeric excess of the product was determined to be 92% ee by chiral
stationary phase HPLC analysis (CHIRALPAK ID (g 0.46 cm x 25 cm), 2—propanol/n—hexane = 1/9, flow rate 1.0
mL/min, detection at 254 nm, tg = 8.8 min (major), 10.5 min (minor)).

tert-Butyl (S)-3-(1-((diphenylphosphorothioyl)amino)-2-ethoxy-1-(naphthalen-2-yl)-2-oxoethyl)-2-ox0-2,5-
dihydro-1H-pyrrole-1-carboxylate (670)

PhyP
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EtO,C

White solid; IR (KBr): v 1775, 1736, 1719 cm%; *H NMR (400 MHz, CDCls): § 8.25 (s, 1H), 8.02-7.96 (m, 2H),
7.94-7.81 (m, 6H), 7.49-7.41 (m, 8H), 7.39 (t, J = 1.9 Hz, 1H), 5.16 (d, J = 9.7 Hz, 1H), 4.14-4.06 (m, 3H), 3.55 (dd,
J =2.0, 20.2 Hz, 1H), 1.51 (s, 9H), 1.05 (t, J = 7.1 Hz, 3H); 3C NMR (100 MHz, CDCl5): 6 171.3, 171.2, 166.9,
148.5, 146.1, 136.6 (d, J = 2.4 Hz), 136.5, 135.5, 135.4, 134.9, 133.9, 133.0, 132.5, 132.2, 132.1, 131.6 (d, J = 2.9
Hz), 131.3 (d, J = 2.9 Hz), 130.6, 130.5, 128.7, 128.6, 128.5, 128.1, 127.9, 127.8, 127.4, 127.1, 126.4, 126.0, 125.7,
82.4, 63.9, 62.9, 49.3, 28.1, 13.6; 3P NMR (CDCls): § 51.3; HRMS (ESI) Anal. calcd. for CssH3sOsN2NaPS m/z
649.1897 [M+Na]*, found 649.1894; [0]p?® —39.5 (¢ 1.06, CHCls, 88% ee sample); Enantiomeric excess of the product
was determined to be 88% ee by chiral stationary phase HPLC analysis (CHIRALPAK IA (g 0.46 cm x 25 cm), 2—
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propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tz = 10.4 min (major), 26.3 min (minor)).

tert-Butyl (S)-3-(1-((diphenylphosphorothioyl)amino)-2-ethoxy-1-(4-fluorophenyl)-2-oxoethyl)-2-o0xo0-2,5-
dihydro-1H-pyrrole-1-carboxylate (67q)
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White solid; IR (KBr): v 1777, 1735 cm™*; 'H NMR (400 MHz, CDCls): § 7.98-7.92 (m, 2H), 7.86-7.80 (m, 2H),
7.73-7.70 (m, 2H), 7.48-7.41 (m, 6H), 7.31 (t, J = 2.0 Hz, 1H), 7.05-7.01 (m, 2H), 5.06 (d, J = 9.8 Hz, 1H), 4.13 (q,
J=7.1Hz, 2H), 4.04 (dd, J = 2.0, 20.2 Hz, 1H), 3.51 (dd, J = 2.0, 20.2 Hz, 1H), 1.51 (s, 9H), 1.07 (t, J = 7.1 Hz, 3H);
13C NMR (100 MHz, CDCl3): 8 171.1, 171.0, 166.8, 163.8, 161.3, 148.4, 145.9, 136.9 (d, J = 2.7 Hz), 136.3, 135.3,
134.6, 133.8 (d, J = 4.1 Hz), 133.6, 132.1, 132.0, 131.6 (d, J = 2.9 Hz), 131.3 (d, J = 3.2 Hz), 130.5, 130.4, 130.2,
130.1, 128.7,128.6, 127.9, 127.8, 114.6, 114.3, 82.5, 63.3, 62.9, 49.3, 28.1, 13.5; 3'P NMR (CDCls): § 51.2; F NMR
(375 MHz, CDClg): & -114.5; HRMS (ESI) Anal. calcd. for C3Hs,OsN2FNaPS m/z 617.1646 [M+Na]*, found
617.1643; [a]o® —15.5 (c 0.35, CHCl3, 74% ee sample); Enantiomeric excess of the product was determined to be
74% ee by chiral stationary phase HPLC analysis (CHIRALPAK IA (g 0.46 cm X 25 cm), 2—propanol/n-hexane = 1/9,
flow rate 1.0 mL/min, detection at 254 nm, tg = 9.2 min (major), 13.9 min (minor)).

tert-Butyl (S)-3-(1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-oxo-1-(4-(trimethylsilyl)phenyl)ethyl)-2-oxo-
2,5-dihydro-1H-pyrrole-1-carboxylate (675)
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White solid; IR (KBr): v 1779, 1737, 1716 cm%; *H NMR (400 MHz, CDCl3): § 7.99-7.94 (m, 2H), 7.87-7.82 (m,
2H), 7.66-7.62 (m, 2H), 7.49-7.40 (m, 8H), 7.36 (t, J = 2.0 Hz, 1H), 5.00 (d, J = 9.3 Hz, 1H), 4.16-4.01 (m, 3H), 3.60
(dd, J=2.0, 20.2 Hz, 1H), 1.51 (s, 9H), 1.07 (t, J = 7.1 Hz, 3H); 0.26 (s, 9H), 1*C NMR (100 MHz, CDCl5): 8 171.2,
171.1, 166.9, 148.5, 146.0, 140.2, 138.6, 136.9 (d, J = 2.4 Hz), 136.4, 135.4, 134.0, 132.7, 132.1, 132.0, 131.5 (d, I =
2.9 Hz), 131.3 (d, J = 3.0 Hz), 130.7, 130.5, 128.7, 128.5, 127.9, 127.8, 127.3, 82.4, 63.9, 62.8, 49.2, 28.1, 13.5, —1.1;
3P NMR (CDCl3): 6 51.5; HRMS (ESI) Anal. calcd. for C34H4:0sN2NaPSSi m/z 671.2135 [M+Na]*, found 671.2137;
[0]o?® —28.1 (c 0.37, CHClIs, 88% ee sample); Enantiomeric excess of the product was determined to be 88% ee by
chiral stationary phase HPLC analysis (CHIRALPAK IA (g 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9, flow rate
1.0 mL/min, detection at 254 nm, tr = 5.7 min (major), 7.4 min (minor)).

tert-Butyl (S)-3-(1-((diphenylphosphorothioyl)amino)-2-ethoxy-1-(4-methoxyphenyl)-2-oxoethyl)-2-oxo0-2,5-
dihydro-1H-pyrrole-1-carboxylate (67t)

S

Il
PhP
2 \NH o

MeO’@ }\éN Boc
EtO,C
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White solid; IR (KBr): v 1777, 1735, 1716 cm™; 'H NMR (400 MHz, CDCl3): 6 7.98-7.93 (m, 2H), 7.87-7.82 (m,
2H), 7.63 (d, J = 8.8 Hz, 2H), 7.47-7.41 (m, 6H), 7.33 (s, 1H), 6.87 (d, J = 8.8 Hz, 2H), 5.03 (d, J = 9.8 Hz, 1H), 4.12
(9, J=7.1Hz, 2H), 4.04 (d, J = 20.1 Hz, 1H), 3.82 (s, 3H), 3.53 (d, J = 20.1 Hz, 1H), 1.51 (s, 9H), 1.07 (t, J = 7.2 Hz,
3H); C NMR (100 MHz, CDCls): & 171.5, 171.4, 166.9, 148.5, 145.8, 137.1, 136.5, 135.5, 134.9, 133.8, 132.2,
132.0, 131.5 (d, J = 2.8 Hz), 131.3 (d, J = 2.8 Hz), 130.5, 130.4, 129.9, 129.5, 128.7, 128.5, 127.9, 127.7, 112.9, 82 4,
63.3, 62.7, 55.2, 49.2, 28.1, 13.6; 3P NMR (CDCls): § 51.0; HRMS (ESI) Anal. calcd. for Cs;H3sO¢N2NaPS m/z
629.1846 [M+Na]*, found 629.1838; [0]p?® —26.3 (c 0.35, CHCls, 94% ee sample); Enantiomeric excess of the product
was determined to be 94% ee by chiral stationary phase HPLC analysis (CHIRALPAK IA (g 0.46 cm x 25 cm), 2—
propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tr = 12.8 min (major), 25.2 min (minor)).

tert-Butyl (S)-3-(1-((diphenylphosphorothioyl)amino)-2-ethoxy-1-(4-(methylthio)phenyl)-2-oxoethyl)-2-oxo-
2,5-dihydro-1H-pyrrole-1-carboxylate (67u)

s
Il

PhoP_ o

MeS’@ /\éNBoc
EtO,C

White solid; IR (KBr): v 1777, 1736, 1723 cm™; 'H NMR (400 MHz, CDClz): 6 7.98-7.92 (m, 2H), 7.87-7.81 (m,
2H), 7.66-7.62 (m, 2H), 7.47-7.40 (m, 6H), 7.32 (t, J = 1.9 Hz, 1H), 7.22-7.19 (m, 2H), 5.03 (d, J = 9.8 Hz, 1H),
4.16-4.08 (m, 2H), 4.03 (dd, J = 2.0, 20.2 Hz, 1H), 3.52 (dd, J = 2.0, 20.2 Hz, 1H), 2.49 (s, 3H), 1.51 (s, 9H), 1.07 (t,
J=7.1Hz, 3H); 3C NMR (100 MHz, CDCls): § 171.2, 171.1, 166.9, 148.5, 146.0, 138.6, 136.9 (d, J = 2.4 Hz), 136.4,
135.4,134.7 (d, J = 1.2 Hz, 1H), 133.8, 132.2, 132.0, 131.6 (d, J = 2.9 Hz), 131.3 (d, J = 3.0 Hz), 130.6, 130.4, 128.8,
128.7, 128.6, 127.9, 127.8, 125.2, 82.4, 63.4, 62.9, 49.3, 28.1, 15.4, 13.6; 3'P NMR (CDCls): § 51.1; HRMS (ESI)
Anal. calcd. for CsH3s0sN2NaPS, m/z 645.1617 [M+Na]*, found 645.1619; [a]o?® —34.3 (c 0.42, CHCIs, 88% ee
sample); Enantiomeric excess of the product was determined to be 88% ee by chiral stationary phase HPLC analysis

(CHIRALPAK 1A (g 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tg =
10.6 min (major), 22.1 min (minor)).

tert-Butyl (S)-3-(1-(benzo[d][1,3]dioxol-5-yl)-1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-oxoethyl)-2-oxo-
2,5-dihydro-1H-pyrrole-1-carboxylate (67v)

S

Ph,P
o SNH o

(o)
\ NBoc
EtO,C

White solid; IR (KBr): v 1776, 1736, 1719 cm*; *H NMR (400 MHz, CDCl3): § 7.98-7.93 (m, 2H), 7.85-7.79 (m,
2H), 7.47-7.38 (m, 7H), 7.27-7.34 (m, 1H), 7.14 (d, J = 1.9 Hz, 1H), 6.78 (d, J = 8.3 Hz, 1H), 5.98 (d, J = 3.8 Hz,
2H), 5.00 (d, J = 9.5 Hz, 1H), 4.13 (dq, J = 2.2, 7.2 Hz, 2H), 4.04 (dd, J = 2.0, 20.2 Hz, 1H), 3.56 (dd, J = 2.0, 20.2
Hz, 1H), 1.51 (s, 9H), 1.08 (t, J = 7.2 Hz, 3H); 1*C NMR (100 MHz, CDCl3): & 171.2, 171.1, 166.8, 148.5, 147.4,
147.1, 145.9, 136.9 (d, J = 2.2 Hz), 136.3, 135.3, 134.8, 133.8, 132.1, 132.0, 131.9 (d, J = 1.4 Hz), 131.5(d, J = 2.9
Hz), 131.3 (d, J =3.0 Hz), 130.5, 130.4, 128.7, 128.5, 127.9, 127.8, 122.0, 108.8, 107.3, 101.2, 82.4, 63.5, 62.8, 49.2,
28.1, 13.6; 3P NMR (CDCls): 8 51.3; HRMS (ESI) Anal. calcd. for C3H3307N2NaPS m/z 643.1638 [M+Na]*, found
643.1634; [a]o® —21.8 (c 0.33, CHCl3, 90% ee sample); Enantiomeric excess of the product was determined to be
90% ee by chiral stationary phase HPLC analysis (CHIRALPAK IA (# 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9,
flow rate 1.0 mL/min, detection at 254 nm, tgr = 14.3 min (major), 22.1 min (minor)).
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tert-butyl (S)-3-(1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-
oxoethyl)-2-ox0-2,5-dihydro-1H-pyrrole-1-carboxylate (67w)

S
Il

(0 thP\NH o
O@ /\6NBOC
EtO,C
White solid; IR (KBr): v 1775, 1735, 1719 cm™; *H NMR (400 MHz, CDCl3): § 7.99-7.93 (m, 2H), 7.85-7.79 (m,
2H), 7.45-7.38 (m, 7H), 7.21-7.18 (m, 2H), 6.83-6.81 (M, 1H), 4.97 (d, J = 9.4 Hz, 1H), 4.25 (s, 4H), 4.16-4.08 (m,
2H), 4.03 (dd, J = 2.0, 20.1 Hz, 1H), 3.58 (dd, J = 2.0, 20.2 Hz, 1H), 1.50 (5, 9H), 1.08 (t, J = 7.1 Hz, 3H); 3C NMR
(100 MHz, CDCls3): 6 171.3,171.2,166.9, 148.5, 145.8, 143.4, 142.6, 136.8 (d, J =2.4 Hz), 136.4, 135.4, 134.9, 133.9,
132.1, 132.0, 131.5 (d, J = 2.9 Hz), 131.3 (d, J = 3.0 Hz), 131.2 (d, J = 1.7 Hz), 130.6, 130.5, 128.6, 128.5, 127.9,
127.7, 121.3, 117.5, 116.3, 82.4, 64.32, 64.25, 63.2, 62.9, 49.2, 28.1, 13.6; 3P NMR (CDCls): & 51.4; HRMS (ESI)
Anal. calcd. for CssHzsO7N2NaPS m/z 657.1795 [M+Na]*, found 657.1791; [o]p?® —24.8 (c 0.84, CHCls, 91% ee

sample); Enantiomeric excess of the product was determined to be 91% ee by chiral stationary phase HPLC analysis

(CHIRALPAK 1A (9 0.46 cm x 25 cm), 2—propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tg =
14.9 min (major), 22.1 min (minor)).

tert-Butyl (S)-3-(1-((diphenylphosphorothioyl)amino)-2-ethoxy-1-(3-methoxyphenyl)-2-oxoethyl)-2-ox0-2,5-
dihydro-1H-pyrrole-1-carboxylate (67y)

s
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@ /\éNBoc
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White solid; IR (KBr): v 1776, 1737, 1719 cm™; 'H NMR (400 MHz, CDClz): 6 7.99-7.94 (m, 2H), 7.87-7.81 (m,
2H), 7.47-7.40 (m, 6H), 7.37 (t, J = 2.0 Hz, 1H), 7.33-7.31 (m, 1H), 7.29-7.24 (m, 2H), 6.87-6.84 (m, 1H), 5.02 (d,
J=9.7 Hz, 1H), 4.13 (dq, J = 1.8, 7.2 Hz, 2H), 4.04 (dd, J = 2.0, 20.2 Hz, 1H), 3.83 (s, 3H), 3.55 (dd, J = 2.1, 20.1
Hz, 1H), 1.51 (s, 9H), 1.07 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): 5 171.2, 171.1, 166.9, 158.8, 148.5,
146.0, 139.7 (d, J = 1.3 Hz), 136.8 (d, J = 2.2 Hz), 136.4, 135.4, 134.8, 133.8, 132.1, 132.0, 131.5 (d, J = 3.0 Hz),
131.3 (d, J = 2.9 Hz), 130.6, 130.4, 128.7, 128.53, 128.45, 127.9, 127.8, 120.7, 114.6, 113.4, 82.4, 63.7, 62.8, 55.3,
49.2,28.1, 13.5; 3P NMR (CDCly): § 51.4; HRMS (ESI) Anal. calcd. for C3HzsOsN2NaPS m/z 629.1846 [M+Na]*,
found 629.1841; [0]o? —20.9 (c 0.34, CHCls, 86% ee sample); Enantiomeric excess of the product was determined to
be 86% ee by chiral stationary phase HPLC analysis (CHIRALPAK IA (g 0.46 cm x 25 cm), 2—propanol/n-hexane =
1/9, flow rate 1.0 mL/min, detection at 254 nm, tr = 11.6 min (major), 13.3 min (minor)).

tert-Butyl (S)-3-(1-(3,5-bis(trifluoromethyl)phenyl)-1-((diphenylphosphorothioyl)amino)-2-ethoxy-2-
oxoethyl)-2-oxo0-2,5-dihydro-1H-pyrrole-1-carboxylate (672)
S

Il
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White solid; IR (KBr): v 1779, 1742, 1723 cm™; *H NMR (400 MHz, CDCly): § 8.27 (s, 2H), 7.98-7.92 (m, 2H),
7.86-7.78 (m, 3H), 7.52-7.43 (m, 6H), 7.21 (t, J = 2.0 Hz, 1H), 5.09 (d, J = 10.4 Hz, 1H), 4.21-4.08 (m, 3H), 3.44
(dd, J =2.0, 20.4 Hz, 1H), 1.52 (s, 9H), 1.08 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCls): § 170.0, 169.9, 166.6,
148.2, 146.0, 141.2, 136.5 (d, J = 2.8 Hz), 135.8, 134.8, 133.7, 138.8, 132.3, 132.1, 131.9 (d, J = 2.9 Hz), 131.6 (d, J
=2.9Hz), 130.7 (q, J = 125.2 Hz), 130.5, 130.3, 129.2, 128.9, 128.8, 128.0, 127.9, 127.4, 124.7, 122.2, 122.1, 121.9,
119.2, 82.7, 63.59, 63.55, 49.4, 28.1, 13.4; 3P NMR (CDCl5): 5 51.9; F NMR (375 MHz, CDCly): & -62.8; HRMS
(ESI) Anal. calcd. for CasHz10sN2FgNaPS m/z 735.1488 [M+Na]*, found 735.1472; [a]o® —1.1 (c 0.41, CHCl3, 82%
ee sample); Enantiomeric excess of the product was determined to be 82% ee by chiral stationary phase HPLC analysis
(CHIRALPAK IA/ID (g 0.46 cm x 25 cm), 2—propanol/n—hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm,
tr = 11.0 min (major), 11.8 min (minor)).

Transformation of the Mannich product

To a solution of 77b (576.3 mg, 1 mmol) in a mixture of EtOAc/AcOH (v/v: 4/1) (10.0 mL), H202 (35 wt %) (1.0 mL)
was added dropwise at room temperature. The reaction was quenched with sat. NaHCOs solution after TLC showed
complete consumption of 77b. The mixture was extracted with ethyl acetate, and the organic layers were combined
and dried over anhydrous Na,SOs. After filtration and concentration under reduced pressure, the obtained crude
mixture was purified by silica gel column chromatography to afford the desired product in quantitative yield.

The obtained product (56.1 mg, 0.1 mmol) was dissolved in EtOAc (0.5 mL), before 4 M HCI (1.5 mL) was added
dropwise at room temperature. The mixture was heated to 60 °C and stirred for 40 min. Then solvent was evaporated
under reduced pressure. The reaction mixture was purified by preparative TLC (Al,O3 plate)(CHCl3/MeOH = 30/1) to
give the pure product 83 (18.1 mg, 70% yield).

Ethyl (S)-2-amino-2-(2-0x0-2,5-dihydro-1H-pyrrol-3-yl)-2-phenylacetate (83)

P h“\“\“ NH
Et0,C |l

Yellow oil; IR (CHCIs): v 3363 (brm), 1730, 1697, 1602 cm™%; *H NMR (400 MHz, CDs0D): § 7.57-7.54 (m, 2H),
7.42-7.33 (m, 3H), 6.54 (t, J = 1.8 Hz, 1H), 4.23 (dg, J = 0.6, 7.2 Hz, 2H); 3.95 (dd, J = 1.8, 9.1 Hz, 3H), 1.24 (t, J =
7.1 Hz, 3H); **C NMR (100 MHz, CD;0D): § 174.9, 174.7, 142.6, 140.6, 129.5, 129.2, 127.5, 64.0, 63.1, 47.8, 14.3;
HRMS (ESI) Anal. calcd. for C14H1603N2Na m/z 283.1059 [M+Na]*, found 283.1054; [a]o?® 20.6 (c 0.54, CHClIs,
from 91% ee sample).

Recovery and Reuse of Catalyst

A flame-dried 20 mL test tube equipped with a magnetic stirring bar and 3-way glass stopcock was charged with (R,R)-
Ph-BPE (25.3 mg, 0.05 mmol), [Cu(CH3sCN)4]PFs (18.6 mg, 0.05 mmol) and THF (1.0 mL) under Ar atmosphere.
The mixture was stirred for 30 min to form the complex, which was stored at room temperature.

A flame-dried 20 mL test tube equipped with a magnetic stirring bar and 3-way glass stopcock was charged with
ketimine 61b (157.4 mg, 0.4 mmol) and «,5-unsaturated y-butyrolactam 66 (146.6 mg, 0.8 mmol) under Ar atmosphere
and THF (1.2 mL) was added at room temperature, then the mixture was cooled to —50 °C. The catalyst solution (0.8
mL) containing copper (I) complex (0.04 mmol) followed by Et;N (111.5 pL, 0.8 mmol) was added. The resulting
reaction mixture was stirred at —50 °C for 96 h. After diluting the mixture with MeCN, neutral silica gel (1.0 g) was
added. Volatiles were removed under reduced pressure and the resulting crude products absorbed on neutral silica
were loaded on a silica gel column. Elution with a mixture of DCM and MeCN (from 20/1 to 4/1) gave the product
(205.0 mg, 89% yield) and Cu/Ph-BPE complex. Enantioselectivity was determined to be 91% ee by chiral stationary
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phase HPLC analysis (CHIRALPAK IA (g 0.46 cm X 25 cm), 2-propanol/n-hexane = 1/9, flow rate 1.0 mL/min,
detection at 254 nm, tR = 10.1 min (major), 13.3 min (minor)).

The recovered complex was dried under vacuum, washed with dry THF in a 20 mL test tube equipped with a magnetic
stirring bar and 3-way glass stopcock. THF (0.5 mL) was added and the mixture was cooled to —50 °C. Ketimines 61b
(157.4 mg, 0.4 mmol) and a,B-unsaturated y-butyrolactam 66 (146.6 mg, 0.8 mmol) dissolved in 1.5 mL THF were
added at —50 °C. Then Et;N (111.5 pL, 0.8 mmol) was added. The resulting reaction mixture was stirred at —50 °C for
90 h. After diluting the mixture with EtOAc and concentration under reduced pressure, the obtained crude product
was purified by silica gel column chromatography (n—Hexane/Ethyl acetate) to afford the desired product (195.5 mg,
85% yield). Enantioselectivity was determined to be 91% ee by chiral stationary phase HPLC analysis (CHIRALPAK

IA (2 0.46 cm x 25 cm), 2-propanol/n-hexane = 1/9, flow rate 1.0 mL/min, detection at 254 nm, tR = 9.9 min (major),
12.9 min (minor)).
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