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ABSTRACT

APPLICATION OF CHAMELEON CATALYST AND VAPOL/VANOL
IMIDODIPHOSPHORIMIDATE CATALYSTS IN ASYMMETRIC CATALYSIS

By
Aliakbar Mohammadlou

In chapter 1 the discovery of chameleon catalysts was discussed. The chameleon catalyst was
defined as an agent that can catalyze different reactions with different mechanisms. We have found
that a chiral biaryl borate ester with two VANOL ligands and one boron complex is an extremely
active catalyst for the epoxidation of aldehydes and the aziridination of imines. Mechanistic
investigation revealed that this catalyst can catalyze epoxidation aziridination reactions with a
different mechanism. We have shown that the aforementioned catalyst acts as a Lewis acid in the
epoxidation of aldehydes and Brgnsted acid in the aziridination of imines. X-ray structural
analysis, Hammett study, and 'B-NMR study support our hypothesis.

In chapter two the discovery and utility of the aluminum VAPOL catalyst and aluminum VANOL
catalyst were explored. We have found that a chiral biaryl aluminum with two VAPOL ligands
and one aluminum complex is an extremely active catalyst for the epoxidation of aldehydes with
diazo acetamide. The excellent performance of aluminum VAPOL catalyst has also shown in the
total synthesis of (—)-tedanalactam which was accomplished in only 5 steps with excellent
enantioinduction in 37% overall yield. The aluminum catalyst also performed well in the
aziridination reaction transforming the imine into the aziridine with good yield and excellent ee.
We believe the aluminum catalyst also acts as a chameleon; however, more experiments are required
to show the chameleon behavior of these complexes.

In chapter three, inspired by Benjamin List’s imidodiphosphorimidate catalysts, VANOL

imidodiphosphorimidate (VIP) and VAPOL imidodiphosphorimidate (VAPIP) catalysts were



synthesized. X-ray structural analysis aided us to perform crystal engineering on VIP derivatives
and design a highly efficient VIP catalyst for the asymmetric halonium-ion induced
spiroketalization. VIP catalysts were also explored in the asymmetric intramolecular Schmidt
reaction; however, no asymmetric induction was observed after exploring the reaction with a

library of these catalysts.
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Chapter 1

Chameleon Catalyst



1.1. Introduction

We define chameleon catalyst as an agent that can catalyze different reactions with different
mechanisms (Scheme I-1). In other words, catalyst A can catalyze the reaction of substrate 1 and
reagent 1 to give product 1. In the presence of substrate 2 the same catalyst forms a complex that
is distinctly different from catalyst A (catalyst B) both in function and structure. Catalyst B will
promote the formation of product 2 by a mechanism that is different from the mechanism by which
catalyst A operates. Recently, we have discovered that VANOL/VAPOL catalysts type I-3 - 1-6
are extremely efficient in activating aldehydes via a Lewis acid-Lewis base interaction and imine
via protonation.?® In other words, an aldehyde will coordinate to the catalyst A and form a Lewis
acid/Lewis base complex 1-7 whereas, the same catalyst will protonate an imine and form a
spiroborate/aluminate anion I1-8 which hydrogen bonds to a protonate imine; therefore, the catalyst

acts as a chiral Brgnsted acid catalyst.

Scheme 1-1. Concept of Chameleon Catalyst

M=B VANOL/VAPOL I-3/4
M =Al VANOL/VAPOL I-5/6

(5)-VANOL 1I-1 (S)-VAPOL I-2

Lewis acid C M > b 1
M substrate
catalyst o' 0 C Catalyst A  ———————— Product 1
' reagent 1
substrate 1

|
1-7 substrate 2

Bronsted > reagent 2
acid catalyst < Catalyst B | ———————> Product 2

[substrate 2]
1-8



1.1.1. Bronsted acid-assisted chiral Lewis acid (BLA) catalyst acts as a Lewis acid in
Presence of aldehyde

Yamamoto was the first to report the asymmetric catalytic Diels-Alder reaction of a-substituted a,

B- enals 1-9 with dienes in presence of boron-BINOL catalyst 1-12.2 The structure of the catalyst

(structure 1-12, scheme 1-2) was proposed to be a three coordinated boron species with an

intramolecular hydrogen bond between the hydroxyl of a phenoxy moiety and the oxygen of

naphthol. The aforementioned hydrogen bonding was crucial in this catalytic system since it was

proposed to lead to an increase in Lewis acidity of the boron and n-basicity of the phenoxy moiety.

Scheme 1-2. Brgnsted acid assisted- chiral Lewis acid catalyst

R
R, } 1-12
IOmol‘V
e - () o

1-9 I-IO I-ll § \ \
7 examples —

ield: 999
Z]: 9(12_9920//(; (R)-BINOL BLA catalyst

exo:endo: 99:1

I-13
2\ ) @ _10mol%
CHO

I-11a
yield: 99%
ee: 68%
exo:endo: 97:3

Transition State A Transition State B
non-helical transition state helical transition state
of BLA in Diels-Alder reaction AFT_12 in Nialc_Aldar ranctinn
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The dienophile activated via a Lewis acid-Lewis base interaction (complex 1-7, scheme 1-1) and
the phenoxy moiety blocks the si-face of the dienophile via n-w interaction between the n-acidic
dienophile and the w-basic phenoxy moiety. As a result, the Re face of the dienophile remains open
to the diene’s approach (transition state A, scheme 1-2). As a proof of concept, a control experiment
was conducted to shed light on the necessity of the aforementioned intramolecular hydrogen bond
in the asymmetric catalytic Diels-Alder reaction. Therefore, a boron catalyst 1-13 was synthesized
but the same catalyst yielded the Diels-Alder adduct with only 68% ee (scheme I-2, eq. 2). These
results enabled Yamamoto to propose a fixed non-helical transition state Brensted acid assisted-
chiral Lewis acid (BLA) catalyst with tetrol BINOL ligand (transition state A, scheme 1-2) and a
helical transition state with triol BINOL ligand (transition state B, scheme 1-2). However, the BLA
catalyst 1-12 had limited scope, the presence of an a-substitution on the a, B- unsaturated enals
was required for good enantioselectivity. Later, in 1996, Yamamoto reported the 2"? generation
BLA catalyst which was highly reactive for a-unsubstituted and B-substituted a, B- enals substrates
1-9b (scheme 1-3).3# BLA catalyst 1-16 was prepared in situ by treating boronic acid 1-15 and
chiral triol ligand I-14. The structure of this catalyst was proposed to be a three coordinate boron
species with an intramolecular hydrogen bond between the hydroxy of the phenol substituent and
the naphthol oxygen of the BINOL. The enantioselectivity and diastereoselectivity were
rationalized based on the catalyst and aldehyde complex I-17 which was analogous to the proposed
transition state for BLA catalyst 1-12 (transition state A in scheme I-2). The higher reactivity of
BLA 2" generation catalyst (catalyst 1-16) was due to the strong electron withdrawing effect of
the trifluormethyl groups as well as the intramolecular hydrogen bond in the catalyst. These two
effects concomitantly increased the Lewis acidity of BINOL-BLA catalyst 1-16 and made it a

highly reactive catalyst for a wide substrate of dienophiles.



Scheme 1-3. 2" generation of BLA catalyst

CF,
CF,
Ligand I-14 I-15
catalyst I-16
20 mol% CHO
~Aaio + ) =/
DCM, -78 °C
15h
1-9b I-10a I-11b

yield%: 94%
ee%: 95%

catalyst and dienophile complex I-17
Catalyst 1-19 was also investigated in the Diels-Alder reaction; however, the desired product was
produced in only 22% yield and 46% ee (scheme 1-4).

Scheme 1-4. Diels-Alder reaction catalyzed by catalyst 1-19

O‘ CF, OO CF,
Ol (HO)B - OB
WOH (HO W07

L w0

BINOL I-18 I-15 catalyst I-19
catalyst I-19
)\ @ 5 mol% - ﬂb(CHO
+ -
CHO DCM, -78 °C
1.5h
1-9a I-10a I-11a
yield: 22%
ee: 46%



1.1.2. Does the BLA catalyst act as a Lewis acid in Presence of imine or nitrone?

In 1994, Yamamoto also reported a biaryl-boron BLA catalyst 1-25 as an efficient promoter for
the asymmetric aza Diels-Alder and adol-type reaction of imine 1-20 (scheme I-5).°> The catalyst
was prepared from a 2:1 ratio of BINOL ligand and a borate ester. Structurally, as depicted in
scheme 5 the biaryl-boron catalyst 1-25 demonstrated a three coordinated boron species with an
intramolecula hydrogen bond between the hydroxy of one BINOL ligand and an oxygen of the

other ligand and thus has a proposed structure similar to that of catalyst 1-12 (scheme 1-2).

Scheme I-5. Aldol-taype and aza-Diels-Alder reaction of imine 1-20

_~CHPh - _CHPh
N 2 0SiMe; 125 HN ?
. /‘\ (dequiv) o 2 coyBu
R” H OBu'  CH,Cl,, 4 A MS R/R\/ ?
-78°C, 12 h ®)
1-20 1-21 1-22
6 examples
yield: 30-78%
ee: 95-98%
OMe PhH,C
_.CH,Ph 1-25 Co
N X : NTS 125
| (1 equiv)
P& N - o (R)-BLA
-78°C, 12 h 24
1-20 - -
123 yield: 64%
ee:>99%

0,0
H /B _H
z O’

Ph O

obtained crystal structure of phenol, imine
and spiroborate anion catalyst 1-26 Proposed complex of imine and BLA catalyst I-25



Due to the higher basicity of products in the aza Diels-Alder and aldol-type reactions, a
stoichiometric amount of the catalyst was used in order to avoid product inhibition. Crystal
structure analysis of a co-crystal of BLA catalyst 1-25, chiral imine and phenol, revealed the
presence of spiroborate anion 1-26 species, hydrogen bonded to phenol which in turn was H-
bonded to a protonated imine.® This structure clearly indicated that there was not a bonding
interaction between the nitrogen of the imine and the boron of the catalyst. This paper was the first
report of the chiral spiro-borate anion 1-26 derived from the BLA catalyst 1-25. However, in this
report, it was proposed that the BLA catalyst 1-25 functions as a Lewis acid catalyst and that the
imine was activated via Lewis acid-Lewis base interaction as indicated in complex of imine and
catalyst 1-25, this mechanism for imine activation was proposed for both the aldol type reaction
with silyl ketene actal 1-12 and Diels-Alder reaction with diene 1-23 (unified mechanism) (scheme
|-5).

The aza-Diels-Alder reaction was further explored by Bull and James.” In order to gain more
information about the structure of the enantioinducing catalyst species, a non-linear study was
pursued. Two sets of experiments were conducted by using scalemic BINOL species. In the first
experiment, the catalyst was prepared with 1.0 equiv of BINOL ligand I1-18 and 1.0 equiv of
B(OPh)s (scheme 1-6, catalyst 1-27). In the second experiment, the catalyst was prepared with 2.0
equiv of BINOL ligand 1-18 and 1.0 equiv of B(OPh)s (catalyst 1-25). Both of the catalysts 1-27
and 1-25 demonstrated a significant positive non-linear effect which clearly showed the
involvement of two BINOL ligands in the active catalyst species. As a result, it was proposed that
the active catalyst in both reactions is catalyst 1-25 and that catalyst 1-27 could be converted to
catalyst 1-25 via dynamic ligand exchange with phenol. In terms of mechanism, it was proposed

that the catalyst 1-25 was acting as Lewis acid catalyst in presence of imine, the same mechanism



which was proposed by Yamamoto for the same reaction (scheme 1-6, complex of imine and

catalyst 1-25).

Scheme 1-6. Dynamic ligand exchange between catalysts 1-27 and 1-25

O‘ CH,Cl,, 4 A MS OO
OH _ 0

25°C

~
+ B(OPh » BOPh
o "
I-18 1-27
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_CH,Ph PhH,C.
N 2 \ 1-27 2 N AN
)|\ N (1 equiv) o
Ph” "H orms CHaCly, 4 AMS Ph" (R) 0
-78°C, 12 h
I-20a 123 1-242
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B(OPh A - O—\—BH o™
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(OPh); 07 Mo
1-25
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_CH,Ph PhH,C.
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P~ "H Ph 0o
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1-20a 1-23 1-24a
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Dynamic ligand O O
exchange 0L 'H o
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In 1998, Nakagawa reported catalyst 1-25 meditates the Pictet-Spengler reaction of nitrone 1-28.8
He also proposed that the catalyst acts as a Lewis acid mediator and activates the nitrone 1-28 via
Lewis acid-Lewis base interaction (scheme I-7). These reports have led people to assume that
catalyst 1-25 (activation of imine or nitrone via Lewis acid-Lewis base interaction with catalyst I-
25) activates imines and nitrones via a transition state involving Lewis acid activation by boron

even though there was no evidence for this.

Scheme I-7. Picktet-Spengler reaction promoted by I- 25

0 125
N 2 equiv 0——H o
N L
R 4AMS.DCM
N It 48 h
128

1-29
6 examples
yield: 39-94%

ee: 15-94% 0

Transition state C: Re-face attack Transition state D: Si-face attack
Major enantiomer Minor enantiomer

1.2. Chameleon catalyst catalyzed asymmetric catalytic epoxidation of aldehyde with diazo
compound

1.2.1. Introduction

Chiral epoxides are important structural motifs in organic synthesis because of their facile
transformation to a wide variety of target molecules.® Therefore, synthesis of chiral epoxides has
drawn great attention in asymmetric catalysis. The most common approach to the synthesis of
enantioenriched epoxide is the oxidation of alkenes in presence of a proper catalyst. Sharpless was
the one who first presented an elegant strategy in the epoxidation of primary and secondary allylic
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alcohols by using Ti(O'Pr)s and diethyl tartarate as a chiral ligand in presence of tert-butyl
hydroperoxide (THP) as an oxidant.!® An uncommon approach to the synthesis of chiral epoxides
relies on the asymmetric addition of diazo compounds to readily available aldehydes. In the desired
addition of a diazo to an aldehyde in a Darzens type reaction, which yields the epoxide, there can

be competing reactions. These include, the Roskamp reaction and the aldol reaction (scheme I-

8).11’12
Scheme I-8. Diazo addition to aldehyde R’ OH O
Aldol Reaction > R4 R
N,
0 0 0O o
)J\ R" ' Roskamp Reaction
R "H * R ™ R R'
N2 R’I
) O R"
Darzens Reaction R'
il
o]

The first well developed reaction involving the addition of the diazo compound to an aldehyde, is
the aldol addition. The asymmetric version of this reaction was reported by Trost, which involved
the asymmetric addition of ethyl diazoacetate 1-31 to an aldehyde 1-30 catalyzed by a chiral

dinuclear magnesium-Prophenol complex (scheme 1-9).1314

Scheme 1-9. Catalytic asymmetric aldol addition of diazo to aldehydes py, Ph
HO
A—OH Ph
0 0 OH O HO Ph
P (R, R) 1-34, 5 mol% QN OH N
R H+| OEt BuMa. 10 mol% > R OEt
N, Vg, 18 Mot N, HO
1-30 1-31 1-33, 5 mol%
THF, _20 oC 1-32 I-33
19 examples
up to 99% yield (R, R) Prophenol 1-34
up to 99%

The second competing reaction with the Darzens type reaction is known as the Roskamp reaction,

along with its asymmetric version documented by Feng (scheme 10).%°
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Scheme 1-10. Asymmetric catalytic Roskamp reaction

Q 9 Se(OTh);, 0.06 mol% o o R \\
L, R'.\[HJ\R, 135,0.05 mol% RMR @ €
R™OH . |
DCM, -20 °C o= N o
N2 Ru /O @ @ O\
/N\H H/N\
o 2 136 Ar "

26 examples
up to 99% yield
up to 99%

1-35, Ar = 2,6-i-Pr,C4H;

In 2009, Gong was able to overcome these challenges and reported the first efficient asymmetric
catalytic diazo Darzens reaction of aldehyde I1-30 with secondary a-diazo acetamide 1-37 (scheme
1-11).18 Chiral titanium-BINOL complex 1-38 enabled him to achieve excellent yield and
enantioselectivity in the epoxidation of aldehyde 1-30. In 2011, he also reported an air-stable
zirconium complex with 3,3'-diiodo-BINOL 1-40 as an efficient catalyst in the asymmetric diazo
Darzens reaction.r’ However, the structure of the active catalyst is not known to date.*® Wide
substrate scope was tolerated and epoxides 1-39 were produced with excellent yield and ee but no
explanation was given about the nature of the diastereoselectivity (cis vs. trans-selectivity). Sun
and Wong also reported the asymmetric catalytic diazo Darzens reaction catalyzed by a (+)-
pinanediol 1-41-Ti(O'Pr)sand 1, 16-dihydroxytetraphenylene 1-42—Ti(O'Pr)s complexes (scheme
1-11).1%20 To the best of our knowledge, to date, there was no reported non-transition metal

catalyst catalyzed asymmetric diazo Darzens of aldehyde with diazo compound.

1.2.2. Asymmetric catalytic epoxidation of aldehydes with diazo acetamides catalyzed by
chiral polyborate organocatalysts

Our lab has discovered thata VANOL/VAPOL derived-BOROX catalyst 1-46/1-47 is an efficient

catalyst for the synthesis of both cis and trans-aziridines (scheme 12).2%2222 The reaction between

imine 1-43 and ethyl diazoacetate 1-31 yielded cis-aziridines 1-44 with excellent yield and ee.

Inspired by the asymmetric catalytic aziridination reported by Mauroka,?* we have found that

simply changing the ethyl diazoacetate 1-31 to the secondary diazo acetamide 1-39, the
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Scheme 11. Asymmetric catalytic epoxidation of aldehyde with dazo acetamide
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28 examples Ligand 1-42
up to 99% yield (S)-DHTP

upto 99% ee  (1,16-dihydroxy tetraphenylenes)
VANOL/VAPOL-BOROX catalyst 1-46/1-47 can catalyze the asymmetric trans-aziridination of
imine 1-43. The nature of this switch in diastereoselectivity from cis to trans-aziridination was
found to be because of an extra-hydrogen bond that the secondary diazo acetamide 1-39 can form
with the BOROX catalyst.”®> We have also discovered that the VANOL/VAPOL-BOROX

catalysts 1-46/1-47 can be assembled by mixing either the VANOL ligand 1-46 or VAPOL ligand
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I-47, B(OPh)s and an imine or amine since imines or amines are basic enough to assemble the

catalyst 1-46/1-47.%

Scheme 12. Asymmetric catalytic cis- and trans-aziridination

(S)-VANOL or (S)-VAPOL
O  BOROX catalyst I-46/1-47  BG

. .PG 2-20 mol% ligand N
=+ -
R N HJ\OEt toluene, 25 °C 7 N

R CO,Et
N, 2
1-43 1-31 1-44
yield up to 99%
ee up to 99%
o (S)-VANOL BOROX PG
X .PG catalyst I-46, 5 mol%_ N
R N + NHPh o - ‘
| toluene, -20 °C R ‘CONHPh
N,
1-45
1-43 I-
39 13 examples
yield up to 99%
ee up to 99%
B(OPh);, 3 equiv ~
A, PG
toluene, 80°C,1h = R™ N -
then, vacuum, o 25 °C, 10 min .
80°C,1h
(S)-VANOL/VAPOL (S)-VANOL/VAPOL BOROX
I-1/1-2 catalyst 1-46/1-47

B(OPh);, 3.0 equiv. imine, 1.0 equiv
toluene, 25 °C

Next we turned our attention toward asymmetric catalytic epoxidation reactions catalyzed by
BOROX catalyst 1-46/1-47. Neither diazoacetamide 1-49 nor aldehyde 1-30a are basic enough to
assemble the BOROX catalyst. Therefore, it was envisioned that a non-reacting base might help
to assemble the BOROX catalyst but not intervene in the reaction. After extensive screening, it
was found that DMSO was the optimum base in assembling the active catalyst. This finding led

us to develop a highly efficient catalytic system for the epoxidation of aldehydes I1-30 with diazo
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acetamide 1-49 (scheme 1-13).! The catalyst was prepared by mixing 10 mol% of VANOL ligand,
30 mol% of BHz*SMez, 20 mol% of PhOH and 30 mol% of H20 followed by heating the mixture
at 100 °C for 1 hour, and then applying high vacuum at 100 °C in order to remove the volatiles.
This was followed by addition of 10 mol% of DMSO and stirring the obtained mixture for another
hour. This catalyst was highly reactive in the asymmetric epoxidation of aldehyde 1-30 with
secondary diazo acetamide 1-49. A wide range of aromatic and aliphatic aldehydes were tolerated
and yielded epoxides 1-50 in good yields and excellent enantioselectivities.

Scheme 1-13. Catalyst 1-48 catalyzed asymmetric epoxidation

1) BH;-SMe,, 30 mol%
PhOH, 20 mol%

H,0, 30 mol%
(S)-VANOL I-1 toluene, 100 °C, 1 h » _DMSO, 10 mol% catalyst 1-48

10 mol% 2) vacuum, 100 °C,0.5h 25 °C, 10 min
catalyst I-48
0 0 or I-46 o
1 19
R)J\H - NHBu —omol% - /A
I\|I Toluene R ‘CONHBu
2 -60 °C, 24h 1502
1-30 1-4
a ? yield: 74%
ee: 90%
for R =Ph
/OR
O\ /O_B\
C BO 0-.__
O o-§ “ Base-H
S R
H H ;
Ayt
N2 \Bu
o) Ph)J\H

Transition state B for
Br@nsted acid catalyst 1-46 Lewis acid catalyst 1-48

Transition state A for

Next, we investigated whether the BOROX catalyst 1-46/1-47 is the active catalyst in this reaction.
The study of the reaction showed a linear relationship between the ee of the epoxide 1-50 and and

the ee of the VANOL ligand I-1. This result clearly indicated that the active catalyst contains only
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one chiral VANOL ligand I-1. Unfortunately, the exact nature of this catalyst is not known yet;
however, we propose that the aldehyde 1-30 could undergo activation through either of two
transition states as depicted in scheme 13. Either the boroxinate catalyst acts as the Brgnsted acid
catalyst 1-46 and activates the aldehyde via hydrogen bonding, or the boroxinate core of the
catalyst is protonated yielding neutral pyro-borate catalyst 1-48, which can activate the aldehyde
1-30 via Lewis acid-Lewis base interaction (scheme 1-13, transition sate A and B).

1.2.3. BLA catalyst derived from VANOL ligand as an extremely active catalyst in the

epoxidation of aldehyde with diazo compound

After extensive screening, a new catalyst with two VANOL ligands and one boron species was
realized (scheme 1-14 catalyst 1-3). In the presence of a catalytic amount of DMSO (10 mol%),
catalyst 1-3 performed exceptionally in the epoxidation of aldehyde 1-30 with diazo acetamide I-
49.1 A wide range of substrates were converted to cis-epoxides 1-50 with high yield and excellent
enantio-induction. Perfect diastereoselectivity was also observed during the course of epoxidation
reaction (>100: 1 cis : trans); however, the origin of this diastereoselectivity is not presently clear.
It is assumed that the ability of the diazo acetamide 1-49 to hydrogen bond with the catalyst 1-3
might be responsible for the observed diasteroselectivity. The structure of catalyst 1-3 was
proposed to be a three coordinated boron species with an intramolecular hydrogen bond between
the hydroxy group of one ligand and an oxygen atom of the other one. Presumably, the 2 to 1
VANOL-boron catalyst acts as a Brgnsted acid assisted chiral Lewis acid (BLA) catalyst which
was reported by Yamamoto for BINOL and BINOL’s derivatives, activating the aldehyde via
Lewis acid-Lewis base interaction.>® BLA catalyst derived from VANOL and VAPOL ligands
had not been reported before. In addition, BLA catalysts have not been useful in any reaction other

than the Diels-Alder reaction. In order to gain a more in-depth understanding of the structure of
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the VANOL BLA catalyst 1-3, a non-linear study was conducted. The observed strong positive
non-linear effect is consistent with the proposed structure for the catalyst 1-3 in the epoxidation
reaction.!

Scheme 1-14. Asymmetric catalytic epoxidation catalyzed by catalyst 1-3

1) BH3 SMe, DMSO
0, 0,
(S)-VANOL 1 > mol% > _10mol% _ 1 3pmso
10 mol% toluene, 100 °C, 0.5 h
2) 0.5 mm Hg, 100 °C, 0.5 h
0 0 1-3-DMSO o
10
R)J\H N %NHBu 5 mol% - \\\A,,,, NHBu
N, toluene, -40 °C, R H/
10 min-24 h (0]
1-30 1-49 1-50

38 examples
yield up to 99%
ee up to 99%

BH3'SM€2

(S)_VANO,L I-1 catalyst I-3
1 equiv aldehyde and catalyst I-3

1.2.4. Study of the Effect of DMSO in the Epoxidation Reaction

The VANOL BLA catalyst I-3 was prepared by reacting 2.0 equiv of VANOL ligand I-1 with 1.0
equiv BHz*SMe> and heating the mixture at 100 °C for 1 hour followed by applying a high vacuum
for 0.5 hour at 100 °C in order to remove the volatiles. Finally, the active catalyst was obtained by
adding 2.0 equiv of DMSO (scheme 1-14). Catalyst 1-3-DMSO complex performed excellent in
the epoxidation reaction; specifically, it catalyzed the asymmetric addition of diazo acetamide I-
49 to benzaldehyde 1-30a to yield epoxide 1-50a with 99% vyield and 99% ee. It was also found
that by leaving out the DMSO, the catalyst could catalyze the same reaction; however, with slight
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deterioration of the yield (88%), ee (93%) and also with slower rate (10 min vs 2 h, scheme 15).
After screening a number of secondary diazo acetamide, we found that by using N-benzyl diazo
acetamide 1-51 in place of N-butyl diazo acetamide 1-49, excellent yield (99%) and excellent ee

(99%) could be obtained with catalyst 1-3 in the absence of DMSO.

Scheme 1-15. Epoxidation reaction

1) BH; SMe,
0,
(S)-VANOL I-1 > mol% > catalyst I-3
10 mol% toluene, 100 °C, 0.5 h

2) 0.5 mm Hg, 100 °C, 0.5 h

O 0 catalyst I-3
)J\ 5 mol% 405
Ph H + NHBu > w—, NHBu
| Ph '“/
N,

\

toluene, -40 °C,

2h
I-30a 1-49 1-50
yield: 88%
ee: 93%
0 0 catalyst I-3 0
V)
Ph)J\H + #NHBn cmol% W, NHBn
N, toluene, -40 °C, Pl |]/
2h
1-30a 1-51 I-52
yield: 92%
ee: 99%

Next, the effect of the nature of the sulfoxide was explored in the epoxidation reaction (table 1).
In the absence of any sulfoxide, catalyst 1-3 converted benzaldehyde smoothly to the desired
epoxide 1-54 in 96% yield and 85% ee (table 1, entry 1). DMSO boosted both the yield and the
asymmetric induction as expected and yielded the epoxide 1-54 in 99% yield and 94% ee (table 1,
entry 2). Dibenzyl sulfoxide as well as diphenyl sulfoxide also performed well in the epoxidation
reaction and yielded the epoxide with slightly diminished ee, compared with DMSO. In general,

sulfoxide addition concomitantly increased the ee and the yield of the reaction.
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Table I-1. Epoxidation of aldehyde in presence of different sulfoxides

1) BH;-SMe, sulfoxide
0, )
(S)-VANOL 1 > mol% > 10 mol% » catalyst I-3-sulfoxide
10 mol% toluene, 100 °C, 0.5 h

2) 0.5 mm Hg, 100 °C, 0.5 h

Bu
)0]\ (0] /©/ catalyst I-3- 0
sulfoxide 5 mol% H
Pk~ "H + HJ\N * > Ph“\\A"" N
N, H toluene, -40 °C, ]/
0.5h (0] B

u

1-30a I-53 1-54
. Yyield %ee
ety sulfoxide of 1-54 of I-54
1 none 96 85
2 DMSO 99 94
3 diphenyl sulfoxide 93 91
4 dibenzyl sulfoxide 94 90

Next question that arose was, whether or not the sulfoxide is involved in the enantiodetermining
step. In order to evaluate this possiblity, the epoxidation reaction was conducted in the presence
of a chiral sulfoxide (table 2). Since the chiral sulfoxide can form a matched or mismatched
complex with the catalyst, it is to be expected that the chirality of the sulfoxide should affect the
ee of the product 1-50a if it is involved in the enantiodetermining step. The epoxidation reaction
was conducted by using (R)-benzyl methyl sulfoxide and also its enantiomer, but no change in ee
of the epoxide 1-50 was observed in either case (table 2, entry 2 and 3). Similar results were
obtained with (R)-methyl phenyl sulfoxide and its enantiomer which clearly shows that the
sulfoxide is not likely participating in enantiodeterming step (table 2 entry 4 and 5). So far, the
exact rule of DMSO in the epoxidation reaction remains obscure and more experiments need to be

done in order to elucidate it.
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Table 1-2. Epoxidation of benzaldehyde in the presence of chiral sulfoxides
o O (R)-catalys I-3-

)J\ _Bu sulfoxide 5 mol% o H
PTCH R > Ph Neg
N, H toluene, -40 °C, u
0.5h (0]
I-30a 1-49 1-50a
entry sulfoxide Epoxide ce
1 none 86 91
2 (R)-benzyl methyl sulfoxide 91 97
3 (S)-benzyl methyl sulfoxide 91 97
4 (R)-phenyl methyl sulfoxide 85 96
5 (S)-phenyl methyl sulfoxide 36 96

1.3. Asymmetric catalytic aziridination catalyzed by VANOL spiroborate anion

1.3.1. Introduction

Chiral spiroborate anion of BINOL have been the subject of many studies over the last two
decades. In 2003, Arndtsen reported that the BINOL spiroborate anion as a counterion in 1-56
induced enantioselectivity in copper-catalyzed asymmetric aziridination (scheme 16).%7
Unfortunately, the BINOL spiroborate copper complex 1-56 yielded the desired aziridine 1-59 with

only 10% ee. Presumably, the poor performance of the catalyst was due to weak interactions

between the spiroborate anion and the copper.

Leitner reported that the asymmetric hydrogenation of dimethyl itaconate 1-62 catalyzed by a
racemic BINAP rhodium complex in the presence of the BINOL spiroborate anion 1-61 (scheme

17).2 In this report, the spiroboarte anion 1-61 induced the enantioselectivity in hydrogenation of

dimethyl itaconate 1-62 with only 57% ee.
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Scheme I-16. Aziridination catalyzed by spiroborate anion-copper complex

OO OH 1 HZBBI"SMez g : O\%)/O\\\O C cl l O @ O\\\
> ~ P
\OH 2) Ag,CO; 1O ® (0] MeCN
O < C

Cu(NCMe)4
s 155 1-56
v D
1-56, 1-3 mol% / \ .
/= + PhINTs — Ph
PH 1-60, 1-3 mol%
AN NAr

1-57 158 1-59 1-60

yield: 43% Ar = 2,6-(Bu),C¢H;

ee: 10%

Scheme 1-17. Spiroborate anion induced enantioselectivity in asymmetric hydrogenation

OH B(OH)3, EtN3 \\ O
MeCN \0 @ >0
Et;NH

1-18 I-61

racemic-[(BINAP)Rh(cod)|BF,4

0.5 mol%
MeO2C\)J\ . > MeOzC\/g\
CO,Me CO,Me

I-61, 30 mol%, H,, 200 bar
DCM, 25 °C
1-62 1-63
con.: 99%
ee: 57%

Chiral spiroborate anions have also been used in the resolution of BINOL,?® as a chiral shift
reagent,?® Friedel-Crafts reactions®® and the ring opening of meso aziridiniums.3! To the best of
our knowledge, chiral spiroborate anions have not been useful in producing useful asymmetric
induction in any asymmetric catalytic reaction (the highest achieved ee with spiroborate anion was

only 57%, scheme 1-17).%8
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1.3.2. VANOL spiroborate catalyze aziridination reaction

After successful epoxidation with the meso-boron catalyst 1-3 (scheme I-1), we turned our
attention toward the aziridination reaction catalyzed with catalyst 1-3. The catalyst was prepared
under the condition which is indicated in table 3. We were delighted to observe that catalyst 1-3
was able to catalyze the aziridination reaction with imine 1-20a and ethyl diazo acetate 1-31, which
yielded aziridine 1-65a with 85% yield but with only 41% ee (table I-3, entry 1). It was observed
that the MEDAM and BUDAM groups on the imine gave superior results in comparison to the
Bzh imine as the protecting group (Table I-3, entry 2 and 3). Performing the aziridination reaction
with (S)-7,7’-Et2VANOL ligand 1-64a yielded the desired product in 94% and 81% ee (table 3,
entry 4). (S)-7,7’-iPr2VANOL 1-64b was also investigated and aziridine 1-65a was afforded in
86% yield and 88% ee (table I-3, entry 5). After investigating ligands 1-64a and 1-64b, we noticed
that increasing the size of substituents in 7,7’-positions leads to a higher induction of the
enantioselectivity. Ligand 1-64c bearing adamantyl as a bulky substituents in 7,7’-positions
furnished aziridine 1-65a in 85% yield and 89% ee (table 1-3, entry 6). To our delight, ligand (S)-
7,7’-tBu2VANOL, 1-64 performed well and produced aziridine 1-65a with high yield and excellent
enantioselectivity (Table 1-3, entries 7-9). It is worth noting that neither VAPOL 1-4 nor BINOL
I-18 were effective ligands in this reaction (table 1-3, entries 10-13).

Further optimizations were conducted where temperature and catalyst loading were evaluated for
their effect on the course of azirdination. A substantial increase in the ee was observed by
decreasing the temperature to -45 °C (41% ee vs 75% ee, table 1-4 entries 1-4); however, a
significant decrease in the rate of reaction was observed and only 35% of the desired product I-
65a was produced after 3.5 days (table 1-4 entry 4). Conducting the reaction with 5 mol% catalyst

loading derived from 7,7’-tBu,VANOL ligand yielded the aziridine in 85% yield and 93% ee.
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Decreasing the catalyst loading to 2.5 mol% produced aziridine with a slight decrease in the yield

Table 1-3. Optimization of aziridination reaction

0
Ph.__N.
1: BH;-SMe,, 5 mol% ~UURG szJ\OEt PG
10 mol% Toluene, 100 °C, 1 h > pre-catalyst 1.0 equiv. . 1-31 1.2 equiv. . h\\\\g//, OFt
(R)-Ligand  2: Vacuum, 100 °C, 0.5 h Toluene, 25 °C, Toluene, 25 °C, P I]/
10 min 24h
tBu tBu
O ‘ MeO i ! OMe MeO g i OMe
tBu tBu
Bzh MEDAM BUDAM
I-64a, R = Et
I-64b, R = iPr
I-64c, R = Bu
I-64d, R = Ad
entry Ligand PG imine aziridine yield% ce%
1 (S)-VANOL, 1-3 Bzh 1-20a 1-652a 85 41
2 (S)-VANOL, 1-3 MEDAM 1-20b 1-65b 92 -86
3 (S)-VANOL, I-3 BUDAM 1-20c 1-65c¢ 79 -80
4 (R)-7,7-Et,VANOL, I-64a Bzh 1-20a 1-65a 94 31
5 (S)-7,7'iPr,VANOL, 1-64b Bzh 1-20a 1-65a 86 88
6 (8)-7,7-Ad, VANOL, I-64¢ Bzh 1-20a 1-65a 85 -89
7 (R)-7,7-tBu,VANOL, I-64d Bzh 1-20a 1-65a 85 94
8  (R)-7,7-tBu,VANOL, I-64d = MEDAM 1-20b 1-65b 78 97
9 (R)-7,7-tBu,VANOL, I-64d  BUDAM I-20c I-65¢ 95 96
10 (S)-VAPOL, 1-4 Bzh 1-20a 1-65a 35 34
11 (S)-VAPOL, 1-4 MEDAM 1-20b 1-65b <10 N.D.2
12 (S)-BINOL, 1-18 Bzh 1-20a I-65a 53 5
13 (S)-BINOL, 1-18 MEDAM 1-20b 1-65b <10 N.D.2

1. NMR yield, 2. N. D.: Not Determined
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but same induction (table I-4, entry 6). With 1 mol% catalyst loading, the reaction was too slow
and only 15% vyield (NMR) of the aziridine 1-65b was observed after 24 hours (table 1-4, entry 7).
As a control experiment the reaction was done in the absence of catalyst and no product was

detected after 24 hours in the NMR spectrum (table 1-4, entry 8).

Table 1-4. Further optimization of aziridination reaction

0
Ph.__N_ N
1: BH; SMe,, 5 mol% PG 2§)J\OEt PG
Toluene, 100 °C, 1 h 1.0 equiv. I-31 1.2 equiv.
10 mol% > pre-catalyst > camy:_ T OEt
(R)-Ligand  2: Vacuum, 100 °C, 0.5 h Toluene, 25 °C, Toluene, 25 °C, I]/
10 min 24h 0
I-65a: PG = Bzh
I-65b: PG = MEDAM
i cat. loading
entry Ligand PG imine  Xmol%  T/°C time/h yield% ec%
1 (S)-VANOL, I-3 Bzh 1-20a 5 25 24 85 41
2 (S)-VANOL, I-3 Bzh 1-20a 5 0 24 84 -44
3 (S)-VANOL, I-3 Bzh 1-20a 5 220 36 55 -53
4 (S)-VANOL, I-3 Bzh 1-20a 5 -45 84 35 75
5  (R)-7,7tBu,VANOL, 1-64d MEDAM 1-20b 5 25 24 85 93
6 (R)-7,7'tBu,VANOL, 1-64d MEDAM 1-20b 2.5 25 24 66 93
7 (R)-7,7Bu,VANOL, I-64d MEDAM 1-20b 1 25 24 15! N.D.?
8 - MEDAM 1-20b 0 25 24 N. RS N.D.?

1. NMR yield, 2. N. D.: Not Determined, 3. N. R.: No Reaction
Finally, different methods of preparing the catalyst were evaluated (table 1-5). In method B,
B(OPh)s was used as the boron source in place of BHz*SMeo. It was revealed that both methods
were equally effective and both catalysts yielded aziridine 1-65a with comparable results. We have
discovered the self-assembly of the BOROX catalyst 1-46/1-47 simply by mixing

VANOL/VAPOL 1-3/1-4 ligands, B(OPh); and imine (scheme 1-12).%° Inspired by our previously
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reported aziridination catalyzed by self-assembled BOROX catalyst 1-47 (scheme 1-12), 10 mol%

of (R)-7,7’-tBu-VANOL 1-64d and 5 mol% B(OPh)s were reacted in presence of 1.0 equiv. of

Table I-5. Different method in catalyst preparation

1: BH3-SMe,, 5 mol%

Toluene, 100 °C, 1 h
Method A: 10 mol% »  pre-catalyst

(R)-Ligand 2. Vacuum, 100 °C, 0.5 h

1: B(OPh);, 5 mol%
. Toluene, 100 °C, 1 h
Method B 10 mpl% > pre-catalyst
(®)-Ligand  2: Vacuyum, 100 °C, 0.5 h

0}

5 mol%
() NZQJ\OEt PG

toluene, 25 °C,

10 min 1.2 equiv. N
PhVN\PG > <€ | - \\\\Q/,,/ OEt
Toluene, 25 °C, Ph n/
1.0 equiv. 24 h o)
0
N
zyj\om PG
0, .
Method C: 10 mol% N Ph\&N\PG B(OPh);, 5 mol% . 1.2 equiv. g A
(R)-7,7Bu,VANOL 1.0 equiv toluene, 25 °C, 1 h Toluene, 25 °C, ~ Ph M
: ' 24h

entry  method Ligand PG Aziridine  time/h yield% ee%>

1 A (S)-VANOL Bzh 1-65a 24 84 -41

2 A (S)-VANOL MEDAM 1-65b 24 92 -86

3 A (R)-7,7'tBu, VANOL Bzh 1-65a 36 85 933

4 A (R)-7,7'tBu, VANOL MEDAM 1-65b 84 78 973

5 B (S)-VANOL Bzh 1-65a 12 80 -46

6 B (S)-VANOL MEDAM 1-65b 25 83 -84

7 B (R)-7,7'tBu,VANOL Bzh I-65a 12 86 963
8 B (R)-7,7tBu,VANOL MEDAM 1-65b 24 99 983

9 C (R)-7,7'tBu,VANOL MEDAM 1-65b 22 20! N.D?

1. NMR yield, 2. N. D.: Not Determined, 3. enantiomer of I-65 was produced
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imine, in order to investigate the self-assembly of the catalyst, but only 20% yield (NMR) of the
desired product was observed (table 1-5, method c).

After identification of the optimum reaction condition, the efficiency of the catalyst with regards
to substrate scope were examined. The screening of the substrate scope was pursued with the
catalyst prepared by method A derived from the VANOL ligand. Substrates bearing a bromine as
an electron withdrawing group in the para position with Bzh as the protecting group worked well
under these reaction conditions and yielded aziridine 1-67a with a 70% yield; however, with only
48% ee. By changing the protecting group to MEDAM, the yield was increased to 90% and ee was
increased to 80%. With BUDAM as the protecting group produced aziridine 1-67¢ with lower yield
(28%) and ee (74%) compared to the MEDAM protecting group. Imines bearing NO2 as the
electron withdrawing vyielded aziridine 1-68a with good yield (68%) and moderate
enantioselectivity (50%). As expected, with MEDAM as the protecting group, aziridine 1-68b was
obtained with increased yield of 78% yield and an increased ee of 97%. Electron donating groups
such methyl, methoxy and dimethylamine in the para position did not perform well under the
optimum reaction conditions. The imine derived from cyclohexane carboxaldehyde as the aliphatic
substrate also did not work well providing product in 46% ee with MEDAM as the protecting
group. Imines derived from trimethyl acetaldehyde as a bulky substrate produced only 22% yield
with Bzh and <10% yield with MEDAM as protecting groups (not shown in the table 1-6). Other
aromatic substrates such as 1-naphthalene were also evaluated, which produced aziridine 1-71a
with 69% vyield and good enantioselectivity (81%). However, with MEDAM as the protecting
group, moderate yield and low enantioselectivity was unexpectedly obtained. 4-Pyridine
carboxaldehyde produced <10% yield of the aziridine (not shown in the table 1-6); presumably,

due to the basicity of pyridine. Presumably pyridine coordinates with the catalyst and completely
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Table 1-6. Substrate scope of aziridination reaction 0

NZVJ\OEt PG

1: BH;SMe,, 5 mol% ~ PG ¢
Toluene, 100 °C, 1 h 1.0 equiv. 1-31.1.2 iv.
(SI)OVIZ(I)\?OOL »  pre-catalyst > kit LA LG R/ﬁ’(om
2: Vacuum, 100 °C, 0.5 h Tolu;:ge, .25 C, Toluene, 25 °C, o
min 24h
MEDAM I]%IUDAM
OEt
(¢}
1-66a 1-66b 1-66¢
yield: 85%, ee: 41% yield: 92%, ee: 86% yield: 79%, ee: 80%
MEDAM T%UDAM
OEt
(¢}
Br
1-67a 1-67b 1-67¢
yield: 70%, ee: 48% yield: 90%, ee: 80% yield: 28%, ee: 74%
Bzh MEDAM MEDAM
N N
OEt OEt
(¢} 0}
O,N
1-68a 1-68b 1-69a 1-69b

yield: 68%, ee: 50%

yield: 78%, ee: 97%

yield: 78%, ee: 24%

yield: 52%, ee: 63%

Bzh MEDAM MEDAM
N N N
OEt OEt OEt
(¢} (¢} O o
MeO eO
I-70a I-70b I-71a I-71b

yield': 19%, ee: N. D. yield': <5%, ee: N. D. yield: 69%, ee: 81% yield: 54%, ee: 10%

Bzh MEDAM Bzh MEDAM

N N N N
GA(OB G/_\(om N OEt N OEt

\ O (¢} \ 0} (¢} _N (¢} _N o
1-72a 1-72b 1-73a 1-73b
yield: 23%, ee: 60% yield: <5%, ee: N. D. yield: 44%, ee: 61% yield: 51%, ee: 76%
MEDAM BUDAM
N N
OEt OEt OEt
O o o
1-74b 1-74c
yield: 10%, ee: N. D. yield: 25%, ee: 46% yield: 19%, ee: N. D.
1. NMR yield
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shuts down the reaction. Interestingly, 2-pyridine carboxaldehyde performed excellently and
yielded aziridine 1-73b with moderate yield and excellent ee with MEDAM as the protecting
group. A significant difference in reactivity profile of imine 1-77 and imine 1-78 could be because
of the following reason (scheme 1-18). In imine 1-78, the nitrogen of pyridine is far from the
nitrogen of the imine; therefore, due to less steric crowding around the nitrogen of the pyridine, it
interacts first with the catalyst and deactivates the catalyst (scheme 1-18). In contrast, since in
imine 1-77, the nitrogen of the pyridine is closer to the nitrogen of the imine, it could undergo
activation through the proposed complex 1-79 as depicted in scheme 18 and yield the desired
product. Next, we turned our attention toward substrate scope screening with catalyst derived from
7,7’-tBu2-VANOL ligand 1-64d. We were delighted to observe this catalyst could catalyze the
reaction of a broad scope of substrates bearing different electron donating and electron
withdrawing groups in the para-position of the phenyl substituent in imine 1-20 and yields
aziridines with excellent yield and ees. With regards to the aliphatic substrate, imine derived from
cyclohexane carboxaldehyde worked well and yielded aziridines with excellent yield and ee. It is
also worth noting that imines bearing benzhydryl as the protecting group were converted to the
aziridines in excellent ee with 7,7°-tBu2VANOL 1-64d as the optimum ligand. These results were
appealing since the benzhydryl amine is commercially available. However, ortho-substituted

substrates did not work well;

Scheme 1-18. Aziridination reaction

/H\
%) N [ i £
Bl
Y PG o © 0.0 ® Na NZVJ\OEt N
| . - @/B\ /‘H\ | SN OEt
= O O 1}] N 0
1-77 JH PG
Co’\ 0) 1-79 o
B.
S o 0 Q) O/= NZVJ\OEt
—_— é‘B’\‘H—N\ / \ ——» No Reaction
N~ o O N-PG
1-78 1-80
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Table I-7. Substrate scope of aziridination reaction

O

Nzyj\om

1: BH;-SMe,, 5 mol% RN PG
10 mol% Toluene, 100 °C, 1 h 1.0 equiv 1-31, 1.2 equi AN
) ) . . -31, 1.2 equiv.
(R)-7,7'-t-Bu, > pre-catalyst > Rl > W "//]/OEt
VANOL 2: Vacuum, 100 °C, 0.5 h Toluene, 25 °C, Toluene, 25 °C, l)
10 min 24 h
Bzh MEDAM BUDAM
N N N
e ]/OEt w ]/OEt Ql ]/OEt
I-66a 1-66b 1-66b
yield: 85%, ee: 94% yield: 78%, ee: 97% yield: 95%, ee: 96%
Bzh MEDAM BUDAM Bzh
N N N N
e ]/OEt AI ]/OEt AI ]/OEt W, ]/OEt
Br Br Br O,N
1-67a I-67b I-67¢ 1-68a

yield: 73%, ee: 93%

MEDAM
N

W ‘1
/©\ TI/
O,N

(0)
1-68b
yield: 70%, ee: 99%

OEt

MEDAM
N

W, OFt
o T
0
MeO

1-70b

yield!: 93%, ee: 99%
MEDAM
N

\‘\Q"/
ar

o
1-72b
yield: 88%, ee: 95%

OEt

O AN

yield: 96%, ee: 99% yield: 71%, ee: 89% yield: 41%, ee: 95%

B7h MEDAM Bzh
W, ORt W, OE W, OEt
Jounalioin oo o
MeO
1-69a 1-69b 1-70a

yield: 91%, ee: 93% yield: 98%, ee: 99% yield': 78%, ee: 95%

Bzh MEDAM Bzh
N N N
w2, _OEt w2, OBt A
‘ I ‘ I ) I
\
(0] (0} O (¢}
I-71a 1-71b 1-72a
yield: 40%, ee: 97% yield: 70%, ee: 98% yield: 69%, ee: 89%
Bzh MEDAM Bzh
W ., OEt W +, OFEt " ., _OEt
A 2 S 2 W .
| r | " I
_N (0] _N o (¢}
I-73a 1-73b 1-74a

yield: 86%, ee: 87% yield: 99%%, ee: 95% yield: 92%%, ee: 96%

MEDAM Bzh Bzh
N Br N N
., _OFt W, OE W, OEt
¢ i ¢
0 0 0
1-75a 1-76a

1-74b

yield: 92%, ee: 96%

yield: <10%, ee: N. D. yield: 38%, ee: 46%

1. NMR yield
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presumably, because of steric hindrance. Excellent result were also obtained with imine derived
from 1-naphthaldehyde and heteroatom aromatic substrates.

1.4. Experimental evidence for the chameleon behavior of catalyst 1-3

The mechanistic scenario which is envisioned for the epoxidation and aziridination reactions are
summarized in scheme 19. We believed that the catalyst 1-3 is acting as a Brgnsted acid assisted
chiral Lewis acid catalyst in the epoxidation reaction where the aldehyde is activated via a Lewis
acid Lewis base interaction (scheme 1-19, complex 1-82). The activated aldehyde then undergoes
reaction with the diazoacetamide to give the desired epoxide. The path to the aziridines on the
other hand begins with the deprotonation of the catalyst 1-3 to give the ion pair 1-83 consisting of
a spiroborate anion H-bonded to the protonated imminium ion. Then, the activated imine

undergoes reaction with ethyl diazo acetate to give aziridine as the product.

Scheme 1-19. Different mechanisms

PG.
o

FAR TR T 2
o} °

\DH%C DHH o

o))

GP/N\ l/@ 0
H
j\
PG.®
(o} N7 H
i % )
PG OFt ; 1-82 B NHR'
| | 04 0 ]\|] 0
N, O 2
[ > H_Oo ——> L\
AN - , 1-83
R CO,Et 8 Y R CONHR

1.4.1. Crystal structure
We began to consider the possibility of chameleon behavior of catalyst 1-3 when we were
investigating the co-crystal of catalyst 1-3 in presence of an imine. Our attempt to grow the co-

crystal of catalyst 1-3 and imine 1-84b was successful and they crystalized with one molecule of
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water. The crystal structure of this catalyst showed a protonated imine H-bonded to a water

molecule which in turn was H-bonded to the spiroborate anion 1-83b (figure 1-1).

Figure I-1. Co-crystal of spiroborate anion 1-83b and imine 1-84b

a:3.0A,b:31A,¢c:3.14A
R: 4-Me2N-C6H4

Figure 1-2. Co-crystal of spiroborate anion 1-83b and imine 1-84a

1-83b
a:31A,0:29A,¢:2.8A
R: 4-MezN'C6H4
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A similar crystal structure was obtained with catalyst 1-83b, imine 1-84a and a molecule of water
(figure 1-2). Eventually, we were able to grow a water-free crystal of the catalyst 1-83b and imine
1-84b. Interesting results were obtained by analyzing the co-crystal. First of all, two different
conformers of imine 1-84b were crystalized in crystal lattice. The first conformer revealed a bi-
furcated hydrogen bond (N-H-01:3.0A, N-H-0,:3.3A) with the catalyst and the second conformer
was bonded to the catalyst via electrostatic interaction (N-O1:3.7A, N-0,:3.8A).3% The ratio of
these conformers were 66 to 34 (figure 1-3a and 1-3b). Moreover, the crystal structure did not show
any bonding interaction between the nitrogen of the imine 1-84b and boron of the catalyst 1-83b.

Another crystal structure was obtained with catalyst 1-83c and imine 1-84b (figure 1-4). This crystal
structure revealed only one conformation of the imine in the crystal lattice which has a protonated
imine forming a bi-furcated hydrogen bond with the spiroborate anion 1-83¢ (N-H-01:3.0A, N-H-
02:3.2A). These crystal structures suggested the existence of spiroborate anion 1-83 as the catalyst
in the aziridination reaction since no bonding interaction was observed between the nitrogen of
imine 1-84 and boron of the catalyst 1-83. These structures were in sharp contrast with Yamamoto’s
proposed unified mechanism (scheme 1-5). Therefore, we began to speculate that the catalyst I-
3/1-83 might follow a different mechanism (Brgnsted acid) in presence of amine. Since no
mechanistic information could be obtained from the crystal structure analysis, we decided to

conduct more experiments to show the dual nature of the catalyst 1-3/1-83.
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Figure 1-3.a. Co-crystal of spiroborate anion 1-83b and imine 1-84b

1-83b
a:33A,b:3.0A
R: 4'M€2N-C6H4

Figure 1-3.b. Co-crystal of spiroborate anion 1-83b and imine 1-84b

1-83b
a:3.8A,5:374A
R: 4-MezN-C6H4
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Figure 1-4. Co-crystal of spiroborate anion 1-83c and imine 1-84b

1-83¢
a:3.0A,p:324A
R: 4-Me2N-C6H4

1.4.2. Hammett study

1.4.2.1. Rational for the experiment

In order to differentiate between the two different mechanisms (Brgnsted acid and Lewis acid) of
the catalyst 1-3 in aziridination and epoxidation reactions, a Hammett study carried out which
involved looking at the correlation of the electronic nature of the substituent R® in VANOL ligand
1-88 with the enantiomeric ratio of the product from the aziridination reaction and also from the
epoxidation reaction (scheme 1-20).

We hypothesized that if the catalyst acts as a Brgnsted acid in the aziridination reaction, an
electron donating group in positions 5 and 5’ should increase the electron density of the spiroborate
anion 1-83. As a result, the hydrogen bond between the protonated imine and the spiroborate anion
should become stronger which will allow the imminium ion to have a stronger hydrogen bond to

the catalyst which would be expected to lead to a higher rates and higher asymmetric induction. In
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contrast, spiroborate anion catalysts derived from the corresponding VANOL ligands with electron
withdrawing groups will form weaker hydrogen bonds with the imminium ion which would be
expected to result in a slower rate and lower asymmetric induction. Therefore, a Hammett plot
with negative slope would be expected in aziridination reaction (figure 1-5).

Scheme I- 20. Synthesis of 5,5'-disubstituted VANOL ligand

O :
PhCCH, 1.1 equiv.

. R
OH  (COCl),, 2.5 equiv. isobutyric anhydride
R DMF, cat. - 190 °C, 48 h -
DCM,0°C-1t,2h then KOH, H,0, O
Vacuum, 30 min 100 °C. 24 h Ph OH

1-85 1-86

RS
@
air O BH;-SMe, .
mineral oil Ph OH quinidine - Ph"

EE—" -
165°C,24h Ph

OH  THEg0°C,24h P

1-87

The 5,5’-disubstituted-VANOL ligands were synthesized from compound 1-85 as depicted in
scheme 20.32 We placed substituents at position 5 to: 1) minimize the steric effect during the course
of the reaction since the subject of Hammett study is to investigate electronic effects 2) Position 5
had conjugation with the naphthol oxygen of the VANOL ligand. Position 4 is also in conjugation
with naphthol oxygen of the VANOL. However, we have previously reported that introducing any
substituents at position 4 negatively effects the outcome of the aziridination reaction presumably

by altering the dihedral angle of the phenyl groups in the backbone of the VANOL ligand and thus

the conformation of the naphthalenes.
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Figure 1-5. Expected Hammett plot for the aziridination reaction

Broensted acid mechanism

EDG

Log(e.r.)

EWG

Exactly the opposite would be expected for the epoxidation reaction. Electron withdrawing groups
at R® would increase the Lewis acidity of the boron in catalyst 1-3 leading to a tighter binding of
the aldehyde to the catalyst and thus to a greater rate and higher asymmetric induction. On the
other hand, the opposite effect would be expected by incorporating electron donating groups in
positions 5, 5” in catalyst 1-3. As a result, a Hammett plot with positive slope would be expected

in epoxidation reaction.

Figure 1-6. Expected Hammett plot for the epoxidation reaction

Lewis acid mechanism
EWG

Log(e.r.)

EDG

In order to establish the dual nature of the chameleon catalyst, it was crucial to run aziridination

and epoxidation reactions with exactly the same catalyst and under exactly the same conditions.
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For aziridination reactions, benzhydryl imine of benzaldehyde 1-20a was chosen since it gave
aziridine 1-65a with moderate ee; therefore, we were able to measure changes in the asymmetric
induction in either direction. Because of the same reason, benzaldehyde was chosen for the
epoxidation reaction which produced the product in 91% ee. The ee of this reaction was not

moderate but it was the lowest observed ee for the epoxidation reaction (scheme 1-21).

Scheme 1-21. Aziridination and epoxidation reaction

- CHPh: 0 Cat. 1-83 CHPh,
| 5 mol% N
+ HJ\ OEt > OEt
N, toluene, 25 °C,
24 h 0
1-20a 1-31 1-65a
yield: 85%
ee: 41%
0 0 Cat. 1-3
HJ\ 5 mol% 0
H 4 NHBu > MNHBu
©)‘\ I\|12 toluene, -40 °C, Ph
12h O
I-30a 1-49 I-50a
yield: 99%
ee: 91%

1.4.2.2. Hammett study for the aziridination reaction

The hypothesis for the chameleon catalyst first was tested in the aziridination reaction. In order to
ensure reproducible results, each reaction was repeated at least three times (table 8). The
aziridination reaction with the spiroborate anion catalyst derived from VANOL ligand 1-88a
bearing a methoxy gave as the electron donating group in positions 5 and 5° gave the product in a
range of 77-80% yield and 64-67% ee (table 1-8, entry 1-3). Next, ligand 1-88b with a methyl
group in positions 5, 5 was used, yielding aziridine 1-65a in a range of 75-77% yield and 54-56%
ee (table 1-8, entry 4-6). The catalyst derived from the unsubstituted VANOL ligand I-1, yielded

aziridine 1-65a with a range of 72-75% yield and 49-54% ee (table 1-8, entry 7-9). The aziridination
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reaction was conducted by using VANOL ligands with electron withdrawing groups in 5, 5°-
position. To our delight, a decreasing trend in ee of the aziridine 1-65a was observed by moving

Table 1-8. Aziridination reaction catalyzed by spiroborate catalyst derived from 5,5'-

disubstituted VANOL o

1. BH;.SMe, (5 mol%) H\om Bzh
(?/if\?gﬁgbiﬁfd PhMe, 100 °C, 0.5 h : /:N,Bzh N, /i\
2.0.5 mm Hg, 100 °C Phi PhMe Ph CO,Et
0.5h 25°C, 24 h 165
entry Ligand Yield% e.r.
1 5,5'-Me0O,VANOL 1-88a 80 82:18
2 5,5'-Me0,VANOL 1-88a 78 83.5:16.5
3 5,5'-MeO,VANOL 1-88a 77 83.5:16.5
4 5,5'-Me,VANOL 1-88b 75 78:22
5 5,5'-Me,VANOL 1-88b 75 78:22
6 5,5'-Me,VANOL 1-88b 77 77:23
7 VANOL I-1 78 76:24
8 VANOL I-1 75 77:23
9 VANOL I-1 72 74.5:25.5
10 5,5'-Br,VANOL 1-88d 77 70:40
11 5,5'-Br,VANOL 1-88d 75 69:31
12 5,5'-Br,VANOL 1-88d 72 69.5:30.5
13 5,5'-C1,VANOL I-88e 78 82.5:17.5
14 5,5'-Cl,VANOL I-88e 76 77.6:22.4
15 5,5'-CL,VANOL I-88e 75 75.8:24.2
16  5,5'-(CF;),VANOL I-88f 73 57.5:42.5
17 5,5'-(CF3),VANOL 1-88f 75 57:43
18 5,5-(CF;),VANOL 1-88f 77 55.5:44.5

from bromo as a mild electron withdrawing substituent to the trifluoromethyl group as a stronger
electron withdrawing one (table I-8, entry 10-18). The average of the enantiomeric ratios for each
ligand in the aziridination reaction was plotted against the ¢, constant since these o values were

developed for phenols and anilines.®® The Hammett plot revealed a negative slope of 0.177 and R?
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value of 0.912. These results were in good agreement with the mechanistic interpretation outlined

in scheme 19 where a spiroborate anion type 1-83 is the catalyst. Therefore, this Hammett study

supports the mechanism in which the catalyst acts as a Brgnsted acid.

Table 1-9. Hammett plot of aziridination reaction

0]

HJ\OEt

1. BH;.SMe, (5 mol%) Bzh
(S)-5,5"-disubstituted  phMe, 100 °C, 0.5 h N, N
VANOL10 mol% > =N —— A
° 2.0.5mm Hg, 100 °C . PhMe  Ph CO,Et
0.5h 25°C,24 h
entry Ligand Yield% e.r. log(er) Sp

1 5,5'-MeO,VANOL 78 82.5:17.5 1.91645 -0.26

2 5,5'-Me,VANOL 76 77.6:22.4 1.89014 -0.17

3 VANOL 75 75.8:24.2 1.87995 0

4 5,5'-Br,VANOL 74 69.5:30.5 1.84198 0.25

5 5,5'-C1,VANOL 69 63.2:36.8 1.80106 0.19

6 5,5'-(CF;),VANOL 75 56.6:43.4 1.75320 0.65

Hammett Plot
1.95
MeO y=-0.177x + 1.867
19 R?=0.912
Me - ‘H
185 | ™. 4 Br
o
S 1.8 L] -
& cl S
- 1.75 e
CF,
1.7
04 0.2 0 0.2 0.4 0.6 0.8
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1.4.2.3. Hammett study for epoxidation reaction
After successful completion of the Hammett study for the aziridination reaction next we turned
our attention toward conducting the same study for the epoxidation reaction. However, unexpected

results were obtained (table 1-10).

Table 1-10. Hammett study in epoxidation reaction

BH3 . SMCZ
(5 mol%)

Y

toluene, 100 °C, 1h
then
0.5 mm Hg, 100 °C, 0.5h

10 mol% Ligand

0 (0]
O
-Cat. 5 mol%
A %NHBu ®) SNNVAN
N PhMe, 0°C, 12 h Ph CONHBu
2
1-52
isolated

entry ligand yield% e.r

1 5,5'-MeO,VANOL 92 96:4

2 VANOL 85 95:5

3 5,5'-Br,VANOL 88 95:5

4 5,5'-Cl,VANOL 72 95:5

5 5,5'-(CF3),VANOL 13 N. D.

First of all, there was no correlation between the electronic nature of R® and the asymmetric
induction in the epoxidation reaction. In fact, no change was observed in the ee of the epoxide
product with electron donating as well as electron withdrawing groups. This is presumably because
of the long distance between Lewis acid component of the catalyst and R® groups on the ligand

(table 1-10, entry 1-4). In addition, we were surprised to observe an extremely slow rate for the
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epoxidation reaction carried out with catalyst 1-3 derived from ligand 1-88f bearing CF3 as a strong
electron withdrawing group.

We have previously reported that the BOROX catalyst can catalyze cis-aziridination of imine I-
20a with ethyl diazo acetate.?” Extensive isotope effect and mechanistic studies revealed that in
the transition state, both ethyl diazoacetate and protonated imine are H-bonded to the BOROX
catalyst (scheme 1-22a, complex A). The aforementioned H-bond brings activated imine and ethyl
diazoacetate in close proximity which leads to the formation of the desired cis-aziridine.
Interestingly, conducting same reaction with diazo acetamide in place of ethyl diazoacetate,
yielded trans-aziridine as the major diastereomer.®2® After performing a computational study;, it
was shown that of the formation an extra hydrogen bond between diazo acetamide 1-37 and the
BOROX catalyst is the reason of this switch in diastereoselectivity (scheme 1-22b, complex B).
An explanation for the lack of an electronegative effect on the epoxidation reaction might be that
a hydrogen bond is present in the epoxidation reaction between the catalyst and secondary diazo
acetamide 1-49. It is true that by incorporating a strong electron withdrawing group in position R®
in the ligand 1-88f the Lewis acidity of the catalyst will increase but simultaneously, the diazo
acetamide 1-49 will form a weaker hydrogen bond with the catalyst 1-3 which result a significant
decrease in rate of the reaction. This observation enabled us to propose the mechanism depicted in
scheme 1-22b for the epoxidation reaction of aldehydes with diazo acetamide. The aldehyde
undergoes activation through coordinating to the catalyst 1-3 followed by H-bond formation
between complex | and diazo compound to give complex Il. Nucleophilic attack of the diazo
compound on the activated aldehyde followed by subsequent ring closure and nitrogen gas

extrusion completes the mechanistic cycle.
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Scheme 1-22a. cis- and trans-aziridination

O—Ph O—Ph
O\%\\\\O_B\/,/,O O\%\\\\O_B/,,,O
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N _JO-Ph \ ; "O—Ph
\ HQ (PG i H, _pe
H N

) N Ph—N
Bty o e Vam) |®
\ Pl \
0] N, o N, Ph
complex A: leading to the complex B: leading to the
cis-aziridine trans-aziridine

Scheme 1-22b. Proposed mechanism for the epoxidation
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1.4.3. 'B-NMR study

1.4.3.1. Rational for the experiment
Since the charge distribution around the boron nucleus is not symmetrical, it is classified as a

quadrapolar nucleus. Therefore, if substituents around the quadrupolar boron nucleus possess a
cubic symmetry such as Tq, a sharp absorption would be expected for the 1!B-NMR. In contrast,

lack of symmetry around the boron atom, would result in broadening the *!B-NMR spectrum.3®
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It was envisioned that the 1'B-NMR would enable us to distinguish between coordination of the
carbonyl to the catalyst and deprotonation of the catalyst with imine. Our hypothesis was, if the
benzaldehyde coordinates to the boron of the catalyst, electronic modulation of the benzaldehyde
should effect this coordination. In other words, an electron rich benzaldehyde should have a strong
tendency to coordinate to the catalyst which results in a more Tq boron species and lead to an
upfield shift and a sharpening of !B-NMR absorption. On the other hand, an electron poor
benzaldehydes would be expected to weakly coordinate to the catalyst; as a result, the boron of the
catalyst will be more like a three coordinated species. Therefore, a downfield shift and broadening
of the 'B-NMR absorption would be expected for the boron of the catalyst. In contrast, if the
imine deprotonates the catalyst, any change in the electronic nature of the imine should not have
any impact on the !B-NMR spectrum since electron rich and electron poor imines will both change
the strength of the H-bond but not chemical environment around the boron species of the catalyst.
1.4.3.2. 1'B-NMR of the catalyst I-3 and catalyst 1-83 in presence of aldehyde and imine

In order to pursue the 1'B-NMR study, first the catalyst was prepared under optimum condition
and then subjected to the 1'B-NMR study. The NMR spectrum of the catalyst 1-3 showed a broad
absorption at 6 = 21.7 ppm which is typical for a three coordinated borate ester (figure 1-7a). The
11B-NMR spectrum of the catalyst did not change in the presence of 1.0 equiv of the benzaldehyde
perhaps due to unfavorable equilibrium for binding (figure I-7b). In contrast, upon the addition of
benzhydryl imine of benzaldehyde 1-20a, the broad peak at 21.7 ppm of catalyst 1-3 is replaced by
a sharp absorption at & = 9.92 ppm (figure I-7¢). This is also the type of !B-NMR spectrum seen
for the crystal of spiroborate anions 1-83b and 1-83c in presence of imine (scheme I-7d and I-7e).

An uncharacterized borate ester peak at 6 = 6.39 ppm was also observed for the co-crystal of
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catalyst 1-83c and imine. It should be noted that peak was not present in the solution of 1-83c +

imine but only appear after this catalyst was crystalized.

Figure I-7a. 1'B-NMR of catalyst 1-3

21.7 ppm

Figure 1-7b. B- i
\“‘me

NMR of catalyst I-
3in presence of
aldehyde (1 equiv)

Figure 1-7c. "B-NMR of |99 ppm

catalyst 1-83a in presence of

imine R = H, PG = Bzh, Ar =

Ph I

Figure 1-7d. *'B-NMR of co- | 991 ppm
crystal of catalystal 1-83b in

presence ofimine, R =tBu, PG
=MEDAM, Ar = Me;N-CsHs |

P S A i b b o
Figure 1-7e. 'B-NMR of co- | 9.74 ppm

crystal of catalyst 1-83c in 6.39 ppm

presence of imine, R = Ad, PG uncharacterized
=MEDAM, Ar = Me2N-CgH4 ‘i borate ester
JL_;'(
1-83a + imine (1.0 equiv): R =H, PG = Bzh, Ar = Ph
T T T T T T T 1 1-83b + imine: R =7Bu, PG = MEDAM, Ar = Me,N-CcH,
0 50 40 30 20 10 0 -1 1-83c + imine: R = Ad, PG = MEDAM, Ar = Me,N-C¢H,
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1.4.3.3. Unfavorable binding of benzaldehyde to the catalyst 1-3

Addition of 1.0 equiv of benzaldehyde did not cause any change in the 1'B-NMR spectrum of the
catalyst 1-3 (scheme I-7b). It was thought that the coordination of the aldehyde to the catalyst is
not favorable. Based on Le Chatelier’s principle, it was decided to increase the concentration of
benzaldehyde in order to see if a shift in the equilibrium of the catalyst 1-3 and aldehyde mixture
toward the complex of catalyst 1-3 and benzaldehyde could be realized. Increasing the equivalents
of benzaldehyde from 1 equiv to 200 equiv caused a significant decrease in the absorption of the
three coordinated boron species in catalyst 1-3 which resonated around 20 ppm (figure I-8).
Concurrently, a new peak at 6 = 5.63 ppm started to resonate with an increasing intensity relative
to the equivalents of benzaldehyde, which presumably belonged to the complex of catalyst I-3 and

benzaldehyde (figure 1-8, table 11).

Figure 1-8. 1'B-NMR of catalyst I-3 in presence of different equiv

I-3/aldehyde complex

A B d=5.63 ppm
o © 63 pp
B )
H CO/T 0 Table 11
0 PhCHO ratio of catalyst I-3 to
\f entry X equiv.  catalyst-aldehyde complex

1 1.0 1.00 : 0.00
2 10 0.92:0.08
3 20 0.87:0.13
4 50 0.76 : 0.24
5 100 0.36: 0.64
6 200 0.13:0.87

50 40 30 20 10 O -10



1.4.3.4. The use of amides as surrogates for benzaldehyde
In order to avoid super stoichiometric addition of benzaldehyde (figure 9a), it was decided to use
an amide as a surrogate for benzaldehyde due to its higher nucleophilicity. We were thrilled to

observe a significant change in the 1!B-NMR spectrum upon addition of 1.0 equiv of dimethyl

formamide (DMF) (figure 9b vs 9c).

Figure 1-9a. 'B-NMR of 563 ppm
catalyst I-3 in presence
200 equiv benzaldehyde
| 6.1 ppm
Figure 1-9b. 'B-NMR of |
catalyst -3 in presence 1.0 l‘l
equiv DMF | '}
|
A
1’ 1
£y
- M i
Figure 1-9c. B- A 12,45 ppm

NMR of catalyst I-3 |
in presence 1.0 \
equiv N, N-diemthyl /
benzamide

50 40 30 20 10 0 -10
f1 (ppm)
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The absorption at ~20 ppm was largely replaced by a sharp peak, which resonated at 6 = 6.1 ppm
presumably belonging to the complex of catalyst 1-3 and DMF. Addition of 1.0 equiv. of N,N-
dimethyl benzamide 1-89a also caused a significant change in 'B-NMR but this time the
corresponding peak for complex of catalyst I1-3 and dimethylbezamide 1-89a appeared at 6 = 12.45
ppm which was deshielded compared with complex of catalyst 1-3 and DMF (figure 9c). This
deshielding could be explained because of steric hindrance; in other words, the carbonyl in
dimethyl benzamide 1-89a cannot coordinate to the catalyst 1-3 as strong as DMF, which leads to
a less negative charge accumulation on boron; therefore, the !B-NMR of catalyst 1-3 and dimethyl
benzamide 1-89a complex appears at a higher chemical shift.

1.4.3.5. Hammett study of catalyst I-3 in presence of amide

A Hammett study was conducted which involved looking at the correlation between the electronic
nature of substituents in para-position (R*) of dimethyl benzamide 1-89 and the chemical shift of
boron in the catalyst 1-3 (figure 10). If the carbonyl coordinates to the catalyst, electron donating
groups in position R* of the dimethyl benzamide 1-89 would make it a stronger nucleophile leading
to a more sturdy coordination to the catalyst I-3. As a result, the corresponding B absorption will
become sharper and also resonate at lower chemical shift. Exactly the opposite effect would be
expected with an electron withdrawing group in R* of the dimethyl benzamide 1-89. These groups
would decrease the nucleophilicity of the dimethyl benzamide and this in turn should result in a
more loosely coordinated amide to the catalyst 1-3 which would be expected to lead to a deshielded
and broad !B-NMR peak. The NMR study was pursued with the synthesis of dimethyl benzamide
1-89 bearing different electron donating and electron withdrawing groups in the para-position of
the phenyl ring (figure 10). Interestingly, electron donating groups resulted in shielded and sharper

11B-NMR absorptions; in contrast, electron withdrawing groups generated deshielded and broader

46



Figure 1-10. Hammett study of catalyst I-3 in
presence of amide

IB_.NMR
entry R amide ''B-NMR Sp
18
1 MeO  1-89b 10.45 -0.27 ..
o .
2 Bu  1-89¢ 1208 02 o
; | e
3 H 1-89a 12.45 0 z e °
- o .11 y=6.272x + 12.513
4 Cl 1-89d 13.07 023 -~ & R?=0.950
10
5 CF, 1-89e¢ 16.39 0.54
6 N02 1-89f 17.41 0.78 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Sp
R: MeO
r6
O A
R: Bu /\\
A’/‘“"/ .\,‘“ -s
R:H V&
l/ \ "4
o
R: Cl //-' \\§ L3
Pt
R: CF3 f/ \ +2
o p "
o~
A A ST e A e A AN A ""M” \"\"Ws'»umm- NP A A A VR Ty WY
&
: 1
R:NO, 5
" ™ -AW'/ - -

——
g ¥ W ¥ v

55 S0 45 40 35 30 25 20 15 10 S 0 -5 -10 -15 -20 -25 -30 -35 -40
f1 (ppm)

47



11B-NMR peaks. The chemical shift of the 1B in catalyst 1-3 was plotted against the o, constant
since these ¢ values were developed for the benzoic acid. We were pleased to observe good
correlation between the electronic nature of the R* substituents in dimethyl benzamide 1-89 and
the chemical shift of the catalyst 1-3 with a 0.95 R? value and a large positive slope (+6.272). This
plot clearly indicates a Lewis acid-Lewis base interaction between amide 1-89 and catalyst 1-3. It
is also worth noting that the binding equilibrium for the electron rich amides (1-89b, 1-89c) is
favorable toward the complex of catalyst 1-3 and amide 1-89 so that the absorption at 6 21.7 ppm
is largely replaced by the corresponding catalyst/amide peak. However, introducing electron poor
substituents at R* position makes this binding less favorable; as a result, only partial conversion of
catalyst 1-3 to catalyst 1-3 amide 1-89 complex is observed in the 1!B-NMR spectrum.

1.4.3.6. Hammett study of catalyst 1-83 in presence of imine

Next, we looked at the correlation between the electronic nature of substituents R* in benzhydryl
imine with the chemical shift of 1!B-NMR of catalyst 1-83 (figure 11). It was expected to observe
no change in the 1'B-NMR chemical shift of spiroborate anion 1-83 in presence of a number of
benzhydryl imines bearing different electron donating and electron withdrawing substituents at the
R* position of the phenyl ring. In fact, electron rich or electron poor imines would make the H-
bond between iminium ion and spiroborate anion 1-83 stronger or weaker, respectively. As it was
expected, with electron rich and electron poor imines, no change in chemical shift of the
spiroborate anion 1-83 was observed. This result was in good agreement with the proposed

structure of the spiroborate anion 1-83 H-bonded to iminium ion.
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Figure I-11. Hammett study of catalyst 1-83 in
presence of imine
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1.5. Conclusion

In summary, we have developed an extremely active catalyst for the epoxidation reaction.
Epoxides were produced with high yields and ees. The same catalyst was also highly reactive in
the aziridination reaction and yielded aziridines with excellent yields and ees. In terms of
mechanism, our findings were in sharp contrast with Yamamoto’s proposed unified mechanism.
We have shown that the catalyst derived from 2 VANOL ligands and 1 boron species follows two
different mechanisms in the epoxidation and aziridination reactions. After conducting mechanistic
studies, it was observed that VANOL meso-borate catalyst acts as a Brgnsted acid catalyst in the
presence of an imine and as a Lewis acid catalyst in the presence of an aldehyde. Therefore, this
catalyst was named as the chameleon catalyst since its function depends on the substrate. To the
best of our knowledge, there are no other examples of catalysts which their mechanism of action
depend on the substrates. We believe, our discovery will add a new class of catalyst (chameleon

catalyst) to the asymmetric catalysis.
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1.6. Experimental

General method for the preparation of catalyst:

Method A: The catalyst was prepared in 25 mL pear-shaped flask in which its 14/20 joint was
replaced with a high vacuum threaded T-shaped Teflon vacuum. To this Schlenk flask, which was
flame dried and cooled under the continuous flow of the nitrogen from its side arm, was added
(R)-7,7’-tBu2VANOL (0.049 mmol, 28 mg) followed by the addition of 2 mL of freshly distilled
toluene. The obtained mixture was stirred at room temperature for 5 min until the ligand was fully
dissolved. Next, the Schlenk flask was charged with BHz*SMe> (0.019 mmol, 13 pL, 2 M in
toluene). The Teflon valve was closed and the obtained solution was heated at 100 °C for 1 hour
followed by removing the volatile by opening the Teflon valve that was connected to vacuum of
the Schlenk flask carefully in order to apply the vacuum gradually. After evaporation of the
volatiles, the resulting white solid was heat at 100 °C for 0.5 hour under vacuum. The Schlenk
flask then was taken out of the oil bath, filled with nitrogen gas and was allowed to cool to room
temperature.

Method B: The catalyst was prepared in 25 mL pear-shaped flask in which its 14/20 joint was
replaced with a high vacuum threaded T-shaped Teflon vacuum. To this Schlenk flask, which was
flame dried and cooled under the continuous flow of the nitrogen from its side arm, was added
(R)-7,7’-tBu2VANOL (0.05 mmol, 28 mg) followed by the addition of 2 mL of freshly distilled
toluene. The obtained mixture was stirred at room temperature for 5 min until the ligand was fully
dissolved. Next, the Schlenk flask was charged with B(OPh)s (0.02 mmol, 7.1 mg). The Teflon
valve was closed and the obtained solution was heated at 100 °C for 1 hour followed by removing
the volatile by opening the Teflon valve that was connected to vacuum of the Schlenk flask

carefully in order to apply the vacuum gradually. After evaporation of the volatiles, the resulting
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white solid was heat at 100 °C for 0.5 hour under vacuum. The Schlenk flask then was taken out
of the oil bath, filled with nitrogen gas and was allowed to cool to room temperature.

Method C: A flamed dried round bottom flask under nitrogen gas was charged with (R)-7,7’-
tBu,VANOL (0.049 mmol, 28 mg), triphenyl borate (0.019 mmol, 7.1 mg), imine 1-20b (0.499
mmol, 135 mg) and 2 mL of toluene. The resulting mixture was stirred for 1 hour at room
temperature.

General method for the asymmetric catalytic aziridination (table 7):

® ¢ L
NzV}\OEt

(R)-spiroborate I-83b
5 mol% 1.2 equiV.

N
N| O > - \\\\A/,,, OEt
toluene, 25 °C, Toluene, 25 °C, |]/
10 min 24 h (0]

1-66a

(2S,39)-ethyl-1-benzhydryl-3-phenylaziridine-2-carboxylate 1-66a: To the white solid catalyst
a Schlenk flask under nitrogen flow was added imine (0.499 mmol, 135 mg) followed by the
addition of 2 mL of toluene and the mixture was stirred at room temperature for 10 minutes. To
the resulting solution, ethyl diazo acetate (0.59 mmol, 74 pL) was added and the reaction mixture
was stirred at room temperature for 24 hours. Crude reaction mixture was transferred to a 50 mL
round bottom flask and the solvent was removed under reduced pressure which afford an off-white
solid as the crude mixture. At this point, conversion, NMR yield and cis/trans ratio was determined
by using triphenylmethane as the internal standard (conversion: 95%, NMR yield: 92%, cis/trans:
>100:1). The crude product was purified via gravity column chromatography using 19:1 hexane:
ethyl acetate as the eluent which afforded the desired product 1-66a as an off-white solid with 85%
isolated yield (0.425 mmol, 152 mg). The enantiomeric excess of the product was determined to

be 94% by HPLC (CHIRALCEL OD-H column, 90:10 hexane: iPrOH as eluents at 222 nm, 0.7
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mL/min flow rate). R¢: 4.75 minute (major enantiomer), Rt: 10.15 minute (minor enantiomer) (table
7). When this reaction was repeated with a catalyst prepared from the VANOL ligand, the aziridine
I-66a was obtained in 85% yield (0.425 mmol, 152 mg) with 41% ee (table 6).

Spectral data for 1-66a: *H NMR (500 MHz, Chloroform-d) § 0.99 (t, J = 7.1 Hz, 3H), 2.69 (d, J
= 6.8 Hz, 1H), 3.23 (d, J = 6.8 Hz, 1H), 3.89 — 4.02 (m, 3H), 7.16 — 7.26 (m, 2H), 7.22 — 7.31 (m,
5H), 7.31 - 7.39 (m, 2H), 7.38 — 7.47 (m, 2H), 7.48 — 7.54 (m, 2H), 7.59 — 7.65 (m, 2H). 3C NMR
(126 MHz,a Chloroform-d) ¢ 13.97, 46.39, 48.05, 60.60, 76.79, 127.21, 127.22, 127.34, 127.43,
127.54,127.78, 127.80, 128.51, 135.02, 142.39, 142.52, 167.76. These data are in agreement with

literature values. 243

~

(0]
/O O\
(0]
szj\
(R)-spiroborate I-83b OEt N

N O 5 mol% o 1.2 equiv. _ VAN OFt
| o~ toluene, 25 °C, Toluene, 25 °C, ' /H/
10 min 24 h (@)

1-66b

(2S,3S)-ethyl-1-(bis(4-methoxy-3,5-dimethylphenyl)methyl)-3-phenylaziridine-2-

carboxylate 1-66b (table 7): The aziridine was prepared by the procedure detailed in method A
starting with the corresponding imine (0.499 mmol, 194 mg) and the crude product was purified
via column chromatography using hexane: ethylacetate 9:1 as the eluent. The desired cis-aziridine
I-66b was obtained as a white solid in 78% isolated yield (0.390 mmol, 185 mg) and 97% ee by
the HPLC analysis (CHIRALCEL OD-H column, 99:1 hexane: iPrOH as eluents at 226 nm, 0.7
mL/min flow rate). R¢: 9.6 minute (major enantiomer), R 12.6 minute (minor enantiomer). When
this reaction was repeated with a catalyst prepared from the VANOL ligand, the aziridine 1-66b

was obtained in 92% isolated yield (0.460 mmol, 218 mg) with 86% ee (table 6).
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Spectral data for 1-66b: *H NMR (500 MHz, Chloroform-d) & 1.01 (t, J = 7.1 Hz, 3H), 2.21 (s,
6H), 2.23 — 2.29 (m, 6H), 2.59 (dd, J = 6.8, 0.5 Hz, 1H), 3.14 (d, J = 6.8 Hz, 1H), 3.65 (s, 3H),
3.70 (d, J = 6.5 Hz, 4H), 3.88 — 4.02 (m, 2H), 7.11 — 7.15 (m, 2H), 7.16 — 7.29 (m, 5H), 7.36 —
7.42 (m, 2H). 3C NMR (126 MHz, Chloroform-d) & 14.03, 16.19, 16.26, 46.25, 48.20, 59.55,
59.61, 60.52, 127.22, 127.37, 127.72, 127.78, 127.84, 130.61, 130.63, 135.28, 137.79, 137.95,

155.89, 156.05, 168.03. These data are in agreement with the literature values.®

o

NZVJ\OEt

(R)-spiroborate I-83b

I\Il O 5 mol% o 1.2 equiv. - . , OFEt
o~ toluene, 25 °C, Toluene, 25 °C, ’ 'H/
10 min 24 h O

1-66¢
(2S,39)-ethyl-1-(bis(4-methoxy-3,5-di-tert-butylphenyl)methyl))-3-phenylaziridine-2-
carboxylate 1-66¢ (table 7):

The aziridine was prepared by the procedure detailed in method A starting with the corresponding
imine (0.498 mmol, 278 mg) and the crude product was purified via column chromatography using
hexane: ethylacetate 20:1 as the eluent. The desired cis-aziridine 1-66¢ was obtained as a white
solid in 95% isolated yield (0.475 mmol, 305 mg) and 96% ee by the HPLC analysis
(CHIRALCEL OD-H column, 99:1 hexane: iPrOH as eluents at 225 nm, 1 mL/min flow rate). R¢:
5.2 minute (minor enantiomer), Rt 9.4 minute (major enantiomer). When this reaction was
repeated with a catalyst prepared from the VANOL ligand, the aziridine 1-66¢ was obtained in
79% isolated yield (0.395 mmol, 254 mg) with 80% ee (table 6).

Spectral data for 1-66¢: *H NMR (500 MHz, Chloroform-d) § 1.01 (td, J = 7.1, 2.0 Hz, 3H), 1.35

(dd, J = 2.9, 1.1 Hz, 18H), 1.43 (dd, J = 3.1, 1.2 Hz, 18H), 2.65 — 2.71 (m, 1H), 3.20 (dd, J = 6.8,
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2.7 Hz, 1H), 3.63 (d, J = 2.3 Hz, 3H), 3.69 (d, J = 2.6 Hz, 3H), 3.86 (d, J = 3.2 Hz, 1H), 3.87 —
4.01 (m, 2H), 7.18 — 7.25 (m, 1H), 7.27 (td, J = 7.9, 7.5, 1.9 Hz, 2H), 7.36 (d, J = 3.0 Hz, 2H),
7.43 — 7.50 (m, 2H), 7.48 — 7.54 (m, 2H).2*C NMR (126 MHz, Chloroform-d) § 13.99, 32.06,
32.15, 35.73, 35.80, 46.37, 48.82, 60.55, 63.95, 64.04, 76.78, 125.36, 125.47, 127.26, 127.60,
128.16, 135.32, 136.71, 136.86, 143.00, 143.07, 158.22, 158.23, 168.30. These spectral data match

with the literature values.®®

® ¢ QA
(R)-spiroborate szk
OEt
N

1-83b
35 mol% 1.2 equiv.

P e A
10 min Toluene, 25 °C, H/
24 h O
Br
Br

1-67a

\

(2S,39)-ethyl-1-benzhydryl-3-(4-bromophenyl)aziridine-2-carboxylate 1-67a (table 7): The
aziridine was prepared by the procedure detailed in method A starting with the corresponding imine
(0.498 mmol, 175 mg) and the crude product was purified via column chromatography using
hexane: ethylacetate 9:1 as the eluent. The desired cis-aziridine 1-67a was obtained as a white solid
in 73% isolated yield (0.365 mmol, 159 mg) and 93% ee by the HPLC analysis (CHIRALCEL
OD-H column, 98:2 hexane: iPrOH as eluents at 222 nm, 1 mL/min flow rate). Rt: 3.37 minute
(minor enantiomer), Ry: 13.48 minute (major enantiomer). When this reaction was repeated with a
catalyst prepared from the VANOL ligand, the aziridine 1-67a was obtained in 70% isolated yield
(0.395 mmol, 254 mg) with 48% ee (table 6).

Spectral data for 1-67a:*H NMR (500 MHz, Chloroform-d) 1.04 (t, J = 7.1 Hz, 3H), 2.70 (d, J =
6.8 Hz, 1H), 3.15 (d, J = 6.8 Hz, 1H), 3.93 — 4.01 (m, 3H), 7.21 — 7.30 (m, 3H), 7.26 — 7.38 (m,
5H), 7.36 — 7.42 (m, 2H), 7.43 — 7.50 (m, 2H), 7.56 — 7.62 (m, 2H).3C NMR (126 MHz,

Chloroform-d) & 14.04, 46.48, 47.37, 60.77, 77.60, 121.36, 127.14, 127.30, 127.43, 127.52,
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128.54, 129.56, 130.91, 134.05, 142.15, 142.32, 167.45. One sp? carbon is not located. These
spectral data match with the literature values. 2134

~o

(R)-spiroborate

/O O\
(0]
Nzyj\
1-83b, 5 mol% OEt N
N 1.2 equiv. /\
| ’ ’ \\\\ ’/,/ OEt
O/ toluene, 25 °C, Toluene, 25 °C, H/
10 min 24 h 0
Br
Br

1-67b

(2S,39)-ethyl-1-(bis(4-methoxy-3,5-dimethylphenyl)methyl)-3-(4-bromophenyl)aziridine-2-
carboxylate 1-67b (table 7): The aziridine was prepared by the procedure detailed in method A
starting with the corresponding imine (0.499 mmol, 233 mg) and the crude product was purified
via column chromatography using hexane: ethylacetate 5:1 as the eluent. The desired cis-aziridine
I-67b was obtained as a white solid in 96% isolated yield (0.485 mmol, 265 mg) and 99% ee by
the HPLC analysis (CHIRALCEL OD-H column, 99:1 hexane: iPrOH as eluents at 226 nm, 0.7
mL/min flow rate). Rt: 8.5 minute (minor enantiomer), Rt: 12.0 minute (major enantiomer). When
this reaction was repeated with a catalyst prepared from the VANOL ligand, the aziridine 1-67a
was obtained in 90% isolated yield (0.455 mmol, 248 mg) with 80% ee (table 6).

Spectral data for 1-67b: *H NMR (500 MHz, Chloroform-d) & 1.05 (t, J = 7.1 Hz, 3H), 2.21 (s,
6H), 2.27 (s, 6H), 2.60 (d, J = 6.8 Hz, 1H), 3.06 (d, J = 6.8 Hz, 1H), 3.62-3.67 (s, 7H), 3.96 (qt, J
=7.3,3.7 Hz, 2H), 7.09 (s, 2H), 7.19 (s, 2H), 7.25 — 7.32 (m, 2H), 7.34 — 7.41 (m, 2H). *C NMR
(126 MHz, Chloroform-d) 6 14.10, 16.22, 16.27,46.34,47.55,59.57, 59.61, 60.68, 121.23, 127.32,
127.66, 129.61, 130.70, 130.83, 134.32, 137.58, 137.76, 155.96, 156.11, 167.72. One sp? and one

sp? are not located. These data are in agreement with the literature values. “°
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szj\om

N (R)-spiroborate I-83b .
| O/ 5 mol% . 1.2 equiv. .~ - .., OEt
toluene, 25 °C, Toluene, 25 °C, /@ H/
Br 10 min 24 h Br (0]

(2S,3S)-ethyl-1-(bis(4-methoxy-3,5-di-tert-butylphenyl)methyl))-3-(4-
bromophenyl)aziridine-2-carboxylate 1-67c (table 7): The aziridine was prepared by the
procedure detailed in method A starting with the corresponding imine (0.499 mmol, 317 mg) and
the crude product was purified via column chromatography using hexane: ethylacetate 20:1 as the
eluent. The desired cis-aziridine 1-67¢ was obtained as a white solid in 71% isolated yield (0.355
mmol, 256 mg) and 89% ee by the HPLC analysis (Pirkle covalent (R, R) Whelk-O1 column, 99:1
hexane: iPrOH as eluents at 225 nm, 1 mL/min flow rate). R¢: 5.4 minute (minor enantiomer), R¢:
9.2 minute (major enantiomer). When this reaction was repeated with a catalyst prepared from the
VANOL ligand, the aziridine 1-67c was obtained in 28% isolated yield (0.141 mmol, 101 mg) with
74% ee (table 6).

Spectral data for 1-67c: *H NMR (500 MHz, Chloroform-d) § 1.03 (t, J = 7.1 Hz, 3H), 1.30-1.37
(s, 36H), 2.67 (s, 1H), 3.13 (s, 1H), 3.61 (s, 3H), 3.67 (s, 3H), 3.86 — 4.03 (m, 3H), 7.30 (s, 2H),
7.32 — 7.42 (m, 6H). 3C NMR (126 MHz, Chloroform-d) & 14.04, 31.60, 32.04, 32.11, 35.72,
35.79, 46.35, 48.10, 60.71, 63.98, 64.04, 77.15, 125.27, 125.36, 129.89, 130.69, 134.40, 136.43,
136.61, 143.10, 143.13, 167.97. Two sp? carbon are not located. These spectral data match with

the literature values.®
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szj\
N (R)-spiroborate I-83b OEt N
I 5 mol% 1.2 equiv. I\
> L \\\\ ’/,, OEt
toluene, 25 °C, Toluene, 25 °C, /@ H/
i o)
O,N 10 min 24 h ON

1-68a

(2S,3S)-ethyl-1-benzhydryl-3-(4-nitrophenyl)aziridine-2-carboxylate 1-68a (table 7): The
aziridine was prepared by the procedure detailed in method A starting with the corresponding imine
(0.499 mmol, 158 mg) and the crude product was purified via column chromatography using
hexane: ethylacetate 5:1 as the eluent. The desired cis-aziridine 1-68a was obtained as a white solid
in 41% isolated yield (0.205 mmol, 82.5 mg) and 95% ee by the HPLC analysis (CHIRALCEL
OD-H column, 90:10 hexane: iPrOH as eluents at 222 nm, 0.7 mL/min flow rate). Rt: 8.8 minute
(minor enantiomer), Ry: 11.4 minute (major enantiomer). When this reaction was repeated with a
catalyst prepared from the VANOL ligand, the aziridine 1-68a was obtained in 68% isolated yield
(0.341 mmol, 137 mg) with 50% ee (table 6).

Spectral data for 1-68a: *H NMR (500 MHz, Chloroform-d) & 1.03 (t, J = 7.2 Hz, 3H), 2.80 (d, J
= 6.9 Hz, 1H), 3.26 (d, J = 6.8 Hz, 1H), 3.92 — 4.02 (m, 3H), 7.17 — 7.27 (m, 1H), 7.28 (ddt, J =
9.1, 7.4, 1.9 Hz, 3H), 7.31 — 7.40 (m, 2H), 7.43 — 7.50 (m, 2H), 7.55 — 7.64 (m, 4H), 8.09 — 8.16
(m, 2H). 13C NMR (126 MHz, Chloroform-d) 5 14.03, 46.91, 47.07, 60.97, 76.76, 123.07, 127.03,
127.35, 127.44, 127.69, 128.62, 128.66, 128.77, 141.81, 142.03, 142.48, 147.38, 166.97.These

data are in agreement with the literature values. 234
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/O O\
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szj\
N (R)-spiroborate I-83b OEt N
| 0/ 5 mol% . 1.2 equiv. . \\\\A,% OEt
toluene, 25 °C, Toluene, 25 °C, /@ H/
O-N 10 min 24 h 0N (0]

2
1-68b

(2S,35)-ethyl-1-(bis(4-methoxy-3,5-dimethylphenyl)methyl)-3-(4-nitrophenyl)aziridine-2-
carboxylate 1-68b (table 7): The aziridine was prepared by the procedure detailed in method A
starting with the corresponding imine (0.499 mmol, 216 mg) and the crude product was purified
via column chromatography using hexane: ethylacetate 9:1 as the eluent. The desired cis-aziridine
I-68b was obtained as a white solid in 70% isolated yield (0.351 mmol, 181 mg) and 99% ee by
the HPLC analysis (CHIRALCEL OD-H column, 99:1 hexane: iPrOH as eluents at 226 nm, 0.7
mL/min flow rate). R: 17.2 minute (minor enantiomer), Rt: 28.0 minute (major enantiomer). When
this reaction was repeated with a catalyst prepared from the VANOL ligand, the aziridine 1-68b
was obtained in 78% isolated yield (0.391 mmol, 202 mg) with 97% ee (table 6).

Spectral data for 1-68b: *H NMR (500 MHz, Chloroform-d) & 1.04 (t, J = 7.1 Hz, 3H), 2.21 (s,
6H), 2.27 (s, 6H), 2.71 (d, J = 6.8 Hz, 1H), 3.18 (d, J = 6.7 Hz, 1H), 3.64 (s, 3H), 3.72 (s, 3H),
3.75 (s, 1H), 3.95 (qd, J = 7.1, 1.7 Hz, 2H), 7.09 (s, 2H), 7.18 (s, 2H), 7.56 — 7.63 (M, 2H), 8.09 —
8.16 (m, 2H). *3C NMR (126 MHz, Chloroform-d) § 14.10, 16.24, 16.28, 46.81, 47.27, 59.57,
59.63, 60.90, 77.03, 123.00, 127.23, 127.57, 128.82, 130.84, 130.88, 137.27, 137.49, 142.80,

147.22, 156.07, 156.23, 167.23. These data are in agreement with the literature values.®®
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N (R)-spiroborate 1-83b X" 0Et &
| O 5 mol% 1.2 equiv. /\ OF
> > W, _OEt
toluene, 25 °C, Toluene, 25 °C, ”/
10 min 24 h e)

I-69a

(2S,3S)-ethyl-1-benzhydryl-3-(4-methylphenyl)aziridine-2-carboxylate 1-69a (table 7): The
aziridine was prepared by the procedure detailed in method A starting with corresponding imine
(0.499 mmol, 143 mg) and the crude product was purified via column chromatography using
hexane: ethylacetate 9:1 as the eluent. The desired cis-aziridine 1-69a was obtained as a white solid
in 91% isolated yield (0.455 mmol, 169 mg) and 93% ee by the HPLC analysis (CHIRALCEL
OD-H column, 90:10 hexane: iPrOH as eluents at 222 nm, 0.7 mL/min flow rate). Rt: 4.2 minute
(minor enantiomer), R¢: 7.65 minute (major enantiomer). When this reaction was repeated with a
catalyst prepared from the VANOL ligand, the aziridine 1-69a was obtained in 78% isolated yield
(0.391 mmol, 145 mg) with 24% ee (table 6).

Spectral data for 1-69a: *H NMR (500 MHz, Chloroform-d) § 1.02 (t, J = 7.1 Hz, 3H), 2.30 (s,
3H), 2.65 (d, J = 6.8 Hz, 1H), 3.19 (d, J = 6.8 Hz, 1H), 3.92 — 4.00 (m, 3H), 7.04 — 7.09 (m, 2H),
7.14 —7.25 (m, 1H), 7.21 — 7.32 (m, 5H), 7.34 (dd, J = 8.4, 6.9 Hz, 2H), 7.46 — 7.52 (m, 2H), 7.57
—7.64 (m, 2H). 3C NMR (126 MHz, Chloroform-d) & 14.01, 21.16, 46.35, 48.04, 60.56, 77.75,
127.18, 127.22, 127.37, 127.53, 127.66, 128.47, 131.96, 136.91, 142.45, 142.55, 167.84. These

spectral data are in agreement with the literature values.®’
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N (R)-spiroborate I-83b OEt N
| O/ 5 mol% > 1.2 equiv. . \\\\Q,,// OFt
toluene, 25 °C, Toluene, 25 °C, |]/
10 min 24 h (0]

1-69b

(2S,3S)-ethyl-1-(bis(4-methoxy-3,5-dimethylphenyl)methyl)-3-(4-methylphenyl)aziridine-2-
carboxylate 1-69b (table 7): The aziridine was prepared by the procedure detailed in method A
starting with the corresponding imine (0.499 mmol, 201 mg) and the crude product was purified
via column chromatography using hexane: ethylacetate 9:1 as the eluent. The desired cis-aziridine
1-69b was obtained as a white solid in 98% isolated yield (0.491 mmol, 239 mg) and 99% ee by
the HPLC analysis (CHIRALCEL OD-H column, 99:1 hexane: iPrOH as eluents at 226 nm, 0.7
mL/min flow rate). Re: 9.4 minute (minor enantiomer), Rt: 11.8 minute (major enantiomer). When
this reaction was repeated with a catalyst prepared from the VANOL ligand, the aziridine 1-69b
was obtained in 52% isolated yield (0.261 mmol, 127 mg) with 63% ee (table 6).

Spectral data for 1-69b:'H NMR (500 MHz, Chloroform-d) & 1.05 (t, J = 7.1 Hz, 3H), 2.22 (s, 6H),
2.29 (d, J = 11.1 Hz, 6H), 2.30 (s, 3H), 2.56 (d, J = 6.8 Hz, 1H), 3.11 (d, J = 6.8 Hz, 1H), 3.65-
3.68 (m, 7H), 3.97 (qd, J = 7.1, 2.5 Hz, 2H), 7.07 (d, J = 7.8 Hz, 2H), 7.13 (s, 2H), 7.21 (s, 2H),
7.26 — 7.31 (m, 2H). *C NMR (126 MHz, Chloroform-d) § 14.08, 16.19, 16.25, 21.15, 46.19,
48.21,59.54, 59.60, 60.49, 77.09, 127.39, 127.71, 127.79, 128.42, 130.56, 130.60, 132.22, 136.79,
137.86, 137.99, 155.87, 156.02, 168.12. These spectral data are in agreement with the literature

values.38
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N (R)-spiroborate I-83b OEt N
| 5 mol% 1.2 equiv. / \
» » S ‘0, OEt
toluene, 25 °C, Toluene, 25 °C, /© H/
10 min 0
MeO 24h MeO

I-70a

(2S,39)-ethyl-1-benzhydryl-3-(4-methoxyphenyl)aziridine-2-carboxylate 1-70a (table 7): The
aziridine was prepared by the procedure detailed in method A starting with the corresponding imine
(0.499 mmol, 151 mg) and the crude product was purified via column chromatography using
hexane: ethylacetate 9:1 and 1% EtsN as the eluent. The desired cis-aziridine 1-70a was obtained
as a white solid in 78% isolated yield (0.391 mmol, 151 mg) and 95% ee by the HPLC analysis
(CHIRALCEL OD-H column, 95:5 hexane: iPrOH as eluents at 222 nm, 0.7 mL/min flow rate).
Rt: 6.4 minute (minor enantiomer), Rt 14.8 minute (major enantiomer). When this reaction was
repeated with a catalyst prepared from the VANOL ligand, the aziridine 1-70a was obtained in
19% NMR vyield (table 6).

Spectral data for 1-70a: *H NMR (500 MHz, Chloroform-d) § 1.02 (t, J = 7.1 Hz, 3H), 2.62 (d, J
= 6.8 Hz, 1H), 3.16 (d, J = 6.8 Hz, 1H), 3.75 (s, 3H), 3.91 — 4.01 (m, 3H), 6.75 — 6.84 (m, 2H),
7.13 - 7.21 (m, 1H), 7.20 — 7.31 (m, 5H), 7.33 (d, J = 15.3 Hz, 2H), 7.44 — 7.52 (m, 2H), 7.52 —
7.65 (m, 2H). **C NMR (126 MHz, Chloroform-d) & 14.02, 46.33, 47.74, 55.16, 60.53, 77.71,
113.22, 127.11, 127.16, 127.21, 127.35, 127.51, 128.45, 128.87, 142.41, 142.56, 158.89, 167.86.

One sp? carbon is not located. These data are in agreement with the literature values.®*
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I o 5 mol% g 12equiv. AV
toluene, 25 °C, Toluene, 25 °C, /@ |]/
i 24 h (0]
MeO 10 min MeO

1-70b

(2S,35)-ethyl-1-(bis(4-methoxy-3,5-dimethylphenyl)methyl)-3-(4-methoxyphenyl)aziridine-
2-carboxylate 1-70b (table 7): The aziridine was prepared by the procedure detailed in method A
starting with the corresponding imine (0.499 mmol, 209 mg) and the crude product was purified
via column chromatography using hexane: ethylacetate 9:1 and 1% Et3N as the eluent. The desired
cis-aziridine 1-70b was obtained as a white solid in 93% isolated yield (0.465 mmol, 234 mg) and
99% ee by the HPLC analysis (CHIRALCEL OD-H column, 99:1 hexane: iPrOH as eluents at 226
nm, 0.7 mL/min flow rate). Re: 12.2 minute (minor enantiomer), Ry 19.4 minute (major
enantiomer). When this reaction was repeated with a catalyst prepared from the VANOL ligand,
the aziridine 1-70b was obtained in 5% NMR yield (table 6).

Spectral data for 1-70b: *H NMR (500 MHz, Chloroform-d) & 1.04 (t, J = 7.1 Hz, 3H), 2.20 (s,
6H), 2.26 (s, 6H), 2.53 (d, J = 6.7 Hz, 1H), 3.08 (d, J = 6.8 Hz, 1H), 3.65 (s, 3H), 3.66 (s, 1H),
3.70 (s, 3H), 3.76 (s, 3H), 3.96 (dtd, J = 10.4, 7.9, 7.3, 4.5 Hz, 2H), 6.78 (dd, J = 8.7, 2.0 Hz, 2H),
7.10 (s, 2H), 7.19 (s, 2H), 7.24 — 7.33 (dd, J = 8.7, 2.0 Hz, 2H). *C NMR (126 MHz, Chloroform-
d) 6 14.10, 16.20, 16.24, 46.18, 47.89, 55.19, 59.54, 59.60, 60.49, 113.14, 127.37, 127.38, 127.75,
128.92, 130.57, 130.59, 137.82, 137.99, 155.86, 156.01, 158.78, 168.15. One sp? carbon is not

located. These spectral data are in agreement with the literature values.®®
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I-71a

(2S,39)-ethyl-1-benzhydryl-3-(naphthalen-1-yl)aziridine-2-carboxylate 1-71a (table 7): The
aziridine was prepared by the procedure detailed in method A starting with the corresponding imine
(0.499 mmol, 161 mg) and the crude product was purified via column chromatography using
hexane: ethylacetate 9:1 as the eluent. The desired cis-aziridine 1-71a was obtained as a white solid
in 40% isolated yield (0.205 mmol, 81.5 mg) and 97% ee by the HPLC analysis (CHIRALCEL
OD-H column, 99:1 hexane: iPrOH as eluents at 222 nm, 0.7 mL/min flow rate). R¢: 27.1 minute
(minor enantiomer), Re: 33.2 minute (major enantiomer). When this reaction was repeated with a
catalyst prepared from the VANOL ligand, the aziridine 1-71a was obtained in 69% isolated yield
(0.345 mmol, 141 mg) with 81% ee (table 6).

Spectral data for 1-71a: *H NMR (500 MHz, Chloroform-d) & 0.65 (t, J = 7.1 Hz, 3H), 2.93 (d, J
= 6.9 Hz, 1H), 3.68 — 3.83 (m, 3H), 4.10 (s, 1H), 7.19 — 7.52 (m, 9H), 7.53 — 7.59 (m, 2H), 7.62 —
7.74 (m, 4H), 7.78 — 7.86 (m, 1H), 8.08 — 8.14 (m, 1H). 3C NMR (126 MHz, Chloroform-d) &
13.61, 46.05, 46.42,60.42, 78.01, 122.97, 125.34, 125.44, 125.87, 126.56, 127.15, 127.20, 127.64,
127.91, 128.53, 128.59, 130.51, 131.43, 133.06, 142.26, 142.50, 167.81. Two sp? carbons are not

located. These spectral data are in agreement with the literature values. 34
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I-71b

\

(2S,35)-ethyl-1-(bis(4-methoxy-3,5-dimethylphenyl)methyl)-3-(naphthalen-1-yl)aziridine-2-
carboxylate 1-71b (table 7): The aziridine was prepared by the procedure detailed in method A
starting with the corresponding imine (0.499 mmol, 219 mg) and the crude product was purified
via column chromatography using hexane: ethylacetate 9:1 as the eluent. The desired cis-aziridine
I-71b was obtained as a white solid in 70% isolated yield (0.351 mmol, 183 mg) and 98% ee by
the HPLC analysis (CHIRALCEL OD-H column, 99:1 hexane: iPrOH as eluents at 226 nm, 0.7
mL/min flow rate). R¢: 8.1 minute (minor enantiomer), Rt: 16.3 minute (major enantiomer). When
this reaction was repeated with a catalyst prepared from the VANOL ligand, the aziridine 1-71b
was obtained in 54% isolated yield (0.271 mmol, 131 mg) with 10% ee (table 6).

Spectral data for 1-71b: *H NMR (500 MHz, Chloroform-d) & 0.68 (t, J = 7.1 Hz, 3H), 2.25 (s,
6H), 2.30 (s, 6H), 2.86 (d, J = 6.8 Hz, 1H), 3.64 (d, J = 20.8 Hz, 4H), 3.73 (s, 3H), 3.72 - 3.83 (m,
2H), 3.84 (s, 1H), 7.21 (s, 2H), 7.26 (s, 2H), 7.37 — 7.51 (m, 3H), 7.71 (d, J = 7.6 Hz, 2H), 7.81
(dd, J = 7.8, 1.6 Hz, 1H), 8.10 (d, J = 8.2 Hz, 1H). 3C NMR (126 MHz, Chloroform-d) & 13.70,
16.22, 16.28, 45.98, 46.66, 59.57, 59.64, 60.37, 77.46, 123.07, 125.33, 125.44, 125.85, 126.61,
127.34, 127.55, 128.13, 128.51, 130.71, 130.73, 130.83, 131.46, 133.07, 137.71, 137.97, 155.92,

156.24, 168.05. These spectral data are in agreement with the literature values.®
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1-72a
(2S,3S5)-ethyl-1-benzhydryl-3-(furan-2-yl)aziridine-2-carboxylate 1-72a (table 7): The
aziridine was prepared by the procedure detailed in method A starting with the corresponding imine
(0.499 mmol, 131 mg) and the crude product was purified via column chromatography using
hexane: ethylacetate 9:1 as the eluent. The desired cis-aziridine 1-72a was obtained as a white solid
in 69% isolated yield (0.345 mmol, 119 mg) and 89% ee by the HPLC analysis (CHIRALCEL
OD-H column, 90:10 hexane: iPrOH as eluents at 222 nm, 1 mL/min flow rate). Rt 4.3 minute
(minor enantiomer), Re: 8.8 minute (major enantiomer). When this reaction was repeated with a
catalyst prepared from the VANOL ligand, the aziridine 1-72a was obtained in 23% isolated yield
(0.115 mmol, 39.9 mg) with 60% ee (table 6).
Spectral data for 1-72a: *H NMR (500 MHz, Chloroform-d) & 1.14 (t, J = 7.1 Hz, 3H), 2.70 (d, J
= 6.5 Hz, 1H), 3.14 (d, J = 6.5 Hz, 1H), 3.94 (s, 1H), 4.02 — 4.16 (m, 2H), 6.27 — 6.36 (M, 2H),
7.18 —7.38 (m, 7H), 7.44 — 7.52 (m, 2H), 7.50 — 7.58 (m, 2H).2*C NMR (126 MHz, Chloroform-
d) 6 14.06, 41.68, 45.43, 60.90, 77.52, 108.03, 110.42, 127.34, 127.38, 127.42, 127.43, 128.46,
128.55, 141.95, 141.99, 142.08, 149.57, 167.48. These spectral data are in agreement with the literature

values. %
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1-72b

(2S,35)-ethyl-1-(bis(4-methoxy-3,5-dimethylphenyl)methyl)-3-(furan-2-yl)aziridine-2-
carboxylate 1-72b (table 7): The aziridine was prepared by the procedure detailed in method A
starting with the corresponding imine (0.499 mmol, 189 mg) and the crude product was purified
via column chromatography using hexane: ethylacetate 15:1 and 1% EtsN as the eluent. The
desired cis-aziridine 1-72b was obtained as a white solid in 88% isolated yield (0.441 mmol, 204
mg) and 95% ee by the HPLC analysis (CHIRALCEL OD-H column, 99.5:0.5 hexane: iPrOH as
eluents at 226 nm, 0.7 mL/min flow rate). Ry: 23.8 minute (minor enantiomer), Ry: 39.15 minute
(major enantiomer). When this reaction was repeated with a catalyst prepared from the VANOL
ligand, the aziridine 1-72b was obtained in 5% NMR yield (table 6).

Spectral data for 1-72b: *H NMR (500 MHz, Chloroform-d) & 1.15 (td, J = 7.1, 2.1 Hz, 3H), 2.24
(m, 12H), 2.61 (dd, J = 6.5, 2.2 Hz, 1H), 3.04 (dd, J = 6.5, 2.1 Hz, 1H), 3.65-3.71 (m, 7H), 4.09
(m, 2H), 6.26 — 6.33 (m, 2H), 7.05-7.14 (m, 4H), 7.24 — 7.30 (m, 1H). 3C NMR (126 MHz,
Chloroform-d) 6 14.10, 16.17, 16.21, 41.77, 45.30, 59.57, 59.59, 60.83, 76.88, 108.02, 110.36,
127.50, 127.65, 130.58, 130.66, 137.36, 137.46, 141.84, 149.76, 156.01, 156.04, 167.74. These

data are in agreement with the literature values.*
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(2S,35)-ethyl-1-benzhydryl-3-(pyridin-2-yl)aziridine-2-carboxylate 1-73a (table 7). The
aziridine was prepared by the procedure detailed in method A starting with the corresponding imine
(0.499 mmol, 136 mg) and the crude product was purified via column chromatography using
hexane: ethylacetate 9:1 as the eluent. The desired cis-aziridine 1-73a was obtained as a white solid
in 86% isolated yield (0.441 mmol, 204 mg) and 87% ee by the HPLC analysis (CHIRALCEL
OD-H column, 90:10 hexane: iPrOH as eluents at 222 nm, 1 mL/min flow rate). Rt: 5.3 minute
(minor enantiomer), Re: 9.7 minute (major enantiomer). When this reaction was repeated with a
catalyst prepared from the VANOL ligand, the aziridine 1-73a was obtained in 44% isolated yield
(0.22 mmol, 79 mg) with 61% ee (table 6).

Spectral data for 1-73a: *H NMR (500 MHz, Chloroform-d) & 1.02 (t, J = 7.1 Hz, 3H), 2.79 (d, J
= 6.9 Hz, 1H), 3.41 (d, J = 6.9 Hz, 1H), 3.96 (qd, J = 7.1, 1.0 Hz, 2H), 4.02 (s, 1H), 7.11 (ddd, J =
6.9, 4.8, 2.1 Hz, 1H), 7.15 — 7.22 (m, 1H), 7.22 — 7.30 (m, 3H), 7.31 — 7.39 (m, 2H), 7.46 — 7.52
(m, 2H), 7.57 — 7.67 (m, 4H), 8.42 — 8.47 (m, 1H). 3C NMR (126 MHz, Chloroform-d) & 13.97,
46.05, 49.29, 60.73, 77.46, 122.39, 122.73, 127.11, 127.28, 127.50, 127.55, 128.35, 128.54,
136.00, 142.16, 142.36, 148.62, 155.18, 167.51. These spectral data are in agreement with the

literature values.**
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(2S,3S)-ethyl-1-(bis(4-methoxy-3,5-dimethylphenyl)methyl)-3-(pyridin-2-yl)aziridine-2-
carboxylate 1-73b: The aziridine was prepared by the procedure detailed in method A starting with
corresponding imine (0.499 mmol, 237 mg) and the crude product was purified via column
chromatography using hexane: ethylacetate 4:1 and 1% EtsN as the eluent. The desired cis-
aziridine 1-73b was obtained as a white solid in 99% isolated yield (0.495 mmol, 235 mg) and
95% ee by the HPLC analysis (CHIRALCEL OD-H column, 99:1 hexane: iPrOH as eluents at 226
nm, 0.7 mL/min flow rate). R¢: 16.95 minute (minor enantiomer), Ry 31.95 minute (major
enantiomer). When this reaction was repeated with a catalyst prepared from the VANOL ligand,
the aziridine 1-73b was obtained in 51% isolated yield (0.255 mmol, 121 mg) with 76% ee (table
6).

Spectral data for 1-73b: *H NMR (500 MHz, Chloroform-d) & 0.67 (t, J = 7.1 Hz, 3H), 2.25 (s,
6H), 2.29 (s, 6H), 2.85 (d, J = 6.8 Hz, 1H), 3.63-3.67 (m, 4H), 3.72 (s, 3H), 3.68 — 3.83 (m, 2H),
3.83 (s, 1H), 7.20 (s, 2H), 7.36 — 7.51 (m, 3H), 7.67 — 7.74 (m, 2H), 8.09 (dt, J = 8.9, 1.0 Hz, 1H).
13C NMR (126 MHz, Chloroform-d) & 14.01, 16.18, 16.24, 45.89, 49.43, 59.54, 59.61, 60.65,
122.30, 122.82, 127.32, 127.76, 130.65, 130.68, 135.88, 137.55, 137.76, 148.56, 155.42, 155.94,
156.07, 167.74. One sp® carbon was not located. These spectral data match with the literature

values.38
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1-74a

(2S,35)-ethyl-1-benzhydryl-3-cyclohexylaziridine-2-carboxylate 1-74a (table 7): The aziridine
was prepared by the procedure detailed in method A starting with the corresponding imine (0.499
mmol, 139 mg) and the crude product was purified via column chromatography using benzene:
dichloromethane 200:1 as the eluent. The desired cis-aziridine 1-74a was obtained as a white solid
in 92% isolated yield (0.461 mmol, 167 mg) and 96% ee by the HPLC analysis (CHIRALCEL
OD-H column, 99:1 hexane: iPrOH as eluents at 226 nm, 1 mL/min flow rate). R¢: 3.5 minute
(minor enantiomer), Re: 7.0 minute (major enantiomer). When this reaction was repeated with a
catalyst prepared from the VANOL ligand, the aziridine I-74a was obtained in 10% NMR vyield
(table 6).

Spectral data for 1-74a: *H NMR (500 MHz, Chloroform-d) § 0.45 — 0.57 (m, 1H), 0.90 — 1.20 (m,
4H), 1.17 — 1.24 (m, 1H), 1.26 (t, J = 7.1 Hz, 3H), 1.28 — 1.36 (m, 1H), 1.41 — 1.50 (m, 2H), 1.51
—1.58 (m, 1H), 1.62 (dt, J = 8.8, 5.5 Hz, 1H), 1.81 (dd, J = 9.4, 6.9 Hz, 1H), 2.27 (d, J = 6.9 Hz,
1H), 3.62 (s, 1H), 4.14 — 4.30 (m, 2H), 7.18 — 7.27 (m, 2H), 7.24 — 7.36 (m, 4H), 7.32 — 7.38 (m,
2H), 7.47 —7.53 (m, 2H). 13C NMR (126 MHz, Chloroform-d) 5 14.31, 25.37, 25.56, 30.13, 30.73,
36.29,43.43,52.15, 60.73, 78.19, 126.90, 127.07, 127.52, 128.29, 128.33, 128.37, 142.32, 142.72,
169.66. One sp® carbon is not located. These spectral data are in agreement with the literature

values.?
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(2S,35)-ethyl-1-(bis(4-methoxy-3,5-dimethylphenyl)methyl)-3-cyclohexylaziridine-2-
carboxylate 1-74b (table 7): The aziridine was prepared by the procedure detailed in method A
starting with the corresponding imine (0.499 mmol, 197 mg) and the crude product was purified
via column chromatography using hexane: DCM: Et>O 4:2:0.1 as the eluent. The desired cis-
aziridine 1-74b was obtained as a white solid in 92% isolated yield (0.461 mmol, 221 mg) and
96% ee by the HPLC analysis (CHIRALCEL OD-H column, 99:1 hexane: iPrOH as eluents at 223
nm, 0.7 mL/min flow rate). Re: 10.2 minute (minor enantiomer), Ry 12.5 minute (major
enantiomer). When this reaction was repeated with a catalyst prepared from the VANOL ligand,
the aziridine 1-74b was obtained in 25% isolated yield (0.125 mmol, 59.9 mg) with 46% ee (table
6).

Spectral data for 1-74b: *H NMR (500 MHz, Chloroform-d) § 0.46 — 0.58 (m, 1H), 0.89 — 1.04 (m,
1H), 1.02 — 1.09 (m, 1H), 1.10 (ddt, J = 12.7, 8.9, 4.4 Hz, 1H), 1.18 — 1.32 (m, 5H), 1.39 — 1.47
(m, 2H), 1.48 — 1.55 (m, 1H), 1.60 (dt, J = 13.6, 3.2 Hz, 1H), 1.73 (dd, J = 9.3, 6.9 Hz, 1H), 2.13
—2.27 (m, 13H), 3.36 (s, 1H), 3.63-3.69 (M, 6H), 4.12 — 4.21 (m, 1H), 4.19 — 4.30 (m, 1H), 6.95
(s, 2H), 7.11 (s, 2H). 3C NMR (126 MHz, Chloroform-d) & 14.32, 16.04, 16.15, 25.34, 25.52,
26.16, 30.09, 30.82, 36.33, 43.45, 52.24, 59.56, 59.61, 60.62, 77.48, 127.33, 128.52, 130.30,
130.42, 137.55, 138.09, 155.72, 156.24, 169.77. These data are in agreement with the literature

values.38
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1-76a

(2S,3S)-ethyl-1-benzhydryl-3-(2-methyl-phenyl)-aziridine-2-carboxylate 1-76a (table 6): The
aziridine was prepared by the procedure detailed in method A with VANOL ligand and the
corresponding imine (0.499 mmol, 143 mg) and the crude product was purified via column
chromatography using hexane: ethylacetate 9:1 as the eluent. The desired cis-aziridine 1-76a was
obtained as a white solid in 38% isolated yield (0.19 mmol, 71 mg) and 46% ee by the HPLC
analysis (CHIRALCEL OD-H column, 99:1 hexane: iPrOH as eluents at 222 nm, 1 mL/min flow
rate). R: 6.1 minute (minor enantiomer), Rt 7.5 minute (major enantiomer).

Spectral data for 1-76a: *H NMR (500 MHz, Chloroform-d) § 0.91 (t, J = 7.1 Hz, 3H), 2.31 (s,
3H), 2.74 (d, J = 6.8 Hz, 1H), 3.22 (d, J = 6.8 Hz, 1H), 3.91 (g, J = 7.1 Hz, 2H), 3.97 (s, 1H), 7.01
—7.11 (m, 1H), 7.12 (hd, J = 5.5, 5.0, 3.2 Hz, 2H), 7.17 — 7.39 (m, 7H), 7.47 — 7.58 (m, 2H), 7.58
— 7.65 (M, 2H). 13C NMR (126 MHz, Chloroform-d) & 13.86, 18.82, 45.62, 46.93, 60.49, 77.92,
125.36, 127.13, 127.16, 127.54, 127.74, 128.50, 128.51, 129.11, 133.12, 136.01, 142.41, 142.56,
167.97. These spectral data are in agreement with the literature values. 2%

General method for the asymmetric catalytic epoxidation

Preparing the stock solution of the catalyst illustrated for VANOL: Method A was used to prepare
the catalyst from (S)-VANOL (0.075 mmol, 33 mg), 3 mL of toluene and BH3z*SMe; (0.037 mmol,
19 uL). To the obtained white solid was added 3 mL of anhydrous toluene and the resulting

solution was stirred at room temperature for 10 minutes.
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General method for preparing epoxide 1-52 (scheme 15): A flamed dried 25 mL round bottom
flask was charged with N-butyl diazo acetamide (0.49 mmol, 74 mg), 3 mL toluene and
benzaldehyde (0.61 mmol, 64 pL). The resulting cloudy mixture and the stock solution of the
catalyst were cooled down at -40 °C for 15 minutes in a cold bath. Then, 2 mL of the stock solution
of the catalyst made from the appropriate ligand was transferred to the round bottom flask
containing the mixture of starting materials and the resulting solution in the round bottom flask
was stirred at -40 °C for 12 hours. The reaction was quenched by adding 1 mL of methanol and
the solvent was removed under reduced pressure. At this point, the NMR yield was determined by
using PhsCH as the internal standard (conv. 99%). The crude epoxide was purified via column
chromatography (flash column, hexane: ethyl acetate, 3:1 to 1:1) and the epoxide 1-52 was
obtained as a white solid with 88% isolated yield (0.44 mmol, 96 mg) and 93% ee by HPLC
analysis (Pirkle covalent (R, R) Whelk-O1 column, 93:7 hexane: iPrOH as eluents at 228 nm, 1
mL/min flow rate). Ri: 13.8 min (major enantiomer), Ry 24.6 min (minor enantiomer). The
epoxidations with the catalysts prepared from the ligands 1-88a-1-88f in table 10 were also
performed with the above procedure.

Spectral data for 1-52: *H NMR (500 MHz, Chloroform-d) § 0.72 (t, J = 7.2 Hz, 3H), 0.89-1.04
(m, 4H), 2.82-2.88 (m, 1H), 3.08 (dq, J = 13.6, 6.9 Hz, 1H), 3.77 (d, J = 4.8 Hz, 1H), 4.31 (d, J =
4.8 Hz, 1H), 5.84 (s, 1H), 7.35—7.28 (m, 5H); 3C NMR (126 MHz, Chloroform-d) & 13.53, 19.62,
31.17, 38.21, 56.27, 58.08, 126.49, 128.31, 128.38, 133.19, 165.95. These spectral data are in

agreement with the literature values.
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General method for the synthesis of imines

All imines were synthesized via standard procedure developed in our lab and the spectral data of
these imines were in good agreement with the reported data in the literature.3437:39

General method for the crystal growth of water free spiroborate anion-iminium cation
cocrystal

Procedure A: Growing the co-crystal of catalyst 1-83c and imine 1-84b (figure 4): Method A was
used to prepare the catalyst from (S)-7,7’-Ad2VANOL (0.199 mmol, 142 mg), 2 mL toluene and
BH3z*SMe; (0.11 mmol, 13 pL). Then, imine 1-84b (0.11 mmol, 43 mg) was added and the mixture
was dissolved in 2 mL of anhydrous CH2Cl,. 1 mL of the resulting solution was transferred into a
flamed dried 4 mL vial followed by slow addition of 3 mL freshly distilled hexane (the layer
between CH2Cl. and hexane should not be disturb). Next, the 4 mL vial was placed into another
20 mL vial, caped and wrapped with parafilm. Crystals were formed after 24 hours and they were
collected after 48 hours. Unfortunately these crystals were not stable at room temperature in open
air. Since the crystal lattice contains two molecules of CH2Cl», removing the mother liquor caused
the evaporation the CH2Cl2 in the crystal lattice, which led to the subsequent collapse of the lattice.
As a result, melting points for the crystals could not be obtained.

Spectral data for crystal of catalyst 1-83¢ and imine 1-84b: *H NMR (500 MHz, Chloroform-d) &
1.11 (dd, J = 11.8, 2.8 Hz, 5H), 1.18 — 1.30 (m, 7H), 1.39 (d, J = 12.0 Hz, 5H), 1.46 (d, J = 12.2
Hz, 5H), 1.62 — 1.68 (m, 5H), 1.72 (d, J = 12.0 Hz, 1H), 1.79 (d, J = 12.4 Hz, 1H), 1.85 (d, J = 3.3
Hz, 6H), 2.02 (d, J = 2.8 Hz, 1H), 2.06 — 2.14 (m, 15H), 2.16 — 2.29 (m, 4H), 2.95 (s, 4H), 3.44 —
3.55 (m, 2H), 3.66 (s, 4H), 5.30 (s, 1H), 5.68 (s, 1H), 5.84 (s, 1H), 6.54 (s, 3H), 6.56 — 6.66 (m,
7H), 6.79 (t, J = 7.6 Hz, 3H), 6.96 (td, J = 7.6, 5.7 Hz, 4H), 7.03 — 7.10 (m, 3H), 7.24 (dd, J = 8.6,

2.0 Hz, 2H), 7.29 (s, 1H), 7.51 (d, J = 8.5 Hz, 1H), 7.63 — 7.72 (m, 3H), 7.76 (d, J = 8.7 Hz, 1H),
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8.26 (d, J = 1.8 Hz, 1H). !B NMR (160 MHz, Chloroform-d) & 9.74, 6.39. CCDC number:
1820122

Co-crystal of catalyst 1-83b and imine 1-84b (figure 3): Procedure A was used in order to grow
the co-crystal of catalyst 1-83b and imine 1-84b.

Spectral data for crystal of catalyst 1-83b and imine 1-84b: *H NMR (500 MHz, Chloroform-d) &
0.07 (s, 3H), 0.55 (s, 18H), 1.21 (t, J = 7.0 Hz, 2H), 1.49 (s, 10H), 1.56 (s, 8H), 1.81 (s, 1H), 2.73
(s, 1H), 3.48 (q, J = 7.0 Hz, 1H), 3.63 (s, 3H), 3.68 (s, 2H), 5.30 (s, 2H), 5.84 (s, 1H), 6.61 (td, J
=5.1, 2.3 Hz, 6H), 6.71 (t, J = 7.7 Hz, 4H), 6.90 — 7.00 (m, 4H), 7.00 — 7.10 (m, 1H), 7.18 (s, 2H),
7.22 —7.31 (m, 4H), 7.55 (d, J = 8.6 Hz, 2H), 7.60 (d, J = 1.9 Hz, 2H), 7.68 (dd, J = 8.6, 2.0 Hz,
1H), 7.75 (d, J = 8.7 Hz, 1H), 8.30 (d, J = 1.9 Hz, 1H). 1B NMR (160 MHz, Chloroform-d) &
9.90. CCDC number: The data for this crystal has not been deposited in the CCDC as of yet.
Co-crystal of catalyst 1-83b and imine 1-84b (figure 1): Procedure A was used in order to grow
the co-crystal of catalyst 1-83b and imine 1-84b. It should be noted that the undistilled solvents
(CH2ClI> and hexanes) were used in growing the crystal of the catalyst 1-83b and the imine 1-84b
(figure 1), threrfore, the catalyst and the imine were crystalized with a molecule of water in the
crystal lattice.

Co-crystal of catalyst 1-83b and imine 1-84a (figure 2): Procedure A was used in order to grow
the co-crystal of catalyst 1-83b and imine 1-84a. It should be noted that the undistilled solvents
(CH2CI2 and hexanes) were used in growing the crystal of the catalyst 1-83b and the imine 1-84a
(figure 2), threrfore, the catalyst and the imine were crystalized with a molecule of water in the

crystal lattice.
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Chapter 2

Chameleon catalyst: Aluminum-VANOL Aluminum-VAPOL Catalysts as

Efficient Catalysts in the Epoxidation of Aldehydes and Aziridination of

Imines,

Total Synthesis of (—)-Tedanalactam
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2.1. Introduction: A brief history of aluminum catalysts in catalytic asymmetric synthesis
Aluminum biaryl complexes have been used in numerous asymmetric catalytic reactions because
of the ease of preparation of these complexes and also the remarkable Lewis acidity that the
aluminum possesses. Usually, these complexes have been applied in the activation of carbonyls
such as aldehydes and ketones in asymmetric transformations.

2.1.1. Aluminum catalyzed asymmetric catalytic reduction of ketone

2.1.1.1. Meerwein—Ponndorf-Verley reduction

The Meerwein-Ponndorf-Verley (MPV) reduction of aldehyde and ketones using iPrOH as the
reducing agent in the presence of Al(QiPr)s; has been an important reaction in organic synthesis
(scheme 11-1). This reaction was reported over 90 years ago by Meerwein, Schmidt, Ponndorf, and
Verley. The catalytic version of the classic MSPV reduction had been difficult to achieve;

presumably, due to the aggregation of Al(OiPr)s.

Scheme 11-1. MPV Reduction

0 OH AOD OH 0
I N L N N

I1-1 I1-2 11-3 11-4

In 2001, Nguyen reported a successful catalytic MPV reduction using alkylaluminum as the
precatalyst.? The active aluminum alkoxide catalyst for this reaction was assembled in situ from
trimethylaluminum in the presence of a super stoichiometric amount of iPrOH and found that
generated in this manner the Al(OiPr)s was much less prone to aggregate (scheme 11-2). The new
protocol enabled Nguyen to develop a chemoselective methodology in the reduction of ketone 11-
1a to alcohol 11-3a. In this report, stereoselective reduction of ketone 11-1a with chiral hydride

sources 11-5 were also investigated and chiral alcohol 11-3a with 80-60% ee was obtained.
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Scheme 11-2. Catalytic MPV reduction

AlMe;,

(0] OH 10 mol% OH (0]
mol7o
N e LG
1I-1 11-2 11-3 11-4
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up to 99% yield

(0] Br OH AlMes,
©)J\/Cl @/'\ 10 mol% ©)\/ ©)‘\
+

1I-1a 11-5 11-3a
1.0 equiv. 4.0 equiv. 86% ee

Later in 2002, the same group reported the asymmetric catalytic MPV reduction catalyzed by
BINOL-aluminum complex (scheme 11-3).2 The active catalyst 11-8 which was synthesized in situ,
by mixing 1.0 equiv (S)-BINOL 11-7 and 1.0 equiv AlMes, catalyzed the asymmetric reduction of
ketone I11-1b and yielded the 2° alcohol 11-3b in 99% yield and 83% ee. Poor ee was obtained by
using acetophenone I1-1c as the substrate. The enhanced ee of substrate 11-1b over acetophenone

I1-1c was presumably because of the coordination of a-bromo substituent to the aluminum center.

Scheme 11-3. Asymmetric catalytic MPV reduction

SO
OH 9 (0]
10 mol/ ~ SAI-Me
\\\0 Toluene

11-7 I1-8, (R)-catalyst
(R)-BINOL
10 mol%
R)-catalyst,
on ¢
Br __10mol% ©)\/ )]\
+
1I-1b 11-2 ' 1I-3b 11-4
1.0 equiv. 4.0 equiv. yield: 99%
ee: 83%
OH (R)-catalyst, OH 1)
10 mol% ©)\ )J\
+ e —— +
II-1c 11-2 11-3¢ 11-4
1.0 equiv. 4.0 equiv. yield: 54%
ee: 30%
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The suggested mechanism for this MPV reduction is depicted in scheme 4.4° It was proposed that
the association of active catalyst 11-9, which is formed in situ via the reaction of aluminum
complex 11-8 with iPrOH 11-2, with ketone 11-1 generates complex 11-10. This coordination
complex keeps the hydride donor 11-2 and hydride acceptor 11-1 in close proximity. The hydride
transfer from alcohol to ketone proceeds via a six-membered transition state and produces

enantioenriched alcohol 11-3 with acetone as the volatile side product.

Scheme 11-4. Proposed catalytic cycle

o Ar
0 0 ™o “H
Ar)J\ \
11-10
OH 11;)1 o Ar
o, A C AL-0 C ,\AI\O/JV
/Al_ — > O/ )7 O \ G \NsH

0]
0) -
II1-2 119

I8 Ar I-11
-3 HO—N\» 0 Ar /
H \
Commot, Lo

R T §

11-12
11-2 11-4

2.1.1.2. Asymmetric hydroboration of ketone

In 2019, Rueping reported the asymmetric catalytic hydroboration of ketones catalyzed by
aluminum BINOL complexes 11-14 (scheme 11-5).° Catalysts prepared from VANOL 11-19 and
VAPOL 11-20 ligands were also equally effective in this reaction. Complex 11-14 performed
excellently in the reduction of hetroaryl ketones 11-15 and yielded the desired alcohol 11-18 in high
yield and ee.

The active catalyst prepared from BINOL 11-13 and AlMes is proposed to be a dimeric aluminum
complex 11-23 based on crystal structure which undergoes a transformation in the presence of

substrate 11-15 and produces complex 11-24 (scheme 11-6). In presence of HBPin 11-16, BINOL
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aluminum hydride complex 11-28 is produced via ¢ bond metathesis of B-H and Al-O (transition

state 11-25).

Scheme 11-5. Ketone hydroboration
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The produced aluminum hydride complex 11-28 acts as the active catalyst and participates in the

reduction of ketone 11-15 to alcohol 11-18 (scheme I1-5) which is depicted in scheme 6. This report
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was the first successful and detailed mechanistic study of hydroboration of hetroaryl ketone 11-15

catalyzed by BINOL aluminum complex 11-14.

Scheme 11-6. Proposed Mechanism >§4
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2.1.2. Asymmetric catalytic Pudovik reaction
The Pudovik reaction has received a great deal of attention recently because of its power to

generate bioactive phosphono derivatives of a-hydroxy carboxylic acids.’

Scheme 11-7. Asymmetric catalytic Pudvik reaction

Et,AIC]
e e
DCM, tt,
5 min
11-34 11-35, R: H
1I-36, R: Mesityl
0 0 OH
I 11-35 OCH,CF;
. o
H o, w0 Scr, 10mol% P—OCH,CF,
Ow THEF, 1t, 24 h S
CF,
11-37a 11-38 11-39a
yield: 94%
ee: 48%
0 OH
1 1-35 OCH,CF,
_ 0,
H , H 0 cp, —Lmol% P—OCH,CF,
Ow hexane, 4
CF, rt, 24 h
11-37a 11-38 11-39a
yield: 94%
ee: 78%
0 0
)J\ I 11-36 )\ OCH,CF,
_ 0,
R™H , B o cp, mol% P OCH,CF,
Ow hexane, O
rt, 24 h
CF; 11-39
11-37 11-38 12 examples

up to 98% yield
up to 96% ee

In 2011, Yamamoto reported a highly efficient Pudovik reaction catalyzed by chiral tethered bis(8-

quinolinato)(TBOXx) aluminum complex 11-35 or 11-36 (scheme 11-7).8 Interestingly, by decreasing
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catalyst loading from 5 mol% to 1 mol% and also changing the solvent from THF to hexanes a
30% increase in ee was observed. Supposedly, a low concentration of the catalyst difavors catalyst

aggregation. Further optimization, yielded the desired product in excellent yield and ee.

Scheme 11-8. Asymmetric catalytic Pudvik reaction

1 1l
_P—Ph Ph—P<
\ 0 /" NH
N Ph I 11-36 Ph I PCHACEs
_ 0,
R OH . H 07 CR, —Lmol% o R SPoOCH,CF,
0 hexane, H
O, it, 24 h
11-40 11-38 11-41

11 examples
up to 98% yield
up to 98% ee

OH
OH OH
)\ /OCH2CF3 conc. HCI Ph)\ P/—OH
Ph P_OCH2CF3 1
Il MeOH,
95°C,6h
11-39a 11-42
yield: 96%
(I)I ee: 96%
Ph—P., NH
P’ NH oy cr * oH
)\ / 213 conc. HC1 )\ /
_ —_— Ph P—OH
Ph”” > P—OCH,CF; P
1 MCOH, 0
0 95°C, 12 h
11-43
11-41
2 yield: 91%
ee: 96%

Moreover, the aluminum complex 11-36 was also evaluated in the synthesis of optically active a-
aminophosphonate 11-41.2 Synthesis of the enantioenriched a-aminophosphonate has attracted lots
of attention because of their antifungal and antibacterial activity and also being used as a protein
inhibitor. It was observed that diphenylphosphinoyl group was the optimum protecting group and
under the optimum reaction condition a-aminophosphonates 11-41 was produced with high yield

and excellent enantioselectivity. It was also shown that the a-hydroxy I1-39a and o-
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aminophosphonate 11-41a underwent smooth deprotection and yielded a-hydroxy 11-42 and a-
aminophosphonic acids 11-43 with maintained enantiomeric excess (scheme 11-8).

2.1.3. Asymmetric catalytic Strecker reaction of aldimines and ketimines

Aluminum complex 11-45 was used in the asymmetric catalytic Strecker reaction of aldimines and

ketimines (scheme 11-9).°

Scheme 11-9. Asymmetric catalytic Strecker reaction

Et,AIC1
R
DCM, rt,
5 min
(0] (0]
IIl—Ar 11-45, 10 mol% r—”
NG 0 EuN, 10 mol% o7 NH
)l\ J\ iPrOH, 1.5 equiv.
R H + NC OEt » R CN
toluene, rt, 6 h
11-46 11-47 11-48
Ar: 2,6-Me,-CH, 14 examples
yield%: 80-99%
ee%: 90-98%
(0] o (I)I
1 -
Poar I1-45, 10 mol% Ar—Pe
N \Ar (¢} Et;N, 10 mol% A7 NH '
)l\ )J\ iPrOH, 2.5 equiv. R
R R + NC OEt > R CN
toluene:hexane
11-49 11-47 n 1{ ; N 11-50
Ar: o-tolyl ’ 7 examples
yield: 71- 95%
ee: 82-96%

The aforementioned reaction has been an important one in asymmetric catalysis since the synthesis
of a-amino acid derivatives would be possible via the hydrolysis of the product of this reaction.

The reaction was performed in the presence of a catalytic amount of EtsN or DMAP in order to
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activate the cyanide source. In addition, the super stoichiometric amount of iPrOH had a beneficial
impact on the outcome of the reaction; presumably, suppressing product inhibition. Catalyst 11-45
was highly effective in hydrocyanation of aldimines 11-46 and ketimines 11-49 and yielded the
desired products in high yields and enantioselectivities.

2.1.4. Claisen rearrangement

In 1995, Yamamoto was reported the first successful asymmetric Claisen rearrangement mediated
by BINOL aluminum complex 11-53.1° It was observed that the vinyl allyl ethers with
trimethylsilyl 11-51a and trimethylgermyl 11-51b substituents yielded enantioenriched acylsilanes
11-52a and acylgermanes 11-52b with good yield and good enantioselectivity.

Scheme 11-10. Asymmetric Claisen reaction

(R)-complex Ph O

JJ\ 1.1- 2.0 equiv. WJ\
—_—
P X""N0 R

R pewm, -40 °C

II-51a, R: SiMe,Ph I1-52a, R: SiMe,Ph I1-53
II-51b, R: GeMe; yield: 76%, ee: 90% (R)-catalyst
I1-52b, R: GeMe;
yield: 68%, ee: 93%

The same allyl vinyl ether presumably undergo cyclization via two enantiomeric six-membered
chair-like transition states (11-54a, 11-54b) as illustrated in scheme 11a which can produce the two
enantiomers of the product 11-52 (scheme I1-11a). A second aluminum catalyst was published in
1995 by Yamamoto for the asymmetric Claisen rearrangement and tolerated a broad scope of the
substrates that did not require the presence of silyl of germyl substituents (scheme 11-11b).}* This
method still had the drawback of resulting stoichiometric amount of catalyst. This reaction was
mediated by chiral aluminum complex 11-60 which was assembled in situ by treating 3.0 equiv of
ligand 11-59 and 1.0 equiv of AlMes. Starting from commercially available (R)-BINOL, ligand I1-

59 was synthesized in 6 steps with an overall 38% vyield as depicted in scheme I1-11.
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Scheme 11-11a. Asymmetric Claisen reaction

Ph TBDS
n e
S ; 0
Y | TAlMe
Ph I1-54a (S)-11-52 “'TBDS
f (R)-11-53
OJ\R
Ph
11-51 :
—»v - 5 Ph @
0~ "R
11-54b (R)-11-52
Scheme I1-11b. Synthesis of ligand 11-60
TF2O Py
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Br Ar
O ArMgBr OO
O N1C12(dppp)2 BBr;, DCM OH
O ‘ ether ] ]
11-57 11-58 11-59
Ar: p-F-C¢Hy

cy
OH AlMe; 0 ) Al
3
toluene, 25 °C, 1 h OO

I1-59 I1-60, (R)-ATBN-F
11-60, (R)-ARBNF Bu O
1.1- 2.0 equiv. S
K NN >
Bu” 70 DCM, -40 °C H
11-62
I1-61
yield: 70%
ee: 91%
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2.1.5. Diels-Alder reaction

Undoubtedly, the Diels-Alder reaction has been one of the most important reactions in organic
chemistry. After over a century since its discovery, attempts are still ongoing in order to develop
practical methods in the asymmetric assembly of enantiopure Diels-Alder adduct. The first
asymmetric catalytic Diels-Alder reaction catalyzed by a chiral aluminum complex was reported
by Yamamoto in 1992 (scheme 11-12).12 In this report, the active catalyst was synthesized in situ
by treating AlMes with BINOL ligand 11-63. In the presence of 10 mol% of catalyst 11-53 the
desired cyclo-adduct product, 11-66 was produced in good yield and diastereoselectivity; however,
in moderate ee. Further attempts in the optimization of the reaction resulted in a slight

improvement of the enantioselectivity.

Scheme 11-12. Asymmetric catalytic Diels-Alder reaction

A]Me:;

Y

toluene, 25 °C, 1 h

11-63 11-53
(R)-catalyst

11-53
10 mol%
A cHo + @ > ﬁb

toluene, 0 °C CHO
I1h
1I-64a 11-65 I1-66a
endo:exo 97:3
yield: 62%
ee: 69%
0) 11-53
/J\ @ 10mol% Ai
z  OMe 7 DCM, -40 °C CO,Me
3h
then -40 °C,3 h
I1-67 11-65 I1-68
yield: 22%
ee: 55%
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Catalyst 11-53 was also used in the synthesis of the cycloadduct from diene 11-65 and dienophile
11-67 which was the first example of using an acetylenic dienophile in the asymmetric Diels-Alder
reaction catalyzed by a chiral catalyst.

The VANOL 11-19 and VAPOL 11-20 ligands were also evaluated in aluminum catalyst for the
asymmetric Diels-Alder reaction in our group in 1993 (scheme 11-13).1% 13 |nitial attempts
revealed that the BINOL ligands 11-7 and 11-63 and the VANOL ligand 11-19 were less selective
than VAPOL 11-20 as the chiral ligand in generating a chiral catalyst with EtAICI. After further
optimization, the best conditions was found to involve the slow addition of dienophile 11-64b. The
reaction was started with 10% of the dienophile 11-64b added at the beginning of the reaction and
rest added over 3 hours with a syringe pump to give 11-66b 100% yield, 97.7% ee with an exo/endo
ratio of 97:3. Addition of the dienophile 11-64b in one portion produced the desired product in
lower asymmetric induction (97.7% ee vs. 87.7% ee). Interestingly, it was observed that the ee of
the reaction was increasing with the percent conversion. The asymmetric induction of this reaction
at an early stage (30% conversion) was 81.1% but after 100% conversion, it was 87.7%. Further
studies were conducted in order to understand this amplification in ee. Since the reaction of
methacrolein 11-64b with diene was too fast to follow over time, methyl acrylate 11-68 was studied
insted (scheme 11-14). After 20% conversion, 47% ee was obtained which was increased to 82%
ee at the end of the reaction. Finally, the reaction was conducted in the presence of 0.5 equiv.
optically pure product 11-69 and the desired product was produced 11-69 in 96% ee, significantly
higher than observed 82% ee for this reaction. After this observation, the next question was
whether the bulkiness or the chirality of compound 11-69 was responsible for this positive

cooperation between catalysts 11-67 and product 11-69.
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Scheme 11-13. Asymmetric catalytic Diels-Alder reaction

. Et,AlICI
Ligand » catalyst

DCM, 25°C,0.5h

catalyst

/J\ @ 0.5mol%
CHO + 4 cuo + /A

DCM, -82 °C,4 h

CHO

11-64b I1-65 I1-66¢

: ‘ OH
l l WOH

11-7 11-63 11-19 11-20
yield: 5% yield: 100% yield: 100% yield: 100%
ee: 41% ee: 17% ee: 29% ee: 98%
exo:endo 95:5 exo:endo 93:7 exo:endo 96:4 exo:endo 98:2

catalyst

/J\ @ 0.5mol%
CHO + 7 CHO

DCM, -82 °C,4h

11-64b 11-65 11-66b

Slow addition: yield: 100%, ee: 97.7%, exo: endo 97:3
addition in one portion: yield: 98%, ee: 87.7, endo: exo 97:3

Bulky aldehydes and esters were used as additives in this reaction and a significant increase in ee
was observed (scheme I1-15). Aldehydes proved to be more effective than esters since the
coordination of an aldehyde to the catalyst would be expcted to be better than an ester because of
steric reasons. It was interesting to observe that bulky dicarbonyls such as 11-76 performed
excellent in this reaction and yielded enantiopure cycloadduct 11-69 in 80% yield and 92% ee at 0

°C, while the same reaction with no additive produced cycloadduct 11-69 with only 37% ee.
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Scheme 11-14. Asymmetric catalytic Diels-Alder reaction

/

11-67

0.5 mol% - /
DCM., -82 °C CHO
11-64b 11-65 11-66b

after 30% conversion: 81.1% ee
after 100% conversion: 87.7% ee

(0] 11-67
0.5 mol%
\)J\OMe n @ > /7
DCM, -82 °C

CO,Me
11-68 11-65
11-69
after 20% conversion: 47% ee
after 100% conversion: 82% ee
0 11-67
0.5 mol%
\)J\OMe + @ + [ >
DCM, -82 °C
CO,Me CO,Me
11-68 11-65 11-69 11-69
0.5 equiv. ee: 96%

ee>99%
The positive cooperation between catalyst 11-67 and product 11-69 in the absence of additives
would be explained in the proposed mechanism in scheme 16. It is assumed that the complex I1-
78 is the major species at the beginning of the reaction. As the reaction proceeds, complex 11-80
becomes the major species which leads to a higher asymmetric induction. In the presence of a

bulky dicarbonyl as the additive, the aluminum catalyst adopt an octahedral structure where the
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four oxygens of the VAPOL ligand and dicarbonyl occupy the equatorial positions in a meridinal
arrangement and the chloride and acrylate occupy the axial ones (structure 11-81, scheme 11-16).

Based on a CPK model, facial arrangement around the aluminum atom is not as favorable due to

steric hindrance (structure 11-82, scheme 11-16).

Scheme 11-15. Additives in the Diels-Alder reaction

0 0.5 mol%
additive, 0.5 equiv.
\)J\OMe + @ g
DCM, -82 °C
CO,Me
11-68 11-65 11-69
(0] (0]
none *LH %OMe
-78 °C, 24 h: yield: 87%, ee: 82% 11-70 11-71
-40 °C, 24 h: yield: 76% ee: 47% -78 °C, 24 h: yield: 80%, ee: 96% -78 °C, 24 h: yield: 65%, ee: 90%

0 °C, 2 h: yield: 84% ee: 37%

O (0] (0] (0]
@LH @/U\ OMe MeO)J><U\OMe

11-72 11-73 11-74
-78 °C, 24 h: yield: 60%, ee: 98.5% -78 °C, 24 h: yield: 70%, ee: 87% -78 °C, 24 h: yield: 49%, ee: 98%
-40 °C, 24 h: yield: 80% ee: 88% -40 °C, 24 h: yield: 80% ee: 90%

0 °C, 2 h: yield: 84% ee: 37%

LIk JOA L

I1-75 I1-76
-78 °C, 24 h: yield: 76%, ee > 99% 0°C, 2 h, 0.5 equiv.: yield: 90% ee: 85%
-40 °C, 24 h: yield: 100% ee: 92% 0°C, 2 h, 1.0 equiv.: yield: 80%, ee: 92%

0 °C, 2 h: yield: 67% ee: 69%
2.1.6. Hetero atom Diels-Alder reaction
Heteroatom Diels-Alder have also been investigated with chiral aluminum catalyst. Yamamoto
utilized the ligand 11-83 in the first asymmetric catalytic heteroatom Diels-Alder reaction (scheme

11-17).1 This ligand was prepared from (R)-3,3’-dibromo-BINOL in two steps. Reacting 1.1 equiv
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of ligand 11-83 with 1.0 equiv AlMe3 produced the active catalyst. The structure of this catalyst
was assigned to be the monomeric species 11-84 on the basis of freezing point depression. A broad
substrate scope was tolerated under optimum reaction condition and gave cis-pyrone 11-87 as the
desired product in good yield and excellent enantioselectivity. Surprisingly, when the reaction was
conducted with catalyst 11-89 prepared from racemic ligand 11-83 in presence of 1.0 equiv (+)-3-
bromocamphor 11-88 as an additive, cis-pyrone 11-87 was obtained in 78% yield and 82% ee.®
The 1:1 combination of the rac-catalyst 11-83 and chiral ketone 11-88 produced better results than
the 2:1 combination of 11-88 to rac-11-83. Therefore, in presence of benzaldehyde 11-86a, the
decomplexation of one enantiomer of catalyst 11-84 and chiral ketone 11-88 was more favorable

than with the other enantiomer of 11-84.

Scheme 11-16. Proposed catalytic cycle
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Scheme I1-17. Asymmetric catalytic heteroatom Diels-Alder reaction

SiPh, SiPh;
AlMe
OH 3 0
TAlMe
WOH  DCM,25°C,1.5h
"SiPhy "'SiPhy
11-83 11-84
3
h 0 11-84 R2
MSO_~ JL 10mol% _  TFA Z 0
+ R4 H -
X toluene, -20 °C DCM, 0 R*
R? o
2h 0°C,1h 3
ORI R
11-85 11-86 11-87

10 examples
yield: 62-93%

| I SiPhs ee: 67-97%

OH AlMe;,
+ » II-89, catalyst
OH Br  DCM,25°C,1.5h
0
SiPh,
Rac-11-83 11-88
(+)-3-bromocamphor
M
¢ 0 11-89 Me
TMSO_~ P omol% _ TFA YO
+ -
A Ph H toluene, -20 °C DCM, 0 Ph
Me 2h 0°C,1h M
OMe ¢
11-85a 11-86a 11-87a

With d-3-bromocampbhor: yield: 78% ee: 82%
With /-3-bromocamphor: yield: 75% ee: 82%

2.1.7. Catalytic asymmetric Michael addition reactions
In 1996 Shibasaki reported the asymmetric catalytic Michael addition of malonates to enones

catalyzed by the heterobimetallic aluminum, lithium and BINOL complex (ALB) 11-91 (scheme

11-18).16
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Scheme 11-18. Catalytic asymmetric Michael addition reactions
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The catalyst 11-91 was prepared by reacting 1.0 equiv of diisobutyl-aluminum hydride with 2.0
equiv of BINOL 11-7 at 0 °C for half-hour followed by reacting the resulting solution with 1.0
equiv. of n-BuL.i for another half hour. The catalyst was highly effective in the asymmetric Michael
addition of dibenzyl malonate 11-93a with cyclohexanone 11-92 and yielded the desired Michael
adduct 11-94ain 46% yield and 98% ee. It was shown that the active catalyst could also be prepared
by reacting 1.0 equiv LiAlH4 and 2.0 equiv BINOL I1-7. This catalyst performed well in the
Michael addition to cyclopentenone produced the desired product 11-96 in high yield and excellent
ee. The crystal structure of active catalyst 11-91 in presence of cyclohexenone 11-92 in THF was
obtained. The structure revealed a spiro-aluminate BINOL complex and where the lithium in 11-

91 was coordinated to one of the oxygens of the BINOL ligand and the oxygen of cyclohexenone.
Scheme 11-19. Proposed mechanism
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Since the electronegativity value of lithium (1.0) is smaller than the aluminum (1.5), treating ALB
catalyst 11-91 with malonate 11-93 should result in the generation of lithium enolate aluminum
complex 11-97a. Then the cyclohexenone will be activated via coordination to the aluminum center
and subsequent nucleophilic attack of the lithium enolate to the activated cyclopentenone
(intermediate 11-97) followed by intramolecular proton transfer (intermediate 11-98) to give the
desired product 11-96a (scheme 11-19).

The mechanism depicted in scheme 19 suggested the formation of aluminum enolate intermediate
11-98; therefore, the possibility of trapping this enolate with other electrophiles such as aldehydes
was evaluated (scheme 11-20). Conducting the tandem Michael-aldol reaction with
dihydrocinnamyl aldehyde 11-86b (1.0 equiv) as the electrophile in a multi-component manner
with 11-95 and 11-93b catalyzed by ALB catalyst 11-91, produced compound 11-99a as a single
isomer in good yield and excellent enantioselectivity. However, the same reaction with
benzaldehyde 11-86a yielded a mixture of diastereomers with a 82% combined yield. The ee of
compound 11-99b was measured after oxidation to the diketone 11-100 which was found to be
89%. Interestingly, when the LaNa-BINOL catalyst in which the aluminum center in 11-91 was
replced with the lanthanum, was used in place of ALB catalyst 11-91, the exclusive formation of
Michael adduct 11-96b in 73% vyield and 86% ee was observed. This result suggested a fast
intramolecular proton transfer in the LaNa-BINOL system which obviated the trapping of the
lanthanum enolate by an aldehyde.

The reaction between malonate 11-93b and ALB catalyst 11-91 triggers the reaction and produces
the lithium enolate aluminum complex (scheme 11-21). The reaction of the lithium enolate with
cyclopentenone is activated further via coordination of the cyclopentenone to the aluminum center

(scheme 11-21, intermediate 11-101) which gives the aluminum enolate 11-102. Subsequent reaction
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of this enolate with aldehyde 11-86b followed by protonation of the resulting alkoxide (scheme 11-

21, intermediate 11-103) completes the catalytic cycle and generates the desired product 11-99a.

Scheme 11-20. Asymmetric tandem Michael addition enolate reaction

o 0 OH
0O O o ALB I1-91 Z
/\)J\ 10 mol%
+ EtO OEt + Ph H >
THE, 25 °C
60-72 h 7
0 OEt 0 OEt
11-95 11-93b 11-86b OEt OEt
1.0 equiv 1.0 equiv 1.0 equiv
11-99a 11-96b
yield: 64% yield: 7%
ee: 91% ee: 90%
a 0o 0 )OJ\ ALB I1-91 o OH o O
10 mol% PCC
THEF, 25 °C 0 0
60-72 h ~,
11-95 11-93b 11-86a 0 OFEt 0 OEt
1.0 equiv 1.0 equiv 1.0 equiv OFt OFt
11-99b 11-100
yield: 82% yield: 100%
ee: 89%
o 0 OH 0
0O O 0 LaNa-(R)-BINOL :
/\)J\ 10 mol% Ph
+ EtO OEt + Ph H - 0 + o)
THEF, 25 °C ‘., “
60-72 h / /
0 OEt 0 OEt
]1_95. II-93p 11-86b OEt OEt
1.0 equiv 1.0 equiv 1.0 equiv
11-99a 11-96b
trace yield: 73%
ee: 86%

Later in 1997, Feringa utilized the heterobimetallic ALB catalyst 11-91 developed by Shibasaki, in
asymmetric conjugate addition of nitroesters 11-105 to enones 11-104.1" Under the optimum
reaction conditions, product 11-106 was produced in good yield and moderate enantioselectivity.

A strong temperature dependence was observed for this reaction (7% ee at 25 °C vs 74% ee at -30
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°C) presumably due to competing reactions catalyzed by different chiral aluminum species in the
reaction. After further optimization, it was found that the active catalyst was the one that was
prepared by mixing 2.45 equiv of BINOL ligand 11-7 and 1.0 equiv of LiAlHs. By growing
crystals, from this solution they were able to identify the hexa-coordinated octahedral
LisAIBINOLs3 species 11-164 (scheme 11-22). An aluminum NMR study reveals that this solution

contains three different aluminum species.

Scheme 11-21. Proposed mechanism
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Crystal of complex 11-104 efficiently catalyzed the conjugated addition of nitroester 11-105 to

methyl vinyl ketone 11-104 to yield the product 11-106 in 65% ee. Based on this observation, either

the complex 11-104 was participating in the catalytic process or it was the precursor for the active

catalyst.

Scheme 11-22. Conjugate addition of nitroso to enone
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2.1.8. Asymmetric Michael addition of Horner-Wadsworth-Emmons reagents and enones
The most interesting feature of heterobimetallic chiral ALB complex 11-91 was revealed in the
reaction of a HWE reagent with an enone.'® Unlike the standard HWE reaction in which the
phosphonate compound 11-108 reacts with enone and yields predominantly E-alkenes, in the
presence of ALB-NaOtBu catalyst 11-107 and under optimum reaction conditions, causes this
reaction to give the 1,4-adduct 11-109 in good yield and enantioselectivity (scheme 11-23).

Scheme 11-23. Asymmetric Michael addition of Horner-Wadsworth-Emmons reagents and
enones

OO LiAlH, O O NaOrBu O .
OH 1.0 equlv O @ O 1.0 equlv O @ O a
~OH  THF

(™ een OO Y0 s

OtBu
11-7 11-91 (ALB) 11-107
2.0 equiv.
0
o 0O O 11-107
p 10 mol%
+ MeO” | OMe [ 0
OMe THEF, 25 °C L
72 h —P(OMe),
0
OMe
11-95 11-108 11-109
yield: 95%

ee: 95%
The reaction of ALB catalyst 11-91 with methyl lithium as the base produced a crystalline complex
and the structure of this complex was found by Shibasaki to be a hexacoordinated octahedral
complex 11-104 with X-ray structural analysis (the same structure which was reported by Feringa,
scheme 11-22).1" The stable crystal aluminum species 11-104 was used as the catalyst in the
conjugated addition of HWE reagent 11-108 with enone 11-95 and the desired Michael adduct 11-
109 was afforded in 78% vyield but only 12% ee, clearly showing that the crystalline aluminum

complex 11-104 is not the active catalyst in this reaction. The author proposed the mechanism in
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scheme 24 for the formation of this complex. ALB catalyst 11-91 would react with lithium enolate
and produces complex 11-107 which undergoes subsequent disproportionation and generates a
three coordinated aluminum complex 11-107b and BINOL bis-alkoxide 11-107c. Hexacoordinate
aluminum complex 11-104 would be produced via the reaction of bis-alkoxide BINOL species 11-

107c with ALB complex 11-91.

Scheme 11-24. Proposed mechanism

L1\
OO, OO e )
(0) _ 1.0 equiv. ", AL \\\‘O
L1
o crystalized
OO O S

11-91 11-104
Li;Al-(R)-BINOL,
0
0 0O O 11-104
2 10mol%
+ MeO™ | OMe R - 0
OMe THF, 25 °C L
72h —P(OMe),
O;'/\/
OMe
11-95 11-108 11-109
yield: 78%
ee: 12%
0 0 o} 0-M
< \ / 0 \Al/ - \Al— +
AN \ P
o” \Q 0 O-Li
Li M i
AN
Nu
11-91 11-107a 11-107b 11-107¢
M\O
O-M O//,,/ “\\\O
C — A
11-91 11-107¢ 11-104
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Next, it was assumed by Shibasaki that the aluminum complex 11-108 might be the active catalyst;
therefore, this complex was prepared by treatment of AlMes (1.0 equiv.) with BINOL 11-7 (1.0
equiv). The structure of this catalyst was determined to be a dimeric pentacoordinate THF
aluminum species 11-110. The use of this catalyst turned out not to promote the Michael addition
reaction at all. Interestingly, it was found that a 2:1 mixture of aluminum complex 11-110 and I1-
104 was able to catalyze the reaction between cyclohexanone and phosphonate 11-108 and yielded
the desired product in 54% yield and 96% ee. Since the aluminum complex 11-91 and 11-107c did
not promote the Michael addition reaction and also the use of aluminum complex 11-104 produced
the adduct 11-109 in low enantioinduction, it was suggested that the aluminum species 11-107
which was generated in situ by treatment of ALB catalyst 11-91 with a metal alkoxide might be
the actual active catalyst in this reaction.

Scheme 11-25. Michael addition

OO OO crystalized OO | /@
OH AlMe, in THF O\A

O>A1Me

1
S
WOH  THF w0 WO OO
N
99 99 S
7

I1-7 11-107b 11-110
o crystal structure
0 0O o 11-110
P \)J\ 10mol%
+ MeO™ | OMe 5 - 0
OMe THF, 25 °C L
72h —P(OMe),
(¢}
OMe
11-95 11-108 11-109, No reaction

(0]
0 o o 11-104, 5 mol%
N /'I}\)j\ 11-110, 10 mol% .
MeO (I) OMe THF, 25 °C [ /9
72 h —P(OMe),
o=

OMe

11-95 I1-108 11-109, yield: 54%
ee: 96%
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2.2. Evaluating the Aluminum VANOL/VAPOL complexes as efficient catalysts in
asymmetric catalytic epoxidation of aldehydes.

2.2.1. Optimization of epoxidation reaction

Inspired by our recent discovery of asymmetric catalytic epoxidations of aldehydes with
diazoacetamide catalyzed by VANOL meso-borate catalyst, one of the subject of this thesis will
be to evaluate AI-VANOL and Al-VAPOL catalysts in this epoxidation reaction.® Reacting 1.0
equiv of LiAIHs with 2.0 equiv of (R)-VANOL I1-19 produced heterobimetallic aluminum-
lithium-VANOL complex (ALV) 11-111. The BINOL version of this catalyst has been reported by
Shibasaki to be effective in a number of asymmetric catalytic reactions.!®!8 Unfortunately, no
product was observed after conducting the epoxidation of benzaldehyde with diazo acetamide 11-

112a the presence of 10 mol% ALV catalyst 11-111 (scheme 11-26).

Scheme 11-26. Epoxidation reaction

20 mol%  LiAlH,, 10 mol% aluminum-lithium-(S)-VANOL

11-19 >
(S)-VANOL toluene, 0°C, 1 h (ALV), TI-111

0 0 catalyst II-111
P'§ 10 mol% A
Ph H + | NHBu : Ph“\\ «, ~NHBu
N, toluene, -40 °C, H/
24 h 0
11-86a 1I-112a 11-113a

No Reaction

Surprisingly, when the epoxidation reaction was performed with the aluminum catalyst 11-114
which was prepared from AlMes (1.0 equiv.) and VANOL 11-19 (2.0 equiv.), a 19% yield (NMR)
was obtained of the desired epoxide 11-113a at -40 °C (table 11-1, entry 1). Further optimization of
the temperature revealed the optimum temperature for this reaction to be 0 “C which gave the
epoxide in 80% vyield and 72% ee (table 1l-1, entry 3). Higher temperatures are detrimental to the

yield of the reaction presumably due to a competing Roskamp reaction although a study of this
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was not pursued (entry 4). Interestingly, the enantiomeric excess of the epoxide was not affected

by altering the temperature of the reaction.

Table 11-1. Temprature optimization in aluminum catalyzed epoxidation reaction

20I ;1_1;)91% Al(Me);, 10 mol% o 1114
(S)-VANOL toluene, 0 °C, 0.5 h catalyst
O O catalyst
)J\ 10 mol% &
Ph H + | NHBu Ph“\\ «,, . NHBu
N, toluene, T/ °C, H/
12h (0]
1I-86a II-112a II-113a
isolated
entry T/°C yield% ee%
1 -40 °C 19! not determined
2 -20°C 57 72
3 0°C 80 72
4 25°C 62 72

Unless otherwise specified, all of the reactions were
done in toluene at 0 °C for 12 h with 0.5 mmol of diazo
compound II-112 and 0.6 mmol of aldehyde. 1. NMR yield

Next, we turned our attention to the optimization of the solvent system. CH.Cl, was as effective
as toluene and produced epoxide 11-113a with comparable results (table 11-2, entry 2). However,
solvents containing heteroatoms such as THF and acetonitrile delivered the epoxide in poor yields
(entry 3 and 4). These solvents are presumably coordinating to the catalyst and preventing the
coordination of aldehyde, and thus stopping the reaction. BINOL did not perform well in this
reaction and gave the epoxide in 60% yield and only 4% ee (entry 5). The catalyst generated from
7,7’-tBu2VANOL produced epoxide 11-113a in higher ee compared with VANOL but in moderate
yield (entry 1 vs 6). We were delighted to observe excellent yield and excellent ee while
conducting the reaction with the catalyst derived from the VAPOL ligand 11-20 (entry 7). Ligand

11-115 also performed excellently and afforded the epoxide in 88% yield and 99% ee (entry 8).
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Table 11-2. Solvent and ligand optimization in aluminum VANOL/VAPOL catalyzed
epoxidation reaction

20 mops  AlME)s, 10 mol%
0

! > catalyst
(S)-Ligand  toluene, 0 °C, 0.5 h
O 0 catalyst o
10 mol?
ph)J\H + HJ\NHBu mole Ph“\\A"" NHBu
N, toluene, 0 °C, n/
12h 0
1I-86a 11-112a 1I-113a

tBu
OMe
tBu
tBu
(S)-VANOL, II-19 (S)-7,7'tBu,VANOL, II-114 (S)-VAPOL, 11-20 (S)-Ligand, 1I-115
isolated
entry Ligand Solvent yield% ee%
1 (S)-VANOL, II-19 toluene 80 72
2 (S)-VANOL, II-19 DCM 80 72
3 (S)-VANOL, II-19 THF 46 84
4 (S)-VANOL, 11-19 MeCN 6! ND.
5 (S)-BINOL, 11-7 toluene 60 4
6 (S)-7,7'tBu,VANOL, 1I-114 toluene 46 84
7 (S)-VAPOL, 11-20 toluene 81 98
8 (S)-Ligand, 11I-115 toluene 38 99

Unless otherwise specified, all of the reactions were done in toluene at 0 °C for
12 h with 0.5 mmol of diazo compound 1I-112 and 0.6 mmol of aldehyde.
1. NMR yield
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Decreasing the catalyst loading to 5 mol% produced similar results (table 11-3, entry 1 vs 2). With
2.5 mol% catalyst loading, the reaction worked fine albeit with a slight deterioration in ee and
yield (entry 3). However, conducting the reaction with 1 mol% catalyst loading resulted in only

30% NMR vyield (entry 4).

Table 11-3. Study of catalyst loading and diazo compound

0,
ZXHmzcg% Al(Me);, X mol% o 1116
(S)-vAPOL  toluene, 0°C, 0.5 h catalyst
o 0 catalyst o
)J\ X mol% /\
Ph”H + [ R — e R
N, toluene, 0 °C, ]/
12h 0
11-86a 11-112 1I-113
Isolated
entry R cat. loading%  yield% ee%
1 I1-112a, NHBu 10 81 98
2 II-112a, NHBu 5 86 97
3 II-112a, NHBu 2.5 61 95
4! I1-112a, NHBu 1 30? not determined
6> 1I-112b, NHBn 5 84 99
77 II-112¢, NHPh 5 59 99
8 II-112d, OEt 5 not determined  not determined

Unless otherwise specified, all of the reactions were done in toluene
at 0 °C for 12 h with 0.5 mmol of diazo compound II-112 and 0.6 mmol
of aldehyde. 1. The reaction was quenched after 21 h. 2. NMR yield.
3. The reaction was quenched after 3 h

111



Different diazo compounds were also evaluated during the course of epoxidation and it turned out
that the N-benzyl diazo acetamide 11-112b is the optimum reagent (entry 6). The reaction with N-
phenyl diazo acetamide 11-112c¢ produced epoxide with high enantioinduction but with lower yield
presumably because of its poor solubility in toluene (table 11-3, entry 7). In contrast, no product
was detected when the reaction was carried out with ethyl diazo acetate 11-112d instead the
alkylated VAPOL ligand was observed in the crude mixture of the reaction.

Previously, we have demonstrated that DMSO had a profound effect on the epoxidation of
aldehydes with diazo acetamides. The effect of DMSO was also examined in epoxidation reaction
catalyzed by aluminum catalyst (scheme 11-27). The reaction was conducted in the presence of 10
mol% DMSO, interestingly, no change in the ee of the epoxide was observed although a slight

decrease in yield was observed (scheme 11-27, vs table 2 entry 1).

Scheme 11-27. Epoxidation reaction catalyzed by aluminum-VANOL-DMSO complex

DMSO
20 mol%  Al(Me);, 10 mol% 20 mol%
11-19 > » [1-114-DMSO complex
(S)-VANOL toluene, 0 °C, 0.5 h
0 O catalyst-DMSO 0
10 mol%
Ph)J\H + % NHBu mo77 > Ph“\\g"" NHBu
N, toluene, 0 °C, H/
12h (0]
11-86a II-112a 11-113a
yield: 58%
ee: 72%

The exact structure of the active catalyst is not known yet. However, we assume that the active
catalyst is formed from two molecules of VANOL ligand and one molecule of aluminum. The
VANOL-aluminum catalyst with the structure 11-114 was investigated computationally and the
optimized structure revealed a tetrahedral aluminum species (scheme 11-28). Three oxygens of two

VANOL ligands are bound to the aluminum with 1.73, 1.73, and 1.75 A. The fourth oxygen
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bearing a hydrogen is coordinated to the aluminum with a 1.93 A bond length. This structure also

demonstrates a weak intramolecular hydrogen bond with a distance of 2.53 A.

Scheme 11-28. Structure of 11-114, aluminum-VANOL catalyst

a:1.73 4, b: 1734, ¢:1.75 4
d:1.934 e:2.534

The most interesting feature of aluminum VANOL catalyst 11-114 is the reversal in
enantioselectivity compared with boron VANOL catalyst 11-117 (scheme 11-29). Specifically,
benzaldehyde 11-86a undergoes epoxidation in presence of boron-(S)-VANOL catalyst 11-117 to
give the (2S, 3S)-N-benzyl-3-phenyloxirane-2-carboxamide 11-113b; whereas, the same reaction
catalyzed with aluminum-(S)-VANOL catalyst 11-114 produces (2R,3R)-N-benzyl-3-
phenyloxirane-2-carboxamide 11-113b. The nature of the reversal of enantioselectivity is not
known at this time.

2.2.2. Epoxidation of aromatic aldehydes catalyzed by aluminum-VAPOL catalyst.

To evaluate the substrate scope of the epoxidation reaction catalyzed by aluminum-VAPOL
catalyst 11-114, first we centered our attention on aromatic substrates. The reaction of
benzaldehyde 11-86a with N-butyl diazo acetamide 11-112a yielded the epoxide 11-113a in 80%
yield and 72% ee. Increasing the catalyst loading to 10 mol% did not improve the ee of the reaction
any further and similar results were obtained. To our delight, conducting the epoxidation reaction

with N-benzyl diazo acetamide 11-112b in place of N-butyl diazo acetamide 11-112a, improved
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Scheme 11-29. Enantioinduction reversal in epoxidation reaction catalyzed with boron and
aluminum catalysts

1) BH;-SMe,
0,
(S)-VANOL II-19 > mol% » catalyst [1-117
10 mol% toluene, 100 °C, 0.5 h

2)0.5 mm Hg, 100 °C, 0.5 h

0] o 1-117

O
5 1%
o s i A

toluene, -40 °C, Pt

N
: 2h
11-86a 11-112b (S,5)-11-113b
yield: 98%
ee: 97%
AlMes, 5 mol%
(S)-Vl/?)NOI;()/Il-19 3 . > catalyst 11-114
oo toluene, 25 °C, 0.5 h
(0]
O 5 mol% cat. O H
)J\ H’LN, Bn > N
Ph H * I\ll H toluene, 0 °C, Ph
2 12h 0
11-86a I1-112b (R,R)-11-113b
yield: 89% 1114
ee: 81% ) the

ee of the reaction to 81%. VAPOL 11-20 proved to be more efficient in this reaction than the
VANOL 11-19 and produced epoxide 11-113b in excellent yield and ee (84% yield, 99% ee). The
reaction of 4-bromo-benzaldehyde with N-butyl diazo acetamide 11-112a gave epoxide 11-118a in
77% yield and 85% ee. The same reaction with N-benzyl diazoacetamide 11-112b improved the
ee to 99% ee. The same effect was observed in the epoxidation of para-tolualdehyde with N-butyl
and N-benzyl diazo acetamides. N-butyl diazo acetamide 11-112a gave the epoxide 11-119a in 66%
yield and 93% ee; whereas, the same reaction with N-benzyl diazo acetamide 11-112b afforded the
epoxide 11-119b in 73% yield and 99% ee. Moderate ee was obtained in the epoxidation of 4-
nitrobenzaldehyde with 5 mol% catalyst loading for both diazo acetamide 11-112a and 11-112b.
We were pleased to observe a significant increase in ee with 10 mol% catalyst loading for this

substrate from diazo acetamide 11-112b.
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Table 11-4. Scope of aromatic substrates

(S)-Ligand

2X mol% 1) AlMes, X mol%

toluene, 25 °C, 0.5 h

\]

HLN’R X mol% (§)-cat.
H T | H toluene, 0 °C,

12h

(S)-catalyst

H
N.
R./ﬁ( R

0]

NHBu

0)

II-113a
(5)-VANOL, 5 mol% Cat.
yield: 80%, ee: 72%
(5)-VANOL, 10 mol% Cat.
yield: 81%, ee: 72%
(S)-VAPOL, 5 mol% Cat.
yield: 86%, ee: 97%
(S)-VAPOL, 10 mol% Cat.
yield: 81%, ee: 98%

NHBn

Br

11-118b
(8)-VAPOL, 5 mol% Cat.
yield: 90%, ee: 99%
(R)-VAPOL, 5 mol% Cat.!
yield: 79%, ee: -98%
O
NHBu

0,N

11-120a
(S)-VAPOL, 5 mol% Cat.
yield: 36%, ee: 71%

NHBn

o

11-113b
(5)-VANOL, 10 mol% Cat.
yield: 89%, ee: 81%
(S)-VAPOL, 5 mol% Cat.
yield: 97%, ee: 99%
(R)-VAPOL, 5 mol% Cat.!
yield: 72%, ee: -99%
(S)-VAPOL, 10 mol% Cat.
yield: 84%, ee: 99%
0}
NHBu

I1-119a
(S)-VAPOL, 5 mol% Cat.
yield: 66%, ee: 93%

NHBn

11-120b
(S)-VAPOL, 5 mol% Cat.
yield: 55%, ee: 62%
(R)-VAPOL, 10 mol% Cat.!
yield: 70%, ee: -93%
O
NHBn

MeO

11-122b
(S)-VAPOL, 10 mol% Cat.

yield: 10% (NMR), ee: not determined

NHBu

(@)
Br

1I-118a
(S)-VAPOL, 5 mol% Cat.
yield: 77%, ee: 85%

NHBn

11-119b
(S)-VAPOL, 5 mol% Cat.
yield: 76%, ee: 99%
(R)-VAPOL, 10 mol% Cat.!
yield: 73%, ee: -99%

11-121b
(S)-VAPOL, 5 mol% Cat.
yield: 93%, ee: 99%
(R)-VAPOL, 10 mol% Cat.!
yield: 74%, ee: -99%

1. enantiomer of the epoxide was obtained
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1-Naphthaldehyde as the substrate also performed well under the optimum reaction conditions and
produced epoxide 11-121b in excellent yield and enantioselectivity. Unfortunately, the epoxidation
of 4-methoxybenzaldehyde resulted in a very sluggish reaction and the desired product 11-122b
was observed in only 10% NMR vyield.

2.2.3. Epoxidation of aliphatic aldehydes and the total synthesis of (—)-tedanalactam

2.2.3.1. Introduction: A summary of all previous synthesis of (—)-tedanalactam

One of our goals in the epoxidation project was to apply this methodology to the synthesis
piperidine alkaloids from the kava shrub (piper methysticum G). This shrub is the main ingredient
of traditional beverages of the south pacific islanders. Due to its relaxing anti-anxiety effect, it has
become popular as a dietary supplement in Europe and thus an important agricultural product.
Recent studies are raising concerns about its possible damage to the liver. Lactones are the main
components of this shrub; however, recently there has been interest in piperidine alkaloids from
this plant including the four compounds which are shown in scheme 11-30.20:2

The (—)-tedanalactam 11-123 and its derivatives have been the subject of total synthesis four times
in literature. The first total synthesis of this compound was reported in 2009 by Tilve.?
Retrosynthesis analysis for the Tilve synthesis is depicted in scheme 11-31. It was envisioned that

Scheme 11-30. Piperidine alkaloides in kava shrub

0 .0 o
= = AcO,
(l N 0 N O N O

N ¢} OMe

H O% OW O)\/\@
OMe

11-123 11-124 11-125 11-126
(-)-Tedanalactam (+)-Kaousine (+)-Pipilaroxide (-)-3,4-epoxy-5-pipermethystine
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the (—)-Tedanalactam 11-123 could be synthesized from compound 11-131 via sequential Wittig

reaction, asymmetric Sharpless dihydroxylation, lactonization, and oxirane ring formation.

Scheme 11-31. Retrosynthesis analysis of (-)-tedanalactam 11-123 by Tilve %

OH

\\‘9 epoxide ring OTs amide OH O O-H OH O
: formation o cyclization /\/:\)J\ tosylation /\/:\)J\
(l p— —_——————> HN OBn — HITI ~ OBn

| -
N ¢} N 6} Boc Ts Boc OH
H H

O

11-123 11-127 11-128 11-129
(-)-Tedanalactam

O Wittig O

SAD WJ\ reaction Ph,P.
—_—————> HN X OBn — HzN/\/\OH + g VJ\OBn

|
Boc

11-130 11-131 11-132

The Tilve synthesis of (—)-tedanalctam 11-123 commenced with N-Boc protection of 3-amino-1-
propanol 11-131 followed by subsequent PCC oxidation produced the desired aldehyde. Reacting
the resulting aldehyde with phosphorane 11-132 afforded the E-alkene 11-134 in 52% overall 3
steps. The racemic diol 11-135 and both enantiomers of diol 11-135 were synthesized via the
Upjohn dihydroxylation procedure or the asymmetric Sharpless dihydroxylation (scheme 11-32).
Selective tosylation of diol 11-135a gave compound 11-136 which was converted to the desired
lactam 11-127 via amine deprotection and subsequent cyclization. Finally, both racemic and
enantiopure tedanalactam were produced by treating lactam 11-127 with liquid ammonia which
resulted in epoxide ring formation in 51% yield overall 3 steps. This report presented an efficient
synthesis of (—)-tedanalactam 11-123 in 7 steps with 26% overall yield starting from commercially

available 3-amino-1-propanol.
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Scheme 11-32. Total synthesis of (-)-tedanalactam??

(0]
Boc,0, EtzN /\/\)J\
H,NT "oy 00 PR HN/\/\OH PCCMNaOAc X" “OBn
THF, rt, 12 h Boc Ph;PCHCOOBn II3
72% 1-132 o¢
DCM, 72%
11-131 11-133 11-134
/\/\)OJ\ Rl/l R2 i
HN X" 0Bn abore o N ~~ “OBn
| ,
Boc Boc R4 R3
11-134 1I-135a: R] = R3 = OH Rz = R4 = H
11-135b: R; =R3=H, R,=R,=OH,
Reaction condition yield ratio a:b
a) OsO4/NMO/no catalyst 83% 1:1
b) AD-mix a: (DHQ),-PHAL 77% 95.5:4.5
¢) AD-mix b: (DHQD),-PHAL 71% 3.97
OH O OH O TFA o9
/\/:\)J\ TsCl, BN /\/:\)J\ °C- ]
HN " > OBn 3 > [N ~ “opp —2CM.°Cat,2h
II3 (:)H DCM, 0°C,12h I - then aq NH; N o
oc 66% Boc OTs 77% i
11-135a 11-136 11-123

(-)-Tedanalactam

In 2015, Nagarapu reported the total synthesis of (—)-tedanalactam 11-123 in 13 steps starting with

acetonide-p-glucose 11-141.2% As illustrated in the retrosynthetic analysis in scheme 11-33, (-)-

tedanalactam 11-123 was proposed to be accessible from compound 11-138 via Birch reduction and

a Staudinger reaction. Starting with acetonide-p-glucose 11-141, the synthesis of compound 11-138

would be possible via reductive deoxygenation of a diol, hydroboration and Kraus-Pinnick

oxidation.
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Scheme 11-33. Retrosynthesis of (-)-tedanalactam by Nagarapu?®

OH

\\‘(:) Birch OTs Staudinger OH O Pinnick o
i reduction o reaction /\/:\)J\ oxidation .
(l — pr— N; Y OMe — N3\/\§J g{
Boe Boe OBn Bnd’ O
11-123 11-137 11-138 11-139

(-)-Tedanalactam

A»O

o reductive 0}

hydroboration 7 "0 elimination o "o

— ,"O ){ p— , ){
0

11-140 11-141

The benzylation of acetonide-p-glucose 11-142 initiated the total synthesis of (—)-tedanalactam I1-
123 and gave compound 11-141 in quantitative yield (scheme 11-34). Selective deprotection of one
of the acetonide followed by reduction of the resulting diol produced alkene 11-140 in 82% yield
overall two steps. Alkene 11-140 underwent hydroboration and oxidation which generated the
primary alcohol 11-144 in 93% vyield. The alcohol 11-144 was converted to the azide 11-139 via
tosylation and azidation in 87% yield for the 2 steps. Acetonide deprotection, oxidative cleavage
of the diol and Kraus-Pinnick oxidation afforded carboxylic acid 11-147 which was taken to the
next step without further purification. Carboxylic acid 11-147 was converted to methyl ester 11-
138 in 71% yield overall for 4 steps. Tosylation followed by Staudinger reduction gave a primary
amine which underwent spontaneous cyclization and afforded lactam 11-148. The yield for these
two steps was determined to be 92%. Finally, the synthesis of (—)-tedanalactam 11-123 was
accomplished by deprotection of benzyl alcohol 11-148 followed by the epoxide ring formation in
78% yield. In this report, enantiopure (—)-tedanalactam 11-123 was synthesized in 13 steps with

28.5% overall yield.
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Scheme 11-34. Total synthesis of (-)-tedanalactam by Nagarapu®

0 Nio BnBr, NaH ---o 08% H,S0, ] ---0
. ){ THF, 40 °C T MeOH.1t,
0

HO 10 h, quant. 8 h, 95%
11-142 11-141 11-143
PhsP, I,, o o
imidazole 7 e 9-BBN  _ 9-BBN 0O _3N,NaOH
toluen, reflux ., ){ THF, 0 °C-rt, 4 h ., ){ H,0,, rt,
41, 86% BnO 0 BnO 0 3h, 93%
11-140 11-144
"'O TSC] Et3N n-O NaN3 "'O
DCM, 0 °C- e DMF 60 °C,
2h 5h, 87%
11-144 11-145 11-139
NalO4,MeOH/H,0 OBn
O z
4% HyS0, N " OH (2:1),1t,0.5h NSM(OH S0Cl,
—_— ’ Y S
THEF, reflux "o then NaClO,, Nak,PO, oH O 121\/}11622;0 30”
V)
6 h, 94% BnO H202= MGOH/H2O ’ o ( steps)
0°C-rt,4 h
11-146 I1-147
OTs o
OBn TsCl, py, DCM OBn . &
N3 A _OMe _0°Crt8h o Li, NHsp) (l
\/\/\H/ then, Ph,P N Yo  -78°C, 10 min N Yo
OH O THF:H,0, 8:2 H 78% H
rt, 3 h, 92%
11-138 11-148 11-123

(-)-Tedanalactam
Sartillo-Piscil reported a short and efficient synthesis of (—)-tedanalactam 11-123 and piplaroxide
11-155 in 2016 (scheme 11-36).2* Lactam 11-123 was unraveled to chiral (S)-(—)-4-methoxy-a-
methylbenzylamine 11-149. Ring closing metathesis and allylamine oxidation to glycidicin in

presence of NaOCl, were the key reactions in this synthesis.?® In spite of the efficiency of this
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synthesis; however, a classic resolution of diastereomers 11-153 was needed to achieve enantiopure
(—)-tadanalactam 11-123.

The total synthesis of lactam I1-155 was started with homo-allylation and allylation of amine 11-
149 and intermediate 11-151 was obtained in 79% vyield (scheme 11-35). Then compound 11-151
was converted to ammonium salt then subjected to the RCM catalyzed by 2" generation Hoveyda-
Grubbs catalyst which led to the synthesis of compound 11-152 in 98% yield. Oxidation of obtained
cyclic allylamine in presence of NaOCl> produced glycidic amide 11-153 with a 1:1 diastereomeric
mixture in 73% combined yield. Separation of diastereomers via column chromatography followed
by subsequent CAN oxidation furnished (—)-tedanalactam 11-123 in 73% yield. Acylation of (—)-
tedanalactam 11-123 afforded (+)-piplaroxide 11-155 in 48% yield which was the first total

synthesis and configurational assignment of this natural product.

Scheme 11-35. Total synthesis of (-)-tedanalactam presented by Sartillo-Piscil?*

-
-\
oy

)

*,,, NH,
HC], the 2™ generation
N Br ’ N
Br = A Hoveyda-Grubbs catalyst
K2C03a 83% KZCOS’ 95% 98% : K©\
OMe OMe OMe OMe
11-149 11-150 11-151 11-152

~0
CL

o 0 \
NaClO, = CAN (i nBuLi, then (1
[l \\\\\ —_—
37%, 1:1 dr seperated by 73% N 0 (0] N 0
|
column chromatography OMe H MeO ol R
11-153 11-123 MeO I1-154 I1-155
(-)-Tedanalactam yield: 48%

Later in 2018, a similar strategy was used by the same group to accomplish the total synthesis of

natural product 11-165 (scheme 11-36).2% Starting from trans-cinamaldehyde 11-156, racemic-
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intermediate (+/-)-11-157 was synthesized in 77% yield. The total synthesis was carried out by
partial reduction of nitrile 11-157 to aldehyde 11-158 followed by reductive amination with amine
11-149 to give the 2° amine 11-159 in 67% yield. N-allylation, acidification and subsequent RCM
catalyzed by 2" generation Hoveyda-Grubbs catalyst afforded a 1:1 diastereomeric mixture of
compound 11-161 which were separated by column chromatography. Each diastereomer of 11-161
was subjected to the C-H oxidation and substrate-controlled epoxidation of the double bond
meditated by NaClO». This substrate-controlled strategy performed well and the product 11-162
was isolated as a single diastereomer. TBS deprotection with TBAF produced compound 11-163
and the structure and absolute stereochemistry of this intermediate was determined unequivocally
via X-ray structural analysis. Finally, the total synthesis 3a, 4a-epoxy-5p3-pipermethystine 11-165
was accomplished via a number of transformation including O-acylation of hydroxyl group, CAN
meditated deprotection of compound 11-164 and N-acylation in 34% yield overall in three steps.
2.2.3.2. Aluminum catalyzed epoxidation of aliphatic aldehydes

Our interest in the total synthesis of (—)-tedanalactam 11-123 led us to evaluate the epoxidation of
aliphatic aldehyde 11-167 bearing leaving group in carbon 3. It was envisioned that the asymmetric
catalytic epoxidation of aldehyde 11-167, followed by amide cyclization and deprotection would
produce (—)-tedanalactam 11-123 in 3 steps.

Previously, we have been reported the boron-VANOL-DMSO 11-117-DMSO catalyst as an
extremely active catalyst in the epoxidation of aldehydes with diazo acetamide.® For example,
this catalyst catalyzed the reaction of butanal 11-166 with N-benzyl diazo acetamide 11-112b and
gave the epoxide 11-170 in 99% yield and 99% ee (table 1I-5, entry 1). However, after conducting
the epoxidation with 3-bromo-propanal 11-167 under the standard reaction conditions, no desired

epoxide 11-171 was detected in the NMR spectrum of the crude reaction mixture. Careful analysis
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of the crude NMR spectrum suggested that the alkylation of VANOL was the major side product.

Presumably, the aldehyde 11-167 reacted with VANOL ligand first due to its higher reactivity.

Scheme 11-36. Total synthesis of natural product 11-165 presented by Sartillo-Piscil

v, NH,
TBSO TBSO, O
/:/:0 KCN, Znl, _ /7N pBaL _ NH,Br, MeOH
> —_— + -
Ph TBSCI, MeCN Ph Ph
77%
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11-156 11157 11158 11-149
Ph Ph
7 =

TBSO TBSO | TBSO
1, -NH 0, N\) ,,,(ﬁ
HC], the 2"¢ generation

Br N
A Hoveyda-Grubbs catalyst NaClO,

R .
K,CO3, 95% 41%, 1:1 dr seperated by ~ 92%, single
column chromatography diastereomer
OMe OMe OMe
11-159 11-160 11-161
0 0 K(©)
TBSO,,,(‘i HO,,,(‘\i AcO,,,(‘i
N O N 0] N° "0
. TBAF . A0 . CAN
o _— o —_— o I ——
90% DMAP, Et;N MeCN, 64%
OMe OMe  quant. OMe
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0 .

ACO"'(\/\L nBuLi, then ‘ACO,"(i
N"To 9 N"o
Meo:©/\)l\cl OWOMe
MeO OMe
11-165 11-154 11-165
yield: 53% (+)-3a, 4a-epoxy-5b-pipermethystine
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Table 11-5. Epoxidation of aldehyde 11-166 to 11-69

1) BH;.SMe, DMSO
2X mol% X mol% 2X mol%
11-19 > » ]I-117-DMSO catalyst
(S)-VANOL toluene, 100 °C, 0.5 h
2) 0.5 mm Hg, 100 °C, 0.5 h
0 0o o0
/\)J\ R X mol% cat. & H H
R H + HJ\N/ > R/\\\“ Yy N\Ru + R/\)WN\R'
I\|I H Toluene, T/ °C, |
2 time/ h o 0
1I-166, R: Me I1-112b, R": Bn 1I-170, R: Me, R': Bn
II-167, R: Br I1-112¢, R": PMB 1I-171, R: Br, R": Bn
11-168, R: OTBS I1-172, R: OTBS, R": Bn,
11-169, R: OTBDPS 1I-173, R: OTBS, R": PMB
11-174, R: OTBDPS, R':PMB
Cat. DMSO Epoxide
entry R R' (Xmol%) (Xmol%) T/°C t/h Conv.! (NMR yield)! ee B-ketoamide
1 CH; Bn 5 20 —40 12 99 99 99 0
2 Br Bn 5 20 —40 12 65 <1! N.D. N.D.
3 OTBS Bn 5 0 —40 12 15 <12! N.D. N.D.
4 OTBS Bn 5 20 —40 12 10 <5! N.D. N.D.
5 OTBS PMB 5 0 -40 12 9 <5l N.D. N.D.
6 OTBS PMB 10 20 0 12 16 1! N.D. N.D.
7 OTBS PMB 10 20 —40 12 9 <5! N. D. N. D.
8 OTBS PMB 20 40 -40 12 72 51 65 17
9 OTBS PMB 20 40 0 12 99 47 66 34
10 OTBS PMB 20 0 0 12 99 70 56 28
112 OTBS PMB 10 0 0 12 21 19 N. D. .
24
12 OTBDS PMB 10 20 0 12 87 44 50
13 OTBDS PMB 20 0 0 12 99 65 52 34

Unless otherwise specified, all of the reactions were done in toluene at 0 °C for 12 h with 0.5 mmol of diazo compound
I1-112 and 0.6 mmol of aldehyde.1. Conversions and yields in parenthesis are determined by NMR using Ph;CH as
internal standard, 2. The reaction was done with VAPOL as ligand
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In order to overcome this obstacle, 3-tert-butyl-dimethylsilyloxypropanal 11-168 was used in place
of aldehyde 11-167. Conducting the epoxidation reaction with aldehyde 11-168 and N-benzyl diazo
acetamide 11-112b produced the desired epoxide 11-172 in 12% NMR yield (entry 3).

The same catalyst in the presence of 10 mol% DMSO did not performed well and only trace
amounts of epoxide 11-172 was detected (entry 4). Changing the protecting group on the diazo
acetamide from N-benzyl to N-paramethoxybenzyl (PMB) 11-112e did not improve the yield of
the reaction (entries 5 vs 3). Poor results were also obtained when the catalyst loading was
increased to 10 mol% (entry 6). Interestingly, by increasing the catalyst loading to 20 mol%, 99%
conversion was observed but the epoxide 11-173 was produced in moderate yield (51%) and
moderate ee (65%) and also a 17% yield of B-ketoamide was observed as a side product (entry 8).
Increasing the temperature to 0 °C gave the epoxide in slightly lower yield (47%) with similar ee
(66%) (entry 9). We were surprised to observe a higher yield for this reaction by leaving out the
DMSO; however, a 10% decrease in the ee was observed (entry 10). The catalyst prepared from
the VAPOL ligand produced only 19% yield (NMR) of the desired epoxide 11-173 (entry 11). Less
unsatisfactory results were obtained by using TBDPS as the protecting group in place of TBS
(entry 12 and 13).

Disappointed by the VANOL-boron catalyst 11-117 in epoxidation of substrate 11-168, we turned
our attention toward the aluminum-VANOL/VAPOL 11-114/11-116 catalysts (table 11-6). To our
delight, the aluminum catalyst 11-114 prepared from the (S)-VANOL ligand, catalyzed the
epoxidation of aldehyde 11-168 with N-benzyl diazoacetamide 11-112b and afforded the epoxide
11-172 in 66% yield and 80% ee (entry 1). The reaction gave a slight increase in ee when the
catalyst loading was increased from 5 to 10 mol% (entry 2). Next, the effect of a catalytic amount

of DMSO in this reaction was assessed. The catalyst I1-114 was prepared under standard
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conditions and 20 mol% of DMSO was added. This aluminum-VANOL-DMSO complex
catalyzed the epoxidation reaction and furnished the epoxide 11-172 with similar results (entry 2
vs 3). This result showed that the DMSO did not affect the epoxidation reaction catalyzed by

Table 11-6. Epoxidation of aldehyde 11-171catalyzed by chiral aluminum complexes

DMSO
2X mol% AlMe;, X mol% 2X mol%
Ligand

-

> catalyst

Y

toluene, rt, 0.5 h

(0] Q 0]
R' cat., X mol% /\ H
N’ » - v, No_,
R/\)J\H + kJ\H toluene, 0 °C, R /”/ R
N, 12h 0
11-168, R: OTBS 1I-112b, R': Bn 1I-172, R: OTBS, R": Bn
1I-169, R: OTBDS  II-112¢,R": PMB 1I-173, R: OTBS, R": PMB

11-174, R: OTBDS, R": PMB

Cat. DMSO Epoxide

entry Ligand R R' (Xmol%) (X mol%) (NMR yield)! ee
1 (S)-VANOL OTBS Bn 5 0 66 80
2 (S)-VANOL OTBS Bn 10 0 63 83
3 (S)-VANOL OTBS Bn 10 20 64 81
4 (S)-VAPOL OTBS Bn 5 0 85 91
5 (S)-VAPOL OTBS Bn 10 0 80 95
6 (S)-VAPOL OTBS PMB 5 0 76 92
7 (S)-VAPOL OTBS PMB 10 0 87 9
8 (S)-VAPOL OTBDPS PMB 10 0 77 94
9 (S)-BINOL OTBS PMB 5 0 o N.D.

Unless otherwise specified, all of the reactions were done in toluene at 0 °C for 12 h with 0.5 mmol of diazo
compound II-112 and 0.6 mmol of aldehyde.1. isolated yield. Yields in parenthesis are by NMR.
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aluminum catalyst (entry 3). We were thrilled to observe excellent yield and ee by an aluminum
catalyst prepared from (S)-VAPOL (entry 4). The use of diazo acetamide 11-112e gave the epoxide
11-173 in similar fashion with the VAPOL catalyst (entry 6). The ee was increased to 96% in the
latter case by increasing the catalyst loading to 10 mol% (entry 5). Similar results were obtained
with N-para-methoxybenzyl diazo acetamide 11-112e and and aldehyde with TBDPS 11-169 as the
protecting group (entry 7 and 8). Very poor yield was obtained with the aluminum catalyst derived
from (S)-BINOL ligand (entry 9).

It is also worth to mention that the reversal in enantioinduction was also investigated with aliphatic
aldehyde catalyzed by both aluminum VANOL catalyst 11-114 and boron VANOL catalyst 11-117.
Interestingly, aldehyde 11-166 undergoes epoxidation in presence of boron-(S)-VANOL catalyst
11-117 to give the (2S, 3S)-N-benzyl-3-propyloxirane-2-carboxamide 11-170; whereas, the same
reaction catalyzed with aluminum-(S)-VANOL catalyst 11-114 produces (2R,3R)-N-benzyl-3-

propyloxirane-2-carboxamide 11-170 (scheme 11-37).

Scheme 11-37. Enantioinduction reversal in epoxidation reaction catalyzed with boron and
aluminum catalvsts

1) BH; SMe,
0,
(S)-VANOL 1I-19 > mol% » catalyst II-117
10 mol% toluene, 100 °C, 0.5 h

2) 0.5 mm Hg, 100 °C,0.5h

0 o n-117

/\)J\ 5 mol% &
H + | NHBn i N «,, NHBn
N, toluene, -40 °C, n/
2h O
11-166 11-112b (S,9)-11-170
yield: 99%
ee: 99%
(S)'VANOLO 1-19 AlMes, 10 mol% > catalyst II-114
20 mol% toluene, 25 °C, 0.5 h
11-114, 10 mol% 0 H
HJ\ Bn__ 000 O N.
toluene 0°C, Bn
12h 0
11-166 11-112b (R,R)-I1-170
yield: 84%

11-114

ee: 95%
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A range of aliphatic aldehydes were examined with the optimized epoxidation conditions given in
table 6. Subjecting n-butanal to the standard epoxidation condition, yielded the desired product I1-
170 in 62% yield and 89% ee with the VAPOL aluminum catalyst (table 11-7). For this substrate it
was found that the VANOL aluminum catalyst produced slightly higher ee than the VAPOL
aluminum catalyst. Similar results were obtained by reacting n-butanal with N-para-
methoxybenzyl diazo acetamide 11-112e to give the epoxide I11-175. With 10 mol% aluminum-
VAPOL catalyst loading, cyclohexanecarboxaldehyde underwent smooth epoxidation to give 11-
176 in 81% yield and 94% ee with 10 mol% catalyst loading. The same reaction with 5 mol%
catalyst loading produced the epoxide 11-176 in 68% yield and 88% ee. Trimethylacetaldehyde
performed poorly in the presence of 5 mol% of the VAPOL aluminum catalyst and produced the
epoxide 11-177 in 15% yield. To our delight, 99% ee was obtained with 10 mol% catalyst loading.
2-tert-butyldimethylsilyloxyethanal gave epoxide 11-178 with moderate ee under optimum
reaction conditions (56%). Unfortunately, the ee of this reaction could not be improved with either
and increase to 10 mol% catalysts or the use of diazo acetamide 11-112e to give epoxide 11-129.
The epoxidation of 4-tert-butyldimethylsilyloxybutanal with N-benzyl diazo acetamide and N-
para-methoxybenzyl diazo acetamide produced epoxides 11-180 and 11-181 with moderate ee with
5 mol% of the aluminum-VAPOL catalyst. However, excellent enantioinduction was obtained by
performing the reaction in the presence of 10 mol% catalyst. An ester moiety in the aldehyde was
also tolerated under the optimum reaction conditions and produced epoxide 11-182 in 74% yield
and 96% ee. Conducting the same reaction with boron-VANOL 11-117 catalyst afforded epoxide
in 80% and 91% ee (see table 11-7, foot note 2). The yield and ee were slightly improved when the

reaction was performed in presence of the catalytic amount of DMSO (see table 11-7, foot note 3).
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Table 11-7. Substrate scope of aliphatic aldehyde

2X mol%
(R)-Ligand

1) AlMe;, X mol%

Y

toluene, 25 °C, 0.5 h
X mol% (R)-cat.

(R)-catalyst

O,

(0]
HJ\N»R > WA IP\II\
R' H * I\ll H toluene, 0 °C, R ”/ R
2 12h O
0] @) @)
/\\\\\A/,,, NHBn /\\\\\Az,,, NHPMB \\\\Az,,, NHBn
ig ig ig
(0] O
11-170 11-175
| 11-176
(R)-VANOL, 5 mol% Cat. (S)-VAPOL, 5 mol% Cat.

yield: 74%, ee: 92%
(8)-VANOL, 10 mol% Cat.!
yield: 84%, ee: -95%
(S)-VAPOL, 5 mol% Cat.!
yield: 62%, ee: -89%
(R)-VAPOL, 5 mol% Cat.

yield: 85%, ee: 85%
O,

2N, NHBn
o
O

11-177
(S)-VAPOL, 5 mol% Cat.!
yield: 15% (NMR), ee: N.D.
(R)-VAPOL, 10 mol% Cat.
yield: 50%, ee: 99%

0
LN, NHB
TBSO” e T
m-172 ©

(8)-VANOL, 5 mol% Cat.!
yield: 66%, ee: -80%
(8)-VAPOL, 5 mol% Cat.!
yield: 85%, ee: -91%
(R)-VAPOL, 10 mol% Cat.
yield: 80%, ee: 96%
O
TBSO\/\\\\\A'/,,]/
5
11-180
(S)-VAPOL, 5 mol% Cat.!
yield: 84%, ee: -50%
(R)-VAPOL, 10 mol% Cat.
yield: 88%, ee: 92%

NHBn

TBSO\/\\\\\A

yield: 50%, ee: -86%
(R)-VAPOL, 10 mol% Cat.
yield: 79%, ee: 94%

0

\\‘\\A,"/
i§
0

11-178
(S)-VAPOL, 5 mol% Cat.!
yield: 78%, ee: -56%
(R)-VAPOL, 10 mol% Cat.
yield: 73%, ee: 58%

TBSO NHBn

0
TBSO/\‘\\\A,/" rNHPMB
m173 O

(S)-VANOL, 5 mol% Cat.!
yield: 63%, ee: -83%
(S)-VAPOL, 5 mol% Cat.!
yield: 76%, ee: -92%
(R)-VAPOL, 10 mol% Cat.
yield: 87%, ee: 95%

O
“, ]/NHPMB
!
11-181
(S)-VAPOL, 5 mol% Cat.!
yield: 67%, ee: -51%
(R)-VAPOL, 10 mol% Cat.
yield: 78%, ee: 88%

(R)-VAPOL, 5 mol% Cat.
yield: 69%, ee: 85%
(S)-VAPOL, 5 mol% Cat.!
yield: 68%, ee: -88%
(R)-VAPOL, 10 mol% Cat.
yield: 81%, ee: 94%

o

~a "/,n/

o

TBSO NHPMB

11-179
(S)-VAPOL, 5 mol% Cat.!
yield: 73%, ee: -50%
(R)-VAPOL, 10 mol% Cat.
yield: 86%, ee: 54%
A
TBDPSO” ™y NHPMB

o
11-174
(S)-VAPOL, 10 mol% Cat.!
yield: 77%, ee: -94%

O

EtO W&, NHBn
O
O

(¢}

11-182
(S)-VAPOL, 5 mol% Cat.!
yield: 75%, ee: -76%
(R)-VAPOL, 10 mol% Cat.
yield: 74%, ee: 96%
(R)-VANOL, 10 mol% Cat.>
yield: 80%, ee: 91%
(R)-VAPOL, 10 mol% Cat.?

yield: 99%, ee: 95%

Unless otherwise specified, all of the reactions were done in toluene at 0 °C for 12 h with 0.5 mmol of diazo compound II-
112 and 0.6 mmol of aldehyde.1. enantiomer of the epoxide was produced. 2. Boron-VANOL catalyst was used. 3.Boron-

VANOL-DMSO catalyst was used
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2.2.3.3. Total synthesis of (-)-tedanalactam

Total synthesis of (—)-tedanalactam 11-123 starts with a two step synthesis of 3-tert-
butyldimethylsilyloxypropanal 11-168 (scheme 11-38). This aldehyde was commercially available
but due to its expensiveness and low quality, we decided to prepare it fresh. 3-tert-
butyldimethylsilyloxypropanol 11-184 was prepared in 90% yield by reacting 1,3-propane diol 11-
183 with 1.0 equiv. of n-BuL.i followed by addition of TBSCI. The mono-protected alcohol 11-184
was subjected to Swern oxidation which yielded the desired aldehyde 11-168 in quantitative yield.
The epoxidation of 3-tert-butyldimethylsilyloxypropanal 11-168 follows the conditions given in
entry 2 of table 6 and the epoxide 11-173 was produced in 87% yield and 96% ee in presence of

10 mol% aluminum-VAPOL catalyst loading. Then the epoxide 11-173 was subjected to TBS

Scheme 11-38. Total synthesis of (—)-tedanalactam

nBuli TBSCI DMSO, 2.2 equiv. Et;N
1.0 equiv. 1.0 equiv. (COCl),, 1.1 equiv. 5.0 equiv.
HO/\/\OH il > d : TBSO/\/\OH > d >
THE, -78 °C -78 °C-rt, 3 h DCM, -78 °C, 1 h -78 °C-rt, 1 h
0.5h
11-183 11-184
yield: 90%
Ji§
N,H,C~ “NHPMB o TBAF °
/\)OJ\ 10 equiv TBSO N 2.0 equiv. HO N
_—
TBSO H (R)-VAPOL-ALI THE, 0 °C-rt /\/l
catalyst 10 mol% PMBHN" "0 overnight PMBHN" ~O
toluene, 0 °C, 12 h
11-168 11-173
yield: 100% yield:87% yig;gjy
ee: 96% o
0 0
NaH, 1.2 equiv. TSCl 1.2 equiv. _ NaH, 4.0 equiv. Q CAN, 12 equiv. (l
THF, 0 °C-rt, 1 h rt, 1 h 0°C-rt, 1 h N o) MeOH:H,0 N o
! 4:1 H
PMB
0 °C, overnight
11-186 (%)-tedanalactam
yield:67% 11-123
yield:75%
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deprotection with TBAF and the hydroxyl epoxide 11-185 was produced in 84% yield. In situ
tosylation followed by base induced cyclization was gave the PMB-protected (—)-tedanalactam 11-
186 in 67% yield overall for the two steps. Finally, the synthesis of (—)-tedanalactam 11-123 was
accomplished by PMB-deprotection in 75% yield by oxidation with CAN.

2.3. Aluminum VANOL/VAPOL complexes as efficient catalysts in asymmetric catalytic

aziridination of imine

The next goal was to determine the ability of aluminum-VANOL/VAPOL catalysts to effect the
asymmetric aziridination of imines. To do so, first, the catalyst ALV was prepared by reacting 2.0
equiv of VANOL ligand and 1.0 equiv LiAlIH4. The aziridine 11-188a was not detected from imine
11-187a and diazoacetate 11-112d by using ALV catalyst (table 11-8, entry 1). Interestingly, when
the catalyst was prepared from AlMesz and VANOL the desired product was isolated in 67% yield
and 76% ee (entry 2). Decreasing the temperature to 0 °C increased the ee to 82%; however, with
a slight deterioration of the yield (entry 2 vs 3). To our delight, 7,7’-tBu2VANOL 11-114 ligand
performed excellently and produced the aziridine 11-188a in 68% yield and 93% ee (entry 4).
Conducting the same reaction at lower temperatures revealed no change in ee but a slower reaction
was observed with a substantial decrease in the yield (entry 5). Surprisingly, VAPOL 11-20 and
ligand 11-115 which were the optimum ligands in the epoxidation reaction performed poorly in
this aziridination reaction. The catalyst prepared from VAPOL produced the aziridine 11-188a with
moderate yield but with extremely low ee (entry 6). No product was detected by using a catalyst
derived from AlMes and ligand 11-115 (table 11-2 entry 8) (tabe 11-8, entry 7). The catalyst prepared
from BINOL proved to be less than desirable in this reaction since the aziridine was isolated with
moderate yield and ee (entry 8). We were surprised to observe the poor performance of the

MEDAM protecting group in imine 11-187b since it was the optimum protecting group in the
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aziridination reaction catalyzed by VANOL-spiroborate catalyst (entry 9 and 10). The reaction of

Table 11-8. Aziridination reaction catalyzed by spiro-aluminate catalyst 11-189

21X mol% M, X mol%

. > catalyst
(S)-Ligand  toluene, rt, 0.5 h

0 G
X mol% cat. /\
X PG HJ\ Et > w—, OEt
Ph” N ol © Toluene, T/°C, Ph |]/
N, 12 h 0
PG: Bzh, 11-187a 11-112d PG: Bzh, 11-188a
PG: MEDAM, 11-187b PG: MEDAM, 11-188b
Cat.
entry Ligand R M (X mol%) T/°C isolated yield% ee%
1 ($)-VANOL, 11-19 Bzh LiAlH, 10 25 - -
2 (S)-VANOL, 1I-19 Bzh AlMe; 10 25 67 76
3 (5)-VANOL, 1I-19 Bzh AlMe, 10 0 58 82
4 (S)-7,7-Bu,VANOL, II-114 Bzh AlMe;, 10 25 68 93
5 (5)-7,7-1Bu, VANOL, 1I-114 Bzh AlMe, 10 0 25 92
6 (S)-VAPOL, 11-20 Bzh AlMe; 10 25 56 3
7 (S)-Ligand, 11-1152 Bzh AlMe, 10 25 6! N.D.
8 (S)-BINOL, I1-7 Bzh AlMe; 10 25 43 47
9 (S)-VANOL, II-19 MEDAM AlMe, 10 25 31! N.D.
10 (5)-7,7-tBu,VANOL, 1I-114 MEDAM AlMe; 10 25 20! N.D.
11 (S)-VANOL, II-19 Bzh AlMe; 5 25 49 77
12 (S)-VANOL, II-19 Bzh AlMe; 2.5 25 4! N.D.

Unless otherwise specified, all of the reactions were done in toluene at 0 °C for 12 h with 0.5 mmol of diazo
compound II-112 and 0.6 mmol of aldehyde.1. Yield determined from the NMR spectrum of the crude reaction
mixture with PhyCH as the internal standard. 2. For structure of this ligand see table 2.
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imine 11-187a catalyzed by the VANOL derived catalyst gave essentially the same ee with either
5 mol% ot 10 mol% catalyst but the yield dropped with only 5 mol% catalyst (entry 2 vs 11).
However, in the presence of 2.5 mol% catalyst, only a 4% yield of the aziridine was detected in

the NMR spectrum of the crude reaction mixture (entry 12).

Scheme 11-39. Enantioinduction reversal in aziridination reaction catalyzed with boron and
aluminum catalysts

1) BH;.SMe,
10 mol% 5 mol% > [1-191
(R)-VANOL toluene, 100 °C, 0.5 h
2) 0.5 mm Hg, 100 °C, 0.5 h
Bzh
i I1-191, 5 mol% &
. _.Bzh HJ\ — D ., OFEt
Ph N | OFt Toluene, rt, Ph ]]/
N 12h 0
11-187a 11-112d 11-188a
yield: 80%
ee: 56%
10 mol% AlMejs, 5 mol% 11-189
(R)-VANOL Toluene, rt, 0.5 h
Bzh
i I1-189, 5 mol% N
X .Bzh | Hj\ i Rl A OFEt
Ph N | OFEt Toluene, rt, Ph
N, 12h 0
11-187a I1-112d 11-188a

yield: 67%
ee: 76%

We were surprised to observe the reversal in enantioinduction in the aziridination reaction of imine
11-187a with diazoacetate 11-112d catalyzed by both spiroaluminate-VANOL catalyst 11-189 and
spiroborate-VANOL catalyst 11-191. Specifically, benzhydryl imine 11-187a undergoes
aziridination in presence of spiroborate-(R)-VANOL catalyst 11-191 to give the ethyl (2S,3S)-1-

benzhydryl-3-phenylaziridine-2-carboxylate 11-188a; whereas, the same reaction catalyzed with
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spiroaluminate-(R)-VANOL  catalyst 11-189 produces ethyl (2R,3R)-1-benzhydryl-3-
phenylaziridine-2-carboxylate 11-188a (scheme 40).

2.4. Aluminum VANOL/VAPOL complexes as chameleon catalysts

What is the mechanism for the epoxidation and aziridination reactions mediated by
aluminumcatalyst? To answer this question we looked closely into the results from both reactions.
It is interesting to note that the VAPOL catalyst gives the highest induction for the epoxidation

Scheme 11-40. Aluminum-VANOL catalyst possess chameleon behavior

AlMej3, 10 mol%
20 mol% > catalyst

(S)-Ligand  toluene, rt, 0.5 h

lN,Bzh 0 10 m:)l% ih o 0 10 mol% 2
cat. cat.
OEt ———> ., OFt HJ\NHB — w7, NHBn
Ph) + kj\ Toluene, Ph n/ Ph)J\H sl n Toluene, Ph |]/
N, 25°C, 12 h 0 N 0°C,12h 0
11-187a  II-112d 11-188a 11-86a  II-112b I1-113a
entry Ligand yield% ee% entry Ligand yield% ee%
3 (S)-VANOL 67 76 3 (S)-VANOL 80 72
4 (S)-7,7'-tBu, VAPOL 68 93 4 (5)-7,7'-tBu, VAPOL 46 84
6 (S)-VAPOL 56 3 6 (S)-VAPOL 81 99

oo S
., H® .,
Ph AL(S)-VANOL Ph)J\H Ph "0'\1%>0 ‘Ph
_—
complex Ph,, 0/4\0"/ )
O
PH

meso-aluminum I1-190

Spiro-aluminate 11-189
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reaction but the lowest for the aziridination reaction, suggesting very different mechanisms for
each reaction (scheme 11-40).

We believe these aluminum catalysts are acting as a Lewis acid catalyst in the reaction of aldehydes
and a Brensted acid catalyst in the reaction of imines. In other words, meso-aluminum 11-190
complex is the active catalyst in the epoxidation reaction (scheme 11-40, structure 11-190) and the
aziridination reaction is catalyzed by spiro-aluminate catalyst (scheme 11-40, structure 11-189).
However, there is no direct experimental evidence to show the dual nature of the aluminum
VANOL/VAPOL complexes; therefore, more mechanistic studies need to be carried out to define
the differences in the mechanisms of the epoxidation and aziridination reactions.

2.5. Conclusion

In summary, we have discovered and developed new aluminum VANOL and aluminum VAPOL
complexes as efficient catalysts in the epoxidation of aldehydes with diazo acetamides. The total
synthesis of (—)-tedanalactam was also accomplished in only 5 steps with excellent
enantioinduction in 37% overall yield. A short and highly efficient synthesis of this natural product
was presented which indicates the strength of this methodology. Aluminum VANOL complex
were also found to be highly efficient in the aziridination reaction. Initial results suggest that the
aluminum VANOL/VAPOL complexes are catalyzing the epoxidation and aziridination reactions
via two different mechanisms; however, more experiments are required to show the chameleon
behavior of these complexes. Enantioinduction reversal was also observed for both aziridination
and epoxidation reactions catalyzed by (R)-aluminum catalyst compared with (R)-boron catalyst

which presented a distinct feature between these two catalysts.
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2.6. Experimental

20 mol% 1) AlMes, 10 mol%
(R)-VAPOL

> catalyst
toluene, 25 °C, 0.5 h

10 mol% cat. o)

0
i HL B VAN
-bn > e/, N.
TBSO/\)J\H + [ X TBSO™ (" “Bn

toluene, 0 °C,
12h

11-168 1I-112b (25, 39)-11-172

General procedure for preparation of catalyst stock solution: A flame dried 25 mL round bottom
flask filled with nitrogen was charged with (R)-VAPOL (0.149 mmol, 82.0 mg) and toluene (3
mL). The resulting mixture was stirred at room temperature for 5 minutes until the ligand was fully
dissolved then AlMes (0.075 mmol, 38 puL, 2M solution in toluene) was added and the reaction
mixture was stirred at room temperature for 30 minutes.

General procedure for the epoxidation reaction catalyzed with aluminum-VAPOL catalyst:
(2S,3S)-3-(2-((tert-butyldimethylsilyl)oxy)ethyl)-N-benzyl-oxirane-2-carboxamide 11-172:
Another flame dried round bottom flask filled with nitrogen was charged with N-bnzyl diazo
acetamide (0.49 mmol, 88 mg) 11-168, toluene (3 mL) and aldehyde 3-t-
butyldimethylsilyloxypropanal (0.591 mmol, 127 pL) 2a. The obtained cloudy mixture and the
catalyst stock solution were cooled down to 0 °C and stirred at 0 °C for 10 min. Then 2 mL of
catalyst stock solution was transferred to the round bottom flask containing the starting materials
using syringe and the obtained mixture was stirred at 0 °C for 12 h. Then the reaction was quenched
by adding 1 mL of methanol followed by transferring the crude mixture of reaction to a 50 mL
round bottom flask and evaporating the solvent under reduced pressure. The crude epoxide was
purified via column chromatography (20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and
epoxide 11-172 was obtained as a yellowish oil in 80% (0.399 mmol, 142 mg) isolated yield. The

enantiomeric excess of epoxide 11-172 was determined to be 96% with chiral HPLC (PIRKLE
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COVALENT (R,R) WHELK-O 1 column, 94:6 hexane/2-propanol at 228 nm, flow-rate: 1
mL/min): retention times: Rt = 18.9 min (major enantiomer, ent-11-172) and Rt = 21.6 min (minor
enantiomer, 11-172).

Spectral data for epoxide 11-172: *H NMR (500 MHz, Chloroform-d) & 0.05 (s, 6H), 0.89 (s, 9H),
1.64 (ddt, J=14.2,7.4,5.8 Hz, 1H), 1.81 (dtd, J = 14.3, 6.5, 4.9 Hz, 1H), 3.36 (dt, J = 7.5, 4.8 Hz,
1H), 3.57 (d, J = 4.8 Hz, 1H), 3.76 (t, J = 6.2 Hz, 2H), 4.39 — 4.52 (m, 2H), 6.49 (t, J = 6.1 Hz,
1H), 7.21 - 7.32 (m, 3H), 7.28 — 7.37 (m, 2H). 3C NMR (126 MHz, Chloroform-d) & -5.44, -5.41,
18.25, 25.86, 31.09, 42.99, 54.99, 56.31, 59.89, 127.73, 127.90, 128.78, 137.55, 167.22. IR:
3305brs, 2928w, 1660s, 1096s, 881s, 775s, 729m, 698s. HRMS (ESI-TOF) m/z 336.2039,
[(M+H"); calcd for C1gH30NOs3Si: 336.1994].

0 Al-(R)-VAPOL

/\)Oj\ HL PMB 10 mol% A H
0
N/ > /\\\\\ ,"/ N\
TBSO H * I\|I H toluene, 0 °C, TBSO ”/ PMB
2 12h 0
11-168 II-112¢ 28, 39)-11-173

(2S,3S)-3-(2-((tert-butyldimethylsilyl)oxy)ethyl)-N-(4-methoxybenzyl)oxirane-2-carboxamide 11-
173: Epoxide 11-173 was synthesized from aldehyde 11-168 (0.591 mmol, 127 uL) and diazo
compound I1-112e ( 0.499 mmol, 103 mg) catalyzed by aluminum-(R)-VAPOL catalyst prepared
with the general procedure with a 12 h reaction time. The crude product was purified via column
chromatography (20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-173 was
obtained as a yellowish oil in 87% (0.435 mmol, 159 mg) isolated yield. The enantiomeric excess
of epoxide 11-173 was determined to be 95% with chiral HPLC (PIRKLE COVALENT (R,R)
WHELK-O 1 column, 90:10 hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times:

Rt = 19.24 min (major enantiomer, ent-11-173) and R = 25.98 min (minor enantiomer, 11-173).
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Spectral data for epoxide 11-173: *H NMR (500 MHz, Chloroform-d) § 0.03 (m, 6H), 0.88 (s, 9H),
1.61 (ddt, J = 14.2, 7.5, 5.8 Hz, 1H), 1.71 — 1.84 (m, 1H), 3.34 (dt, J = 7.5, 4.8 Hz, 1H), 3.55 (d, J
= 4.8 Hz, 1H), 3.71 — 3.81 (m, 5H), 4.38 (d, J = 5.9 Hz, 2H), 6.40 (t, J = 6.2 Hz, 1H), 6.82 — 6.89
(m, 2H), 7.15 — 7.23 (m, 2H). 3C NMR (126 MHz, Chloroform-d) & -5.45, -5.42, 18.24, 25.85,
31.06, 42.43, 54.97, 55.27, 56.27, 59.89, 114.11, 129.25, 129.26, 129.64, 167.08. HRMS (ESI-
TOF) m/z 366.2136, [(M+H"); calcd for C19H32NO4Si: 366.2100]. IR: 3310 brs, 2950w, 1654s,

1512s, 1247s, 1094s, 830s, 778s. [0]%p (c 1.0, CHCI3): 0.0481.

0 Al-(S)-VAPOL
O o o) H
S Py e {
TBDPSO H* || ¢ toluene, 0 °C, TBDSO PMB
N 12h 0
11-169 11-112e¢ (2R, 3R)-11-174

(2R,3R)-3-(2-((tert-butyldiphenylsilyl)oxy)ethyl)-N-(4-methoxybenzyl)oxirane-2-carboxamide 11-
174: Epoxide 11-174 was synthesized from aldehyde 11-169 (0.599 mmol, 188 mg) and diazo
compound 11-112e (0.499 mmol, 103 mg) catalyzed by aluminum-(S)-VAPOL catalyst prepared
with the general procedure with a 12 h reaction time. The crude product was purified via column
chromatography (20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-174 was
obtained as a yellowish oil in 77% (0.385 mmol, 188) isolated yield. The enantiomeric excess of
epoxide 11-174 was determined to be 94% with chiral HPLC (PIRKLE COVALENT (R,R)
WHELK-O 1 column, 93:7 hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times:
Rt = 33.7 min (minor enantiomer, ent-11-174) and R; = 48.8 min (major enantiomer, 11-174).

Spectral data for epoxide 11-174: *H NMR (500 MHz, Chloroform-d) & 1.07 (s, 9H), 1.07, 1.56 —
1.67 (m, 1H), 1.89 (dddd, J = 14.3, 7.1, 5.9, 4.5 Hz, 1H), 3.40 — 3.54 (m, 1H), 3.57 (d, J = 4.8 Hz,
1H), 3.78 (s, 3H), 3.77 — 3.87 (m, 2H), 4.37 (d, J = 5.9 Hz, 2H), 6.37 (t, J = 5.9 Hz, 1H), 6.81 —

6.90 (m, 2H), 7.14 — 7.21 (m, 2H), 7.36 — 7.43 (m, 4H), 7.40 — 7.48 (m, 2H), 7.63 — 7.70 (m, 4H).
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13C NMR (126 MHz, Chloroform-d) & 15.31, 19.18, 26.80, 30.88, 42.42, 54.98, 55.27, 56.30,
60.85, 114.12, 127.73, 127.74, 129.24, 129.74, 129.75, 133.40, 133.43, 135.53, 159.12, 167.07.

HRMS (ESI-TOF) m/z 490.243, [(M+H"); calcd for C2oH3sNO4Si: 490.2413]. [o] (c 1.0, CHCI):

-0.0403.
0] Al-(S)-VAPOL
)OJ\ HJ\N'BH 5 mol% - O g
Ph H * I\|I H toluene, 0 °C, Ph Bn
2 12h O
1I-112b (2R, 3R)-11-113b

(2R,3R)-3-phenyl-N-benzyl-oxirane-2-carboxamide 11-113b: Epoxide 11-113b was synthesized
from benzaldehyde (0.59 mmol, 62 pL) and diazo compound 11-112b ( 0.49 mmol, 88 mg)
catalyzed by aluminum-(S)-VAPOL catalyst prepared with the general procedure with a 12 h as
the reaction time. The crude product was purified via column chromatography (20 x 250 mm, 3:1
to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-113b was obtained as a white solid in 97%
(0.485 mmol, 123 mg) isolated yield. The enantiomeric excess of epoxide 11-113b was determined
to be 99% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1 column, 90:10 hexane/2-
propanol at 228 nm, flow-rate: 1 mL/min): retention times: Ry = 31.4 min (minor enantiomer, ent-
11-113b) and Rt = 43.24 min (major enantiomer, 11-113b).

Spectral data for epoxide 11-113b: *H NMR (500 MHz, Chloroform-d) § 7.40 — 7.27 (m, 5H), 7.24
—7.13 (m, 3H), 6.75—6.69 (m, 2H), 6.19 (s, 1H), 4.38 — 4.27 (m, 2H), 4.07 (dd, J = 14.9, 4.9 Hz,
1H), 3.85 (d, J = 4.8 Hz, 1H). 3C NMR (126 MHz, Chloroform-d) *C NMR (126 MHz,
Chloroform-d) & 42.70, 56.36, 58.29, 126.56, 127.31, 127.42, 128.52, 128.55, 133.04, 137.00,

166.13. These spectral data are in good agreement with literature values.*®
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AL(S)-VAPOL o

0 0
)]\ HJ\N,nBu 5 mol% > &‘/E\
Ph H * I\|I H toluene, 0 °C, Ph nBu
2 12 h 0
I1-112a (2R, 3R)-11-113a

(2R,3R)-3-phenyl-N-(n-butyl)oxirane-2-carboxamide 11-113a: Epoxide 11-113a was synthesized
from benzaldehyde (0.59 mmol, 62 pL) and diazo compound I1-112a (0.50 mmol, 74 mg)
catalyzed by aluminum-(S)-VAPOL catalyst prepared with the general procedure with a 12 h
reaction time. The crude product was purified via column chromatography (20 x 250 mm, 3:1 to
1:1 hexane: ethyl acetate as eluent) and epoxide 11-113a was obtained as a white solid in 86%
(0.43 mmol, 94 mg) isolated yield. The enantiomeric excess of epoxide 11-113a was determined
to be 97% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1 column, 93:7 hexane/2-
propanol at 228 nm, flow-rate: 1 mL/min): retention times: Rt = 24.63 min (minor enantiomer, ent-
11-113a) and Rt = 31.46 min (major enantiomer, 11-113a).

Spectral data for epoxide 11-113a: *H NMR (500 MHz, Chloroform-d) § 0.65 (t, J = 7.5 Hz, 3H),
0.80- 1.00 (m, 4H), 2.75-2.83 (m, 1H), 2.98-3.07 (m, 1H), 3.70 (d, J = 5.0 Hz, 1H), 4.24 (d, J =
5.5 Hz, 1H), 5.85 (brs, 1H), 7.20-7.32 (m, 5H); 3C NMR (126 MHz, Chloroform-d) § 13.46,
19.51, 31.06, 38.10, 56.17, 57.96, 126.38, 128.20, 128.27, 133.07, 165.86. These spectral data are

in good agreement with literature values.'®

0 (0] Al-(S)-VAPOL
O HJ\N’BH 5 mol%
H * I\|I H toluene, 0 °C,
2 12h

I1-112b (2R, 3R)-11-121b

Y

(2R, 3R)-3-(naphthalene-1-yl)-N-benzyl-oxirane-2-carboxamide 11-121b: Epoxide 11-121b was
synthesized from 1-naphthalencarboxaldehyde (0.60 mmol, 82 pL) and diazo compound 11-112b

(0.50 mmol, 88 mg) catalyzed by aluminum-(S)-VAPOL catalyst prepared with the general
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procedure with a 12 h reaction time. The crude product was purified via column chromatography
(20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-121b was obtained as a
white solid in 93% isolated yield (0.465 mmol, 141 mg). The enantiomeric excess of epoxide 11-
121b was determined to be 99% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1
column, 85:15 hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times: Rt = 22.25
min (minor enantiomer, ent-11-121b) and Rt = 64.47 min (major enantiomer, 11-121b). mp: 92-93
°C.

IH NMR (500 MHz, Chloroform-d) & 3.94 (dd, J = 15.0, 4.9 Hz, 1H), 4.10 (d, J = 4.7 Hz, 1H),
4.22 (dd, J = 15.0, 7.1 Hz, 1H), 4.72 (d, J = 4.7 Hz, 1H), 6.06 (d, J = 6.1 Hz, 1H), 6.43 — 6.49 (m,
2H), 6.98 — 7.05 (m, 2H), 7.07 — 7.14 (m, 1H), 7.33 (dd, J = 8.2, 7.0 Hz, 1H), 7.48 (dt, J = 7.1, 1.2
Hz, 1H), 7.56 (dddd, J = 19.5, 8.1, 6.8, 1.4 Hz, 2H), 7.83 (dd, J = 8.3, 1.2 Hz, 1H), 7.87 — 7.93 (m,
1H), 8.10 — 8.16 (m, 1H). *C NMR (126 MHz, Chloroform-d) & 42.54, 56.28, 57.63, 123.63,
124.54, 124.99, 126.46, 126.94, 127.05, 127.10, 128.33, 128.54, 129.03, 129.29, 131.06, 133.31,
136.93, 166.30. IR: 3334brs, 1651s, 1528s, 772m, 742s, 762s, 606s. HRMS (ESI-TOF) m/z
304.1404, [(M+H™); calcd for C20H1sNO2: 304.1337]. [0]®b (¢ 1.0, CHCIs): 1.2002.

0 AL(S)-VAPOL

o HLN, Bn 10mol% O i
H * I\|I H toluene, 0 °C, Bn
2 12h o)
11-112b (2R, 3R)-11-119b

(2R, 3R)-3-(4-methyl-phenyl)-N-benzyl-oxirane-2-carboxamide 11-119b: Epoxide 11-119b was
synthesized from aldehyde para-tolylaldehyde (0.60 mmol, 71 pL) and diazo compound 11-112b
(0.50 mmol, 88 mg) catalyzed by aluminum-(S)-VAPOL catalyst prepared with the general
procedure with a 12 h reaction time. The crude product was purified via column chromatography

(20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-119b was obtained as a
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white solid in 76% isolated yield (0.379 mmol 102 mg). The enantiomeric excess of epoxide 11-
119b was determined to be 99% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1
column, 90:10 hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times: Rt = 30.45
min (minor enantiomer, ent-11-119b) and Rt = 45.1 min (major enantiomer, 11-119b). mp: 76-77
°C.

H NMR (500 MHz, Chloroform-d) & 2.36 (s, 3H), 3.82 (d, J = 4.7 Hz, 1H), 4.04 (dd, J = 14.9, 4.9
Hz, 1H), 4.28 — 4.40 (m, 2H), 6.18 (t, J = 6.1 Hz, 1H), 6.68 — 6.74 (m, 2H), 7.09 (d, J = 7.9 Hz,
2H), 7.11 — 7.19 (m, 2H), 7.15 — 7.23 (m, 3H), 7.24 — 7.34 (m, OH). 3C NMR (126 MHz,
Chloroform-d) 6 21.32, 42.67, 56.39, 58.26, 126.45, 127.22, 127.44, 128.37, 129.18, 130.01,
137.08, 138.23, 166.28. IR: 3290brs, 1659s, 1532s, 696s. HRMS (ESI-TOF) m/z 268.1374,

[(M+H*); calcd for C17H1sNO2: 268.1337] [a] (¢ 1.0, CHCls): 0.273.

O Al-(S)-VAPOL
(0] . 0) H
_nBu 5 mol% o N
+ N . “nBu
H N H toluene, 0 °C,
2 12h 0
1I-112a (2R, 3R)-11-119a

(2R, 3R)-3-(4-methyl-phenyl)-N-(n-butyl)-oxirane-2-carboxamide I1-119a: Epoxide 11-119a was
synthesized from para-tolylaldehyde (0.60 mmol, 71 pL) and diazo compound I1-112a (0.50
mmol, 74 mg) catalyzed by aluminum-(S)-VAPOL catalyst prepared with the general procedure
with a 12 h reaction time. The crude product was purified via column chromatography (20 x 250
mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-119a was obtained as a white solid
in 66% isolated yield (0.330 mmol, 79.3 mg). The enantiomeric excess of epoxide I11-119a was
determined to be 93% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1 column, 93:7
hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times: Ry = 25.13 min (minor

enantiomer, ent-11-119a) and Rt = 37.54 min (major enantiomer, 11-119a).
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'H NMR (500 MHz, Chloroform-d) § 0.65 (t, J = 7.0 Hz, 3H), 0.80- 0.88 (m, 2H), 0.91-0.99 (m,
2H), 2.25 (s, 3H), 2.74-2.82 (m, 1H), 3.01-3.10 (m, 1H), 3.67 (d, J = 4.5 Hz, 1H), 4.20 (d, J = 4.5
Hz, 1H), 5.84 (brs, 1H), 7.06 (d, J = 7.5 Hz, 2H), 7.16 (d, J = 8.0 Hz, 2H); 3C NMR (126 MHz,
Chloroform-d) 6 13.50, 19.54,21.03, 31.16, 38.13, 56.21, 57.95, 126.31, 128.86, 130.08, 138.05,
166.0. These spectral data are in good agreement with literature values.*®

0 AL(S)-VAPOL

« HJ\N’ Bn 5 mol% . 2 g
H * I\|I H toluene, 0 °C, Bn
2 12h o}
Br Br
1I-112b (2R, 3R)-11-118b

(2R, 3R)-3-(4-bromo-phenyl)-N-benzyl-oxirane-2-carboxamide 11-118b: Epoxide 11-118b was
synthesized from para-bromobenzaldehyde (0.591 mmol, 111 mg) and diazo compound 11-112b
(0.50 mmol, 88 mg) catalyzed by aluminum-(S)-VAPOL catalyst prepared with the general
procedure with a 12 h reaction time. The crude product was purified via column chromatography
(20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-118b was obtained as a
white solid in 90% isolated yield (0.395 mmol, 131 mg). The enantiomeric excess of epoxide 11-
18b was determined to be 99% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1
column, 85:15 hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times: Ry = 21.26
min (minor enantiomer, ent-11-118b) and R¢ = 29.18 min (major enantiomer, 11-118b).

IH NMR (500 MHz, Chloroform-d) & 3.85 (d, J = 4.8 Hz, 1H), 4.00 (dd, J = 14.8, 4.6 Hz, 1H),
4.28 (d, J = 4.8 Hz, 1H), 4.44 (dd, J = 14.7, 7.5 Hz, 1H), 6.15 (t, J = 5.9 Hz, 1H), 6.70 — 6.76 (m,
2H), 7.16 — 7.29 (m, 5H), 7.36 — 7.43 (m, 2H). 1*C NMR (126 MHz, Chloroform-d) & 42.72, 56.25,
57.65,122.69, 127.46, 127.51, 128.22, 128.58, 131.69, 132.00, 136.94, 165.65. These spectral data

are in good agreement with literature values.®
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0 AL(S)-VAPOL

O O
HJ\N/HBU 5 mol% o E
[ ~
H * I\|I H toluene, 0 °C, nBu
2 12h O
Br Br

I1-112a (2R, 3R)-11-118a

(2R, 3R)-3-(4-bromo-phenyl)-N-(n-butyl)-oxirane-2-carboxamide 11-118a: Epoxide 11-118a was
synthesized from para-bromobenzaldehyde (0.590 mmol, 111 mg) and diazo compound I1-112a
(0.50 mmol, 74 mg) catalyzed by aluminum-(S)-VAPOL catalyst prepared with the general
procedure with a 12 h reaction time. The crude product was purified via column chromatography
(20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-118a was obtained as a
white solid in 77% isolated yield (0.385 mmol, 115 mg). The enantiomeric excess of epoxide I1-
118a was determined to be 85% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1
column, 90:10 hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times: Ry = 18.05
min (minor enantiomer, ent-11-118a) and Rt = 26.19 min (major enantiomer, 11-118a).

IH NMR (500 MHz, Chloroform-d) & 0.70 (t, J = 7.5 Hz, 3H), 0.86- 0.95 (m, 2H), 0.99-1.06 (m,
2H), 2.77-2.85 (m, 1H), 3.02-3.12 (m, 1H), 3.71 (d, J = 4.5 Hz, 1H), 4.19 (d, J = 4.0 Hz, 1H), 5.87
(brs, 1H), 7.17 (d, J = 7.5 Hz, 2H), 7.40 (d, J = 7.5 Hz, 2H). 3C NMR (126 MHz, Chloroform-d)
6 13.51,19.57,31.20, 38.19, 56.14, 57.34, 122.41, 128.14, 131.37, 132.14, 165.48. These spectral
data are in good agreement with literature values.*®

0 Al-(R)-VAPOL

0 HJ\N/BH 10mol% \&, IIjI
H * I\|I H toluene, 0 °C, ) ,”/ Bn
2 12h )
O,N O,N

2
II-112b (25, 35)-11-120b

(2S,3S)-3-(4-nitro-phenyl)-N-benzyl-oxirane-2-carboxamide 11-120b: Epoxide 11-120b was
synthesized from para-nitrobenzaldehyde (0.590 mmol, 111 mg) and diazo compound 11-112b

(0.50 mmol, 74 mg) catalyzed by aluminum-(R)-VAPOL catalyst prepared with the general
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procedure with a 12 h reaction time. The crude product was purified via column chromatography
(20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-120b was obtained as a
white solid in 70% isolated yield (0.350 mmol, 105 mg). The enantiomeric excess of epoxide I1-
120b was determined to be 93% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1
column, 85:15 hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times: Ry = 39.79
min (major enantiomer, ent-11-120b) and Rt = 48.53 min (minor enantiomer, 11-120b). mp: 116-
117 °C.

'H NMR (500 MHz, Chloroform-d) & 3.89 — 3.99 (m, 2H), 4.38 (d, J = 4.9 Hz, 1H), 4.44 (dd, J =
14.5, 7.9 Hz, 1H), 6.17 (s, 1H), 6.77 — 6.83 (m, 2H), 7.13 (ddt, J = 8.3, 6.5, 1.4 Hz, 2H), 7.15 —
7.23 (m, 1H), 7.40 — 7.47 (m, 2H), 7.99 — 8.06 (m, 2H). *C NMR (126 MHz, Chloroform-d) &
42.70, 56.27, 57.26, 123.59, 127.39, 127.69, 127.75, 128.51, 139.79. IR: 3314brs, 1665s, 1512s,
1342s, 743m, 668s. HRMS (ESI-TOF) m/z 299.1056, [(M+H™); calcd for C16H15N204: 299.1031]
[0]?% (c 1.0, CHCls): 0.9559.

0 Al(S)-VAPOL

O /nBu 5 mol% - O E
S | N - “nBu
H N H toluene, 0 °C,
2 12h o}
O,N O,N
1I-112a (2R, 3R)-11-120a

(2R, 3R)-3-(4-nitro-phenyl)-N-benzyl-oxirane-2-carboxamide 11-120a: Epoxide I1-120a was
synthesized from para-nitrobenzaldehyde (0.590 mmol, 111 mg) and diazo compound I1-112a
(0.50 mmol, 74 mg) catalyzed by aluminum-(S)-VAPOL catalyst prepared with the general
procedure with a 12 h reaction time. The crude product was purified via column chromatography
(20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-120a was obtained as a
white solid in 36% isolated yield (0.18 mmol, 48 mg). The enantiomeric excess of epoxide 11-120a

was determined to be 71% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1 column,
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90:10 hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times: Rt = 50.34 min (minor
enantiomer, ent-11-120a) and Rt = 57.11 min (major enantiomer, 11-120a).

H NMR (500 MHz, Chloroform-d) § 0.65 (t, J = 7.5 Hz, 3H), 0.84- 0.94 (m, 2H), 0.98-1.06 (m,
2H), 2.82-2.90 (m, 1H), 2.98-3.07 (m, 1H), 3.80 (d, J = 5.0 Hz, 1H), 4.32 (d, J = 4.5 Hz, 1H), 5.97
(brs, 1H), 7.51 (d, J = 9.0 Hz, 2H), 8.15 (d, J = 8.5 Hz, 2H). 3C NMR (126 MHz, Chloroform-d)
0 13.36,19.57,31.22, 38.28, 56.45, 57.09, 123.42, 127.52, 140.27, 147.78, 164.91. These spectral

data are in good agreement with literature values.®

0 Al-(S)-VAPOL
(0] o o) H
H * I\|I H toluene, 0 °C, Bn
2 12h 0
11-112b (2R, 3R)-11I-170

(2R,3R)-3-propyl-N-benzyl-oxirane-2-carboxamide 11-170: Epoxide 11-170 was synthesized from
butanal (0.60 mmol, 55 pL) and diazo compound 11-112b (0.50 mmol, 88 mg) catalyzed by
aluminum-(S)-VAPOL catalyst prepared with the general procedure with a 12 h reaction time. The
crude product was purified via column chromatography (20 x 250 mm, 5:1 to 1:1 hexane: ethyl
acetate as eluent) and epoxide 11-170 was obtained as a white solid in 62% isolated yield (0.31
mmol, 68 mg). The enantiomeric excess of epoxide 11-170 was determined to be 89% with chiral
HPLC (PIRKLE COVALENT (R,R) WHELK-O 1 column, 90:10 hexane/2-propanol at 228 nm,
flow-rate: 1 mL/min): retention times: Ry = 18.26 min (minor enantiomer, ent-11-170) and R =
22.08 min (major enantiomer, 11-170).

IH NMR (500 MHz, Chloroform-d) & 0.82 (t, J = 7.0 Hz, 3H), 1.38 (m, 4H), 3.06 (d, J = 4.5 Hz,
1H), 3.43 (d, J = 4.5 Hz, 1H), 4.31 (dd, J = 14.5, 5.5 Hz, 1H), 4.43 (dd, J = 14.5, 6.0 Hz, 1H), 6.52

(brs, 1H), 7.17-7.25 (m, 5H). 3C NMR (126 MHz, Chloroform-d) & 13.66, 19.20, 29.45, 42.74,
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55.02, 58.31, 127.49, 127.74, 128.44, 137.62, 167.19. These spectral data are in good agreement
with literature values.*

0 AL(S)-VAPOL

0]
/\)OJ\ HJ\N/PMB > molts > /\A(E
H * I\|I H toluene, 0 °C, PMB
2 12h 0
I1-112e (2R, 3R)-11-175

(2R, 3R)-3-propyl-N-(4-methoxybenzyl)-oxirane-2-carboxamide 11-175: Epoxide 11-175 was
synthesized from butanal (0.60 mmol, 55 pL) and diazo compound 11-112e (0.495 mmol, 103 mg)
catalyzed by aluminum-(S)-VAPOL catalyst prepared under explained general procedure with a
12 h as the reaction time. The crude product was purified via column chromatography (20 x 250
mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide I11-175 was obtained as a white solid
in 50% isolated yield (0.25 mmol, 63 mg). The enantiomeric excess of epoxide 11-175 was
determined to be 86% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1 column,
90:10 hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times: Rt = 16.42 min (minor
enantiomer, ent-11-175) and Rt = 19.3 min (major enantiomer, 11-175). mp: 62-64 °C

IH NMR (500 MHz, Chloroform-d) & 0.90 (ddd, J = 7.2, 5.4, 2.1 Hz, 3H), 1.39 — 1.53 (m, 4H),
3.16 (pd, J = 4.9, 4.0, 1.8 Hz, 1H), 3.51 (d, J = 4.8 Hz, 1H), 3.79 (s, 3H), 4.33 (dd, J = 14.5, 5.7
Hz, 1H), 4.45 (dd, J = 14.4, 6.2 Hz, 1H), 6.41 (s, 1H), 6.81 — 6.88 (m, 2H), 7.15 — 7.22 (m, 2H).
13C NMR (126 MHz, Chloroform-d) & 13.83, 19.37, 29.61, 42.37, 55.19, 55.28, 58.50, 114.08,
129.26, 129.79, 159.11, 167.19. IR: 3270brs, 2963w, 1645s, 1511s, 1241s, 1031m, 605s, 569m.
HRMS (ESI-TOF) m/z 250.1465, [(M+H"); calcd for C14H20NOs: 250.1443] [0]®b (¢ 1.0, CHCl5):

0.1538.
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0 Al-(S)-VAPOL o

HJ\ Bn 10 mol% H

+ N’ y N\B

H I\|I H toluene, 0 °C, n
2 12h o}

II-112b (2R, 3R)-11-176

(2R, 3R)-3-cyclohexyl-N-benzyl-oxirane-2-carboxamide 11-176: Epoxide 11-176 was synthesized
from cyclohexanecarboxaldehyde (0.60 mmol, 73 pL) and diazo compound 11-112b (0.50 mmol,
88 mg) catalyzed by aluminum-(S)-VAPOL catalyst prepared with the general procedure with a
12 h reaction time. The crude product was purified via column chromatography (20 x 250 mm, 3:1
to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-176 was obtained as a white solid in 68%
isolated yield (0.34 mmol, 89 mg). The enantiomeric excess of epoxide 11-176 was determined to
be 88% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1 column, 90:10 hexane/2-
propanol at 228 nm, flow-rate: 1 mL/min): retention times: Ry = 16.42 min (minor enantiomer, ent-
11-176) and Rt = 19.29 min (major enantiomer, 11-176).

IH NMR (500 MHz, Chloroform-d) § 0.85-1.10 (m, 6H), 1.52-1.61 (m, 4H), 1.75 (d, J = 11.0 Hz,
1H), 2.79 (s, 1H), 3.45 (d, J = 3.5 Hz, 1H), 4.22 (dd, J = 14.5, 5.0 Hz, 1H), 4.55 (dd, J = 14.5, 7.0
Hz, 1H), 6.51 (brs, 1H), 7.18-7.25 (m, 5H. 3C NMR (126 MHz, Chloroform-d) & 25.06, 25.85,
28.22, 30.30, 36.50, 42.70, 55.08, 62.60, 127.51, 127.79, 128.60, 137.80, 167.26 (one sp® carbon

not located). These spectral data were in agreement with literature values.®

o 0 Al-(R)-VAPOL o
HLN,BH 10mol% VAN
H * I\|I H toluene, 0 °C, >‘\ ,H/ Bn
2 12h o}
I1-112b (25,38)-11-177

(2S,3S)-3-cyclohexyl-N-benzyl-oxirane-2-carboxamide 11-177: Epoxide 11-177 was synthesized
from 2,2-dimethylpropanal (0.60 mmol, 65 pL) and diazo compound 11-112b (0.50 mmol, 88 mg)

catalyzed by aluminum-(R)-VAPOL catalyst prepared under explained general procedure with a
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12 h as the reaction time. The crude product was purified via column chromatography (20 x 250
mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-177 was obtained as a white solid
in 50% isolated yield (0.250 mmol, 58.3 mg). The enantiomeric excess of epoxide 11-177 was
determined to be 99% with chiral HPLC (Daicel Chirapack OD-H column, 94:6 hexane/2-propanol
at 228 nm, flow-rate: 1 mL/min): retention times: Rt = 7.14 min (major enantiomer, ent-11-177)
and Rt = 13.32 min (minor enantiomer, 11-177).

IH NMR (500 MHz, Chloroform-d) & 0.89 (s, 9H), 1.47 (d, J = 5.0 Hz, 1H), 1.37 (d, J = 5.0 Hz,
1H), 4.20 (dd, J = 14.0, 5.0 Hz, 1H), 4.48 (dd, J = 14.0, 6.0 Hz, 1H), 6.45 (brs, 1H), 7.20-7.30 (m,
5H). 3C NMR (126 MHz, Chloroform-d) & 26.46, 31.78, 43.35, 55.93, 67.25, 127.73, 128.24,

128.71, 136.90, 167.27. These spectral data were in agreement with literature values.*®

o 0 Al-(S)-VAPOL o
HJ\ Bn 5 mol% TBSO N
TBSO N~ > ~
\)J\H * I\ll H toluene, 0 °C, \A( Bn
2 12h O
11-112b (2R, 3R)-11-178
(2R,3R)-3-(2-((tert-butyldimethylsilyl)oxy)methyl)-N-benzyl-oxirane-2-carboxamide 11-178:

Epoxide 11-178 was synthesized from 2-((tert-butyldimethylsilyl)oxy)acetaldehyde (0.590 mmol,
115 pL) and diazo compound 11-112b (0.50 mmol, 88 mg) catalyzed by aluminum-(S)-VAPOL
catalyst prepared with the general procedure with a 12 h reaction time. The crude product was
purified via column chromatography (20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and
epoxide 11-178 was obtained as a yellowish oil in 78% isolated yield (0.390 mmol, 125 mg). The
enantiomeric excess of epoxide 11-178 was determined to be 56% with chiral HPLC (PIRKLE
COVALENT (R,R) WHELK-O 1 column, 90:10 hexane/2-propanol at 228 nm, flow-rate: 1
mL/min): retention times: Ry = 20.67 min (minor enantiomer, ent-11-178) and Rt = 22.98 min

(major enantiomer, 11-178).
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IH NMR (500 MHz, Chloroform-d) & -0.02 (s, 6H), 0.86 (s, 9H), 3.32 — 3.39 (m, 1H), 3.43 — 3.51
(m, 1H), 3.59 (d, J = 4.8 Hz, 1H), 3.88 (dd, J = 12.1, 3.2 Hz, 1H), 4.36 (dd, J = 14.6, 5.6 Hz, 1H),
4.53 (dd, J = 14.5, 6.5 Hz, 1H), 6.48 (d, J = 6.3 Hz, 1H), 7.23 — 7.33 (m, 3H), 7.30 — 7.37 (m, 2H).
13C NMR (126 MHz, Chloroform-d) & -5.38, -5.36, 18.28, 25.80, 43.01, 54.06, 58.77, 61.24,
127.83, 127.96, 128.85, 137.42, 166.47. IR: 3299brs, 2930w, 1658s, 1512, 1248s, 1092s, 1034m,
834s, 776m. HRMS (ESI-TOF) m/z 322.1872, [(M+H"); calcd for C17H2sNO3Si: 322.1838]. [a]2%

(c 1.0, CHCIs): 0.0252.

o 0 AL-(S)-VAPOL o
QJ\ -PMB Smol% g0 N
TBSO e N > \A( “PMB
N toluene, 0 °C,
2 12h O
1I-112e (2R, 3R)-11-179

(2R,3R)-3-(2-((tert-butyldimethylsilyl)oxy)methyl)-N-(4-methoxy-phenyl)-oxirane-2-carboxamide
11-179:  Epoxide 11-179 was synthesized from 2-((tert-butyldimethylsilyl)oxy)acetaldehyde
(0.590 mmol, 115 pL) and diazo compound 11-112e (0.490 mmol, 103 mg) catalyzed by
aluminum-(S)-VAPOL catalyst prepared under explained general procedure with a 12 h as the
reaction time. The crude product was purified via column chromatography (20 x 250 mm, 3:1 to
1:1 hexane: ethyl acetate as eluent) and epoxide 11-179 was obtained as a yellowish oil in 73%
isolated yield (0.365 mmol, 128 mg). The enantiomeric excess of epoxide 11-179 was determined
to be 50% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1 column, 90:10 hexane/2-
propanol at 228 nm, flow-rate: 1 mL/min): retention times: Ry = 19.69 min (minor enantiomer, ent-
11-179) and Rt = 23.44 min (major enantiomer, 11-179).

IH NMR (500 MHz, Chloroform-d) & 0.03 (s, 6H), 0.86 (s, 9H), 3.30 — 3.37 (m, 1H), 3.40 — 3.50
(m, 1H), 3.56 (d, J = 4.8 Hz, 1H), 3.79 (s, 2H), 3.86 (dd, J = 12.1, 3.1 Hz, 1H), 4.28 (dd, J = 14.4,

5.5 Hz, 1H), 4.46 (dd, J = 14.4, 6.5 Hz, 1H), 6.44 (t, J = 6.0 Hz, 1H), 6.81 — 6.88 (M, 2H), 7.13 —
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7.23 (m, 2H). *C NMR (126 MHz, Chloroform-d) & -5.38, -5.37, 18.28, 25.80, 42.44, 54.03,
55.27, 58.74, 61.22, 114.18, 129.33, 129.57, 159.19, 166.35. IR: 3299brs, 2928w, 1661s, 1092s,
834s, 777m, 731w, 697m. HRMS (ESI-TOF) m/z 352.1964, [(M+H*); calcd for C1sH3oNO4Si:

352.1944]. [a]*°% (c 1.0, CHCl3): 0.1218.

0 Al-(S)-VAPOL
Q 5 mol% O H
mBso_~_J #Nan > TBSO\/\A(N\B
H I\|I H toluene, 0 °C, n
2 12 h O
11-112b (2R, 3R)-11-180
(2R,3R)-3-(2-((tert-butyldimethylsilyl)oxy)propyl)-N-benzyl-oxirane-2-carboxamide 11-180:

Epoxide 11-180 was synthesized from 4-((tert-butyldimethylsilyl)oxy)butanal (0.590 mmol, 135
ML) and diazo compound 11-112b (0.50 mmol, 88 mg) catalyzed by aluminum-(S)-VAPOL
catalyst prepared with the general procedure with a 12 h reaction time. The crude product was
purified via column chromatography (20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and
epoxide 11-180 was obtained as a yellowish oil in 84% isolated yield (0.420 mmol, 159 mg). The
enantiomeric excess of epoxide 11-180 was determined to be 50% with chiral HPLC (PIRKLE
COVALENT (R,R) WHELK-O 1 column, 90:10 hexane/2-propanol at 228 nm, flow-rate: 1
mL/min): retention times: Ry = 12.98 min (minor enantiomer, ent-11-180) and Rt = 15.55 min
(major enantiomer, 11-180).

'H NMR (500 MHz, Chloroform-d) § 0.01 (s, 6H), 0.88 (s, 9H), 1.52 — 1.65 (m, 2H), 1.66 (tdd, J
=10.3, 6.0, 2.0 Hz, 2H), 3.21 (td, J = 6.3, 4.8 Hz, 1H), 3.52 — 3.66 (m, 3H), 4.45 (qd, J = 14.7, 6.0
Hz, 2H), 6.48 (t, J = 6.2 Hz, 1H), 7.23 — 7.37 (m, 5H). 1*C NMR (126 MHz, Chloroform-d) & -
5.34,18.00, 18.28, 24.42, 25.91, 29.18, 42.96, 55.34, 58.55, 62.26, 127.72, 127.90, 128.76, 137.59,
167.28. IR: 3301brs, 2928w, 1660s, 1095s, 833s, 774s, 698w. HRMS (ESI-TOF) m/z 350.2239,

[(M+H"); calcd for C19H32NOs3Si: 350.2151].
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0 Al-(S)-VAPOL o

o
PMB 5 mol% H
- » TBSO No
TBSO\/\)J\H . HJ\N - \/\AT PMB
H toluene, 0 °C,

N; 12h 0
II-112¢ (2R, 3R)-11-181

(2R,3R)-3-(2-((tert-butyldimethylsilyl)oxy)propyl)-N-(4-methoxy-benzyl)-oxirane-2-carboxamide
11-181: Epoxide 11-181 was synthesized from 4-((tert-butyldimethylsilyl)oxy)butanal (0.599
mmol, 135 L) and diazo compound 11-112e (0.499 mmol, 103 mg) catalyzed by aluminum-(S)-
VAPOL catalyst prepared with the general procedure with a 12 h reaction time. The crude product
was purified via column chromatography (20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent)
and epoxide 11-181 was obtained as a yellowish oil in 67% isolated yield (0.335 mmol, 127 mg).
The enantiomeric excess of epoxide 11-181 was determined to be 51% with chiral HPLC (PIRKLE
COVALENT (R,R) WHELK-O 1 column, 90:10 hexane/2-propanol at 228 nm, flow-rate: 1
mL/min): retention times: Rt = 30.97 min (minor enantiomer, ent-11-181) and Rt = 41.86 min
(major enantiomer, 11-181).

IH NMR (500 MHz, Chloroform-d) & 0.01 (s, 6H), 0.87 (s, 9H), 1.50 — 1.62 (m, 2H), 1.59 — 1.70
(m, 2H), 3.20 (td, J = 6.3, 4.7 Hz, 1H), 3.53 (d, J = 4.8 Hz, 1H), 3.54 — 3.64 (m, 2H), 3.79 (s, 3H),
4.32 — 4.44 (m, 2H), 6.40 (t, J = 5.9 Hz, 1H), 6.81 — 6.88 (M, 2H), 7.15 — 7.22 (m, 2H). 3C NMR
(126 MHz, Chloroform-d) & -5.36, 18.27, 24.40, 25.90, 29.19, 42.40, 55.26, 55.33, 58.51, 62.27,
114.09, 129.25, 129.71, 159.12, 167.11. IR: 3309brs, 2928w, 1662s, 1512s, 1247s, 1095s, 1035w,
833s, 774s, 731w. HRMS (ESI-TOF) m/z 380.2338, [(M+H"); calcd for CaoH3sNO4Si: 380.2257]

[0]%% (c 1.0, CHCIs): 0.054.

O Al-(S)-VAPOL
Q 5 mol% O H
EtO -Bn » FEtO N.
+ [ N Bn
H N H toluene, 0 °C,
o) 2 12h 0 O
11-112b (2R, 3R)-11-182
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Ethyl 5-((2S,3S)-3-(benzylcarbamoyl)oxiran-2-yl)pentanoate 11-182:  Epoxide 11-182 was
synthesized from ethyl 6-oxohexanoate (0.60 mmol, 95 mg) and diazo compound 11-112b (0.50
mmol, 88 mg) catalyzed by 5 mol% aluminum-(S)-VAPOL catalyst prepared with the general
procedure with a 12 h reaction time. The crude product was purified via column chromatography
(20 x 250 mm, 3:1 to 1:1 hexane: ethyl acetate as eluent) and epoxide 11-182 was obtained as a
yellowish oil in 75% isolated yield (0.370 mmol, 113 mg). The enantiomeric excess of epoxide I1-
182 was determined to be 76% with chiral HPLC (PIRKLE COVALENT (R,R) WHELK-O 1
column, 85:15 hexane/2-propanol at 228 nm, flow-rate: 1 mL/min): retention times: Rt = 33.45
min (minor enantiomer, ent-11-182) and R: = 39.6 min (major enantiomer, 11-182).

'H NMR (500 MHz, Chloroform-d) § 1.25 (t, J = 7.2 Hz, 4H), 1.49 (qdt, J = 9.9, 7.5, 3.6 Hz, 3H),
1.55 — 1.65 (m, 2H), 2.25 (t, J = 7.4 Hz, 2H), 3.12 — 3.20 (m, 1H), 3.54 (d, J = 4.7 Hz, 1H), 4.12
(9, J = 7.1 Hz, 2H), 4.41 (dd, J = 14.6, 5.8 Hz, 1H), 4.51 (dd, J = 14.6, 6.3 Hz, 1H), 6.48 (t, J =
5.8 Hz, 1H), 7.25—7.37 (m, 5H). 3C NMR (126 MHz, Chloroform-d) & 14.25, 24.52, 25.53, 27.39,
33.94, 42.95, 55.21, 58.34, 60.31, 127.74, 127.93, 128.78, 137.64, 167.15, 173.31. IR: 3325brs,
2930w, 1729s, 1662s, 1572s, 1162s, 699s. HRMS (ESI-TOF) m/z 306.1732, [(M+H"); calcd for
C17H24NO4: 306.1705] [0]%% (c 1.0, CHCls): 0.1193.

TBAF

0 . 0
/ \ H 2.0 equiv. / \ H
/\\\\\ ‘1, N\ - /\\\\\ ‘1, N\
TBSO ”/ PMB THF, 0 °C-rt, HO ”/ PMB
O 12 h O
(2R, 3R)-11-168 (2R, 3R)-11-185

(2R,3R)-3-(2-hydroxyethyl)-N-(4-methoxybenzyl)oxirane-2-carboxamide 11-185: To a solution of
epoxide 11-168 (0.490 mmol, 183 mg) in S mL THF in a 25 mL round bottom flask at 0 °C was
added tetrabutylammonium fluoride (1 mmol, 1M solution in THF, 1 mL) and the resulting

solution was stirred at room temperature for 12 h. After removing the solvent under reduced
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pressure the resulting crude mixture was purified via column chromatography (20 x 250 mm, 1:1
hexane: ethyl acetate, pure ethyl acetate and 19:1 ethyl acetate: methanol) and compound 11-185
was obtained as a white solid in 84% yield (0.420 mmol, 106 mg). mp: 75-76 °C.

IH NMR (500 MHz, Chloroform-d) & 1.70 — 1.82 (m, 2H), 3.34 (td, J = 6.4, 4.8 Hz, 1H), 3.57 (d,
J = 4.8 Hz, 1H), 3.80 (s, 3H), 3.75 — 3.87 (M, 2H), 4.32 — 4.45 (m, 2H), 6.44 (s, 1H), 6.83 — 6.90
(m, 2H), 7.14 — 7.25 (m, 2H). 3C NMR (126 MHz, Chloroform-d) & 30.76, 42.52, 54.77, 55.30,
56.47,59.71, 114.14, 129.32, 129.51, 159.18, 167.16. IR: 3259brs, 1646s, 1511s, 1249s, 1031s,
806s, 572m. HRMS (ESI-TOF) m/z 274.1138, [(M+Na"); calcd for C13H17NOsNa: 273.0977],

[0]% (c 1.0, CHCls): 0.0161.

o NaH TsCl NaH ~0
/\ g 1.2 equiv. 1.2 equiv. 4.0 equiv. (1
/\\\\\ /,,, ~ - - -
HO [ PMB  hF 0°Co, THF, 1t, 12 h THF, 0 °C-rt, N0
0 1h 1h |
PMB
(25, 35)-11-185 (25, 35)-11-186

(1S,6S)-3-(4-methoxybenzyl)-7-oxa-3-azabicyclo[4.1.0] heptan-2-one 11-186. A flamed dried 25
mL round bottom flask was charged with compound 11-185 (0.499 mmol, 126 mg), and 5 mL THF.
Then the resulting solution was cooled down to 0 °C, followed by addition of NaH (0.5 mmol,
60% dispersed in mineral oil, 20 mg). The reaction was warmed up to room temperature and stirred
for an additional 1 h. Next, the reaction vessel was cooled down to 0 °C and freshly purified 4-
toluenesulfonyl chloride (0.590 mmol, 115 mg) was slowly added. The resulting solution was
warmed up to room temperature and stirred for another hour. After cooling down the temperature
of the reaction to 0 “C, NaH (2.0 mmol, 60% dispersed in mineral oil, 80 mg) was added slowly
followed by gradual warming up to room temperature and stirring at ambient temperature for 1 h.
Then, the reaction was quenched with careful addition of saturated aqg NH4Cl. The aqueous layer

was separated and extracted three times with ethyl acetate. The combined organic layer was
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washed with brine, dried over Na2SO4 and purified via column chromatography (20 x 250 mm,
2:1 to 0:1 hexane: ethyl acetate). Compound 11-186 was obtained as pure white solid in 67% yield
(0.33 mmol, 78 mg). The structure of this compound was confirmed unequivocally with x-ray
structural analysis (CCDC number: 1972358). mp: 67-68 °C. mp of crystal: 68-69 °C.

'H NMR (500 MHz, Chloroform-d) & 1.90 (ddd, J = 14.4, 12.7, 6.1 Hz, 1H), 2.23 (dq, J = 14.6,
2.7, 2.2 Hz, 1H), 2.86 — 2.95 (m, 1H), 3.28 (td, J = 12.6, 4.3 Hz, 1H), 3.53 (d, J = 4.1 Hz, 1H),
3.58 (t, J = 3.4 Hz, 1H), 3.78 (d, J = 2.0 Hz, 3H), 4.38 (d, J = 14.6 Hz, 1H), 4.59 (d, J = 14.5 Hz,
1H), 6.81—6.87 (m, 2H), 7.11 — 7.18 (m, 2H). 3C NMR (126 MHz, Chloroform-d) § 24.10, 39.84,
49.79, 50.98, 53.04, 55.26, 114.02, 128.54, 129.26, 159.06, 166.66. IR: 1641s, 1512m, 1246s,
811m, 588m. HRMS (ESI-TOF) m/z 234.1153, [(M+H"); calcd for C13H16NOs: 234.1130], [0]®p
(c 1.0, CHCIl3): 0.3521.

The crystal of compound 11-186 was grown under following condition: 20 mg of compound 11-
186 was dissolved in 5 mL of anhydrous diethylether in a 20 mL vial. Then the vial was covered
with a aluminum foil which had holes in it. Slow evaporation of diethyl ether, induced the

subsequent crystal growth.

o0 Ce(NH4),(NO3)s o9
(1 1.2 equiv. - (1
ITI o MeOH:H,0, 4:1 N 0
PMB 0°C,12h H
(28, 35)-11-186 (25, 35)-tedanalactam
11-123

(—)-tedanalactam 11-123: To the stirring solution of compound 11-186 (0.490 mmol, 117 mg) in
12.5 mL methanol: water (4:1) at 0 °C was added Ce(NHa4)2(NO3)s (0.590 mmol, 329 mg) and the
resulting mixture was stirred at 0 °C for 12 hour. The reaction was quenched with the addition of
saturated NH4Cl. The aqueous layer was separated and extracted three times with ethyl acetate.
The combined organic layer was washed with brine, dried over Na.SO4 and purified via column
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chromatography (20 x 250 mm, 2:1 to 0:1 hexane: ethyl acetate then 19:1 ethyl acetate: methanol).
Compound 11-123 was obtained as a yellow oil in 75% yield (0.375 mmol, 42.1 mg).

H NMR (500 MHz, Chloroform-d) § 1.95 — 2.07 (m, 1H), 2.28 (dddd, J = 14.6, 4.3, 2.8, 1.2 Hz,
1H), 3.03 (dtt, J = 12.3, 6.1, 1.4 Hz, 1H), 3.27 — 3.46 (m, 2H), 3.58 — 3.63 (M, 1H), 6.66 (s, 1H).
13C NMR (126 MHz, Chloroform-d) & 23.51, 35.27, 50.66, 53.14, 169.14. HRMS (ESI-TOF) m/z
114.0584, [(M+H"); calcd for CsH7NO2: 114.0555], [a]®p (0.1 M, MeOH): —7.1. Literature value:
[0]®p (0.1 M, MeOH): -7.9 These data matched with literature values.?°?

nBuLi TBSCI
oo Loequiv.  10equiv. . o~~~y

THEF, -78 °C -78 °C-rt,3 h
0.5h 11-184

General procedure 2: mono-protection of diol:?

3-((tert-butyldimehylsilyl)oxy)propan-1-ol 11-184: To a stirring solution of 1,3-propan-diol (42
mmol, 3.0 mL) in 80 mL of THF at -78 °C was added n-BuLi (42 mmol, 2.5 M in hexane, 17 mL)
and the resulting solution was stirred at the same temperature for 30 minutes. Then a solution of
tBuMe,SiCl (42.1 mmol, 6.33 g) in 10 mL THF was added to the stirring solution at -78 °C
followed by warming up the reaction vessel to room temperature and stirring it at ambient
temperature for 3 h. The reaction was quenched by slow addition of saturated NH4Cl. Then the
aqueous layer was separated, extracted three times with diethyl ether. The combined organic layer
was washed with brine and dried over Na;SOa. After removing the solvent under reduced pressure,
the crude mixture was purified via column chromatography (20 x 250 mm, 5:1 to 2:1 hexane: ethyl
acetate) and the desired product was obtained as a colorless oil in 90% isolated yield (38 mmol,
7.2 g). 'H NMR (500 MHz, Chloroform-d) & -0.02 (s, 6H), 0.86 (s, 9H), 1.73 (p, J = 5.7 Hz, 2H),
3.73 (m, 2H) 3.75 (dt, J = 5.2 Hz, 2H). 3C NMR (126 MHz, Chloroform-d) & -5.51, 18.17, 25.86,

34.13, 62.47, 62.97. These data are in agreement with literature values.?’

156



nBuLi TBDPSCI

1.0 equiv. 1.0 equiv.
HO™ >"on . I s TBDPSO”"oH
THEF, -78 °C -78 °C-rt, 3 h
0.5h

S-1
3-((tert-butyldiphenylsilyl)oxy)propan-1-ol S1: Compound S1 was synthesized from 1,3-propan-
diol (42 mmol, 3.1 mL) and tBuPh,SiCl (42.01 mmol, 11.54 g) with the general procedure 2. The
resulting alcohol S1 was purified via column chromatography (20 x 250 mm, 5:1 to 2:1 hexane:
ethyl acetate) and a white solid was afforded as the pure product in 87% yield (36.54 mmol, 11.49
9).

IH NMR (500 MHz, Chloroform-d) § 1.07 (s, 9H), 1.83 (p, J = 5.7 Hz, 2H), 2.42 (s, 1H), 3.86 (t,
J = 5.6 Hz, 4H), 7.37 — 7.45 (m, 4H), 7.42 — 7.49 (m, 2H), 7.67 — 7.75 (m, 4H). *C NMR (126
MHz, Chloroform-d) 6 19.09, 26.83, 34.20, 62.06, 63.37, 127.77, 129.80, 133.20, 135.55. These
data are in agreement with literature values.?®

nBuLi TBSCI
HO A~~~y LOequiv.  10equiv. N\~ _OH

THEF, -78 °C -78 °C-rt,3 h
0.5h

s-2
4-((tert-butyldimethylsilyl)oxy)butan-1-ol S2: Compound S2 was synthesized from 1,3-butan-diol
(34 mmol, 3.0 mL) and tBuMe>SiCl (34 mmol, 5.1 g) with the general procedure 2. The resulting
alcohol S2 was purified via column chromatography (20 x 250 mm, 5:1 to 2:1 hexane: ethyl
acetate) and a colorless oil was afforded as the pure product in 76% yield (25.8 mmol, 5.28 g).
IH NMR (500 MHz, Chloroform-d) & 0.06 (s, 6H), 0.89 (s, 9H), 1.57 — 1.70 (m, 4H), 3.60 — 3.69
(m, 4H). C NMR (126 MHz, Chloroform-d) & -5.42, 18.28, 25.88, 29.88, 30.24, 62.74, 63.34.

These data are in agreement with literature values.?
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DMSO, 2.2 equiv. Et;N o

(COCl),, 1.1 equiv. 5.0 equiv.
TBSO™ >"oH 2 > Y TBSO/\)J\H
DCM, -78°C,1h  -78°C-rt,1h

11-184 11-168

General procedure 3: Swern oxidation:

3-((tert-butyldimethylsilyl)oxy)propanal 11-168: In a flamed dried 500 mL round bottom flask
under N2, DMSO (33 mmol, 2.3 mL) and CH2Cl> (100 mL) were added. Then the reaction vessel
was cooled down to -78 °C and a solution of oxalyl chloride (16.5 mmol, 1.01 mL) in 10 mL
CHCl, was slowly added. After 10 minutes, alcohol 11-184 (15 mmol, 2.8 g) as a solution in 7.5
mL of CH2Cl> was added slowly and the reaction mixture was stirred at -78 °C for 1 h. The reaction
mixture was warmed up to room temperature after the addition of EtsN (75 mmol, 10 mL) and it
was quenched by the addition of saturated NH4CI. The organic layer was separated and washed
with saturated CuSOs solution and brine. The resulting solution was dried over Na>SO4 and the
solvent was removed under reduced pressure. Simple distillation (b.p. 65 °C, 1 mmHg) afforded
pure aldehyde 11-168 as a colorless oil in quantitative yield (15 mmol, 2.8 g).

IH NMR (500 MHz, Chloroform-d) & 0.06 (s, 6H), 0.86 (t, J = 1.2 Hz, 9H), 2.57 (tdd, J = 6.0, 2.2,
0.9 Hz, 2H), 3.97 (td, J = 6.0, 0.9 Hz, 2H), 9.78 (td, J = 2.0, 0.8 Hz, 1H). 3C NMR (126 MHz,
Chloroform-d) 6 -5.47, 18.19, 25.78, 46.53, 57.37, 202.01. These data are in good agreement with
literature values.*

DMSO, 2.2 equiv. Et;N (0]

(COCl),, 1.1 equiv. 5.0 equiv.
TBDPSO™ > “OH 2 > a > TBDPSO/\)J\H
DCM,-78°C,1h  -78°C-rt, 1 h

S-1 11-169

3-((tert-butyldiphenylsilyl)oxy)propanal 11-169: Aldehyde 11-169 was prepared from alcohol S1

(9.5 mmol, 3.1 g) with the general procedure 3 and purified via column chromatography (20 x 250
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mm, 19:1 to 9:1 hexane: ethyl acetate) which afforded a white solid as the pure product in 78%
yield (7.41 mmol , 2.32 g).

'H NMR (500 MHz, Chloroform-d) & 1.04 (s, 9H), 2.61 (td, J = 6.0, 2.2 Hz, 2H), 4.03 (t, J = 6.0
Hz, 2H), 7.36 — 7.44 (m, 4H), 7.41 — 7.49 (m, 2H), 7.63 — 7.70 (m, 4H), 9.83 (t, J = 2.2 Hz, 1H).
13C NMR (126 MHz, Chloroform-d) § 19.13, 26.74, 46.37, 58.27, 127.76, 129.81, 133.21, 135.53,

201.95. These data are in agreement with literature values.®

DMSO, 2.2 equiv. Et;N
A~ _~_-OH (COCl),, 1.1 equiv. 5.0 equiv. H
TBSO > > TBSO/\/\H/
DCM,-78°C,1h  -78°C-t, 1 h o)
S-2 S-3

4-((tert-butyldimethylsilyl)oxy)butanal S-3: Aldehyde S-3 was prepared from alcohol S-2 (14.7
mmol, 3.01 g) with the general procedure 3 and purified via column chromatography (20 x 250
mm, 19:1 to 9:1 hexane: ethyl acetate) which afforded a colorless oil as the pure product in
quantitative yield (14.7 mmol, 2.97 g).

IH NMR (500 MHz, Chloroform-d) & 0.03 (s, 6H), 0.89 (s, 9H), 1.86 (tt, J = 7.0, 6.0 Hz, 2H), 2.51
(td, J = 7.1, 1.7 Hz, 2H), 3.65 (t, J = 6.0 Hz, 2H), 9.79 (t, J = 1.7 Hz, 1H). These data are in

greement with the literature values.?®

0 DMSO, 2.2 equiv. Et;N 0
)J\/\/\/OH (COCl),, 1.1 equiv. 5.0 equiv. H
EtO > > EtO
DCM,-78°C,1h  -78°C-rt, Th 0
S-4 S-5

ethyl 6-oxohexanoate S-5: Aldehyde S-5 was prepared from ethyl 6-hydroxyhexanoate S-4 (18
mmol, 3.0 mL) with the general procedure 3 and purified via simple distillation which afforded

the pure product as a colorless oil in 80% yield (14.72 mmol, 2.328 g).
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IH NMR (500 MHz, Chloroform-d) & 1.21 (t, J = 7.1 Hz, 3H), 1.57 — 1.69 (m, 4H), 2.24 — 2.33
(m, 2H), 2.39 — 2.47 (m, 2H), 4.08 (g, J = 7.2 Hz, 2H), 9.73 (t, J = 1.6 Hz, 1H). 2*C NMR (126
MHz, Chloroform-d) § 14.19, 21.44, 24.32, 33.92, 43.46, 60.29, 173.18, 202.06. These data are in

agreement with literature value.®2
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3.1. Introduction

Brensted acid catalysis has been an important field in organic synthesis. Among all of the chiral
Brensted acid catalysts that have been developed chiral phosphoric acid catalysts have received a
great deal of attention these days.! These catalysts and their derivatives have been used as efficient
organocatalysts in numerous organic transformations including asymmetric catalysis,? photo redox
catalysis®* and polymer chemistry®. Attempts are still ongoing in this field to design active chiral
biaryl phosphoric acid catalysts with a well-defined chiral environment around the active site.
3.1.1. The discovery of chiral biaryl phosphoric acid catalyst

The concept of organocatalysts in forging C-C bond formation was first introduced by List, Barbas
and Macmillan in 2000.%7 List and Barbas reported the use of Proline as an efficient catalyst in the
direct asymmetric aldol reaction. Macmillan reported the use of catalyst 111-7 in catalyzing

asymmetric Diels-Alder reactions (scheme 111-1).

Scheme I11-1. Proline catalyzed asymmetric C-C formation

&COZH

0 0 N O OH
)J\ . H 111-3, 30 mol% _
DMSO
N02 NOZ
-1 1I1-2 111-4
yield: 68%
ee: 76%
0 /
Vv
O Ph “HCI
Ph\f j‘\H 111-7, 20 mol% _ Ph\@“
+ _—
MeOH-H,0
X eV CHO
1-5 I11-6 11-8
yield: 75%
ee: 90%
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Despite the advancement in Proline-catalyzed organic transformations, Brensted acid catalysis
remained ill-developed until 2003 when Akiyama reported the use of BINOL phosphoric acid

catalysts in the Mannich reaction (table I11-1).8°
Table I11-1. Catalyst optimization in a Mannich-type reaction

B(OH), .
1)ArX, Pd

2) BBI'3

OMe

WOMe  3)POCl
4)HCI

“'B(OH),

111-9 111-10a: Ar=H
I1-10b: Ar = C¢H;
II-10¢: Ar = 2,4,6-Me;CgH,
I11-10d: Ar = 4-MeOCH,
II-10e: Ar = 4-NO,C4H,

"

HO
j@ OTMS I11-10 HN
N o A_CO,Me
N \%\OMe 30 mol% - Ph/>< 2
)| toluene, -78 °C
Ph t/h
I1I-11a 1I1-12a II1-13a
entry Ar time/h yield% ee%
1 H 22 57 0
2 CeHs 20 100 27
3 2,4,6-Me;C¢H, 27 100 60
4 4-MeOC¢H, 46 99 52
5 4-NO,C¢Hy 4 96 87
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BINOL catalyst 111-10a was prepared from the reaction of BINOL with phosphorous oxychloride
and the use of this catalyst in the Mannich reaction of aldimine 111-11a and ketene silyl acetal 111-
12a which delivered product I11-13a with no enantioinduction (table I11-1, entry 1). To improve
the enantioselectivity, a library of BINOL phosphoric acid catalysts bearing various substituents
in 3,3’-positions were synthesized and examined in this reaction. After screening these catalysts,
it was found that the one with para-nitro-phenyl as the substituent in the 3,3’-positions, 111-10e
was the optimum catalyst (Table I11-1, entry 5). Further optimization and substrate scope screening
yielded the Mannich adduct 111-13 in excellent yield and enantioselectivity.® Mono-substituted
ketene silyl acetals also performed well and produced the desired adduct with high syn selectivity

(scheme 111-2).°

Scheme 111-2. Asymmetric catalytic Mannich-type reaction

HO
o g
@ OTMS III-10e H
N + \%\OMe 30 mol% - R1/><C02Me
J| toluene, -78 °C
Rl 24h

"'Z

II-11 I11-12a I11-13

HO
o | )
@ OR 111-10e HN
N + H\%\OMQ 30 mol% - Rl/\/CO2Me
J| R* toluene, -78 °C 4
Rl 24 h

I11-10e

T

I-11 11112 111-13

One of the interesting features of this report was its strategy to overcome product inhibition. A
prevalent obstacle in Mannich reaction is the higher affinity of the product toward the catalyst due
to its higher basicity than the starting materials. This problem was resolved by placing a hydroxy

group in ortho position of the aryl substituent on the nitrogen. As a result, the lone pair on the
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amine 111-17 will form a Lewis base-Lewis acid adduct with the silyloxy group which led to a
decrease in its basicity; however, imine 111-11 forms a weaker hydrogen bond with the hydroxy
group due to the higher electronegativity of imine over amine and also the limitation which was
posed by the geometry of the imine (scheme 111-3).

Scheme 111-3. Basicity of imine vs amine

\Sl/
R --H -1
\:N@ b O o
N R\/Iil'//
H
I-11 1-17

The presence of the ortho-hydroxy substituent was also crucial in achieving high induction in
asymmetric Mannich reaction. Conducting the same reaction with the para-hydroxy phenyl group
as the nitrogen substituent yielded the desired adduct 111-13a in only 20% ee and with a substantial

decrease in yield (Table 111-2, entry 2).

Table 111-2. The effect of hydroxy group on reactivity in Mannich reaction

0
7 2y OTMS 111-10 HY
AT+ _— 10 mol% ~_-COMe

N OMe —— 2O o Ph/><

)| toluene, -78 °C
Ph t/h
II1-11a III-12a 1I1-13a
entry X time/h yield% ee%
1 2-OH 13 98 89
2 4-OH 33 28 20
3 2-OCH, 46 56 3
4 H 43 76 39 1I1-10e
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Also, performing the reaction with imine I11-11a bearing methoxy group as the substituent in the

ortho position produced amine I11-13a in only 3% ee which indicated the importance of placing

hydroxyl group in ortho position (table 111-2, entry 3).%°

After an extensive computational study, Akiyama was able to propose the mechanism for this

asymmetric catalytic Mannich reaction (scheme 111-4).

Scheme 111-4. Proposed mechanism
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The mechanism of this reaction was triggered via the deprotonation of the catalyst which formed

the ion-pair 111-14. It is proposed that the second hydrogen bond between the catalyst and the
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hydroxy moiety of the imine is responsible for achieving high induction presumably by rigidifying
the structure in the enantiodetermining step. The mechanistic cycle continues via the reaction of
the activated imine 111-14 with the silyl ketene acetal 111-12a which produces the intermediate 111-
15. An intramolecular silyl transfer to the hydroxy moiety followed by its deprotonation
regenerates the catalyst 111-10e and yields intermediate 111-17. Eventually, the hydrolysis of
intermediate 111-17 affords the desired product 111-13a.

Chiral phosphoric acid catalysts have also been used in other asymmetric organic transformations
such as hydrophophonylation of imines and inverse electron demand heteroatom Diels-Alder
reactants by the same group.t12

Later in 2004, Terada also reported the asymmetric Mannich reaction of N-Boc-protected imines

Table I11-3. Catalyst optimization in the Mannich-type reaction of N-Boc-imine 111-18a

984
’BOC O\ /O

_Boc  1I-10,2mol% HT;I O/P\/
)N| acac, 1.1 equiv. Ph/\r Ac O w OH
DCM, 25 °C CI ,
Ph 1h Ac /,Ar
I11-18a [11-19a III-10a: Ar=H

III-10b: Ar = C4Hj;
III-10f: Ar = 4-BiPh
IT1-10g: Ar = 4-(b-Naph)-C¢H,

entry Ar yield% ee%
! H 92 12
2 CeHs 95 56
3 4-Ph-C¢H, 88 90
4 4-(b-Naph)-C¢Hy 99 95
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and acetyl acetone.’®* When the BINOL phosphoric acid I11-10a was used as the catalyst, the
product 111-19a was produced in excellent yield but in only 12% ee. Further optimization revealed
that 4-(naphthalen-1-yl) phenyl was the optimum substituent and the product I11-19a was
produced in excellent yield and excellent ee (table 3). A wide substrate scope was possible and the
enantioenriched products I11-19 were afforded in excellent yield an asymmetric induction (scheme
111-5).

Scheme I11-5. Catalyst optimization in Mannich-type reaction of N-Boc-imine 111-18

.Boc
Boc  IMI-10,2mol% HY
)N| acac, 1.1 equiv. R/\r Ac
DCM, 25 °C
R >
' h Ac

I11-18 I11-19 I11-10g
up to 99% yield Oe

up to 98% ee
In 2005 the BINOL phosphoric acid catalysts 111-10 were also investigated in the direct alkylation
of a-diazo ester 111-20 by the same group.2* One of the common methods in the synthesis of chiral
aziridines is the reaction of diazo compounds I11-20 with imines 111-18 in presence of Lewis acid
or Bransted acid catalysts which is well documented in our lab and others.*>61718 |t was assumed
that the same reaction catalyzed by chiral phosphoric acid catalyst 111-10 would produce o-
alkylated diazo compound 111-22 since the phosphate anion is basic enough to deprotonate
transition state 111-21 (path A, scheme I11-6). It was also thought that the aziridination reaction
(path B) would be slower than deprotonation (path A) because of the energy demand associated
with the formation of the aziridine ring. With these assumptions, the direct alkylation reaction of

diazo compound 111-20 was conducted in presence of catalyst 111-10h and the alkylated product
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111-22 was obtained in 59% yield and 90% ee as the sole product of this reaction. A wide substrate
scope of substituents was tolerated and the desired alkylated products I11-22 were obtained in good

yield and excellent enantioselectivity.

Scheme I11-6. Direct alkylation of diazo compound

— — BocHN (0]
Path B
X

H Boc
o) Bronsted acid ( o) N N,
O

/ R
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X. .B talyst !
R/\N oC 4 H\[HJ\X catalys - J\I\I\\< D I1-22
R ’WX
Ny H,/A N. B
@ \\N -N2
R

oc, O
N
X

\

<N

Path A

I11-18 I11-20 I11-21 I11-23

/g HN

N 0 R30,C H  II-10h, 2 mol% 3

I | - oty
DCM, 25 °C

5h

I11-18 111-20 11-22 111-10h ‘
up to 89% yield
up to 97% ee

Same group also used BINOL phosphoric acid-based catalysts were used in other reactions such
as aza-Friedel-crafts reaction, Friedel-Crafts reaction, aza-ene-type reaction/cyclization cascade
and etc.1%%0

3.1.2. VAPOL and VANOL phosphoric acid catalysts

VAPOL phosphoric acid 111-27 was synthesized in 2007 by Jon Antilla for the first time and was
used in the asymmetric amidation of imines.?"?? In this report, the synthesis of racemic aminal 111-

26 was investigated with the non-chiral organocatalyst 111-25 (scheme 111-7). A wide range of
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amides and carbamates were tolerated and hemiaminals 111-26 were produced in moderate to
excellent yield. Next, the viability of the asymmetric catalytic amidation of imines was explored
and it turned out that the VAPOL phosphoric acid 111-27 was the superior catalyst over the BINOL
phosphoric acid. Catalyst 111-27 catalyzed the asymmetric amidation reaction with good yields

and enantioselectivity.

Scheme 111-7. Direct alkylation of diazo compound

(0] .Boc 0)
)J\ I11-25 Iﬂ\l\ Q i)' O
N~ >Bu 2 5-10 mol% _R2 N
I RN i
R! ether, 25 °C H
20min-24 h
IT1-18 111-24 I11-26 I11-25
up to 99% yield
O . Boc
J 111-27 HN
N~ >Bu 2 5-10 mol% ~__.R?
J v RNH —> RN
R! ether, 25 °C H
20min-24h
I11-18 I11-24 I11-26

up to 99% yield
up to 99% ee

In another report in 2007, Antilla reported the use of VANOL hydrogen phosphate 111-31 and
VAPOL hydrogen phosphate 111-27 in the asymmetric reduction of imines 111-28 with Hantzsch
ester 111-29 (scheme 111-8).2% Initial screening of biaryl phosphoric acid catalysts proved the
effectiveness of VAPOL phosphoric acid 111-27 over the VANOL 111-31 and the BINOL
derivatives phosphoric acid 111-10. Imine 111-28a underwent asymmetric reduction and produced
amine 111-30a with excellent yield and excellent enantioselectivity in presence of VAPOL

phosphoric acid catalyst 111-27 (table 111-4, entry 5). However, the same reaction catalyzed with
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VVANOL phosphoric acid 111-31 produced the amine 111-30a in <5% yield and only 17% ee (table
I11-4, entry 4). Catalyst 111-27 was an efficient catalyst in catalyzing the reduction of a wide range

of substrates in good yield and excellent induction (scheme 111-8).

Table I11-4. Catalyst optimization in the asymmetric reduction of imine

.Boc EtO,C CO,Et Catalyst
N 5 mol%
Hon = ) -
Ph™ "CO,Et N toluene, 50 °C Ph >

H 19h

I11-28a 111-29 I11-30a

III-10i: Ar =2-Naph 111-31 I11-27

III-10h: Ar = Anthryl
II1-10j: Ar = Ph;Si

entry catalyst yield% ee%
1 I11-10i 29 27
2 III-10h 77 30
3 I11-10j 6 1
4 1-31 <5 17
5 I-27 99 96
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Scheme 111-8. Asymmetric reduction of imine 111-28 catalyzed by chiral phosphoric acid

catalyst
OMe
.Boc EtO,C CO,Et 1-27 /©/
)Nl\ . Jl\/\/li 5 mol% o H
R CO,Et N toluene, 50 °C R/\COzEt

H 19h

mz

I11-28 111-29 111-30
up to 98% yield
up to 98% ee

The VAPOL phosphoric acid catalyst has been also utilized in desymmetrization of meso-
aziridines by Antilla’s research group.?*

3.1.3. Discovery and development of N-Triflyl-BINOL phosphoramide

After landmark discovery of the effectiveness of chiral BINOL phosphoric acid in asymmetric
catalysis by Akiyama and Terada, these catalysts have become widely accepted by organic
chemists and utilized in numerous asymmetric transformations. However, the main drawback of
these chiral phosphoric acid catalysts was its weak acidity; therefore, it was mainly used in the
activation of more basic substrates such as imines and aziridines. In 2006, Yamamoto reported a
breakthrough in Brgnsted acid catalysis.?® His hypothesize was to increase the acidity by
incorporating strong electron-withdrawing groups such as N-triflyl group into the chiral
phosphoric acid.?® N-triflyl phosphoryl BINOL deravatives were prepared via phosphorylation and
amidation of optically active BINOL derivatives. This catalyst was investigated in Diels-Alder
reactions between ethyl vinyl ketone 111-35 and diene 111-36. Optically active BINOL phosphoric
acid 111-10b did not show any reactivity presumably due to its lower acidity (table 111-5, entry 1).
Interestingly, N-triflyl phosphoryl BINOL catalyst 111-34b, catalyzed the reaction of ethyl vinyl
ketone 111-35 with diene 111-36 and the Diels-Alder 111-37 adduct was produced in 95% yield and

92% ee (table I11-5, entry 3). The silylated catalyst 111-38b was also evaluated in the Diel-Alder
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reaction; however, no cycloadduct product was observed with 5 mol% catalyst loading (scheme

111-9).

Table 111-5. N-triflyl BINOL phosphoramide catalyzed Diels-Alder reaction

Ar POCl;, 1.2 equiv.
DMAP, 2 equiv.

OH EtNj3, 7 equiv. T{NH,, 2 equiv.
WOH  DCM,0-25°C ~ ECN, reflux
2h
N
I11-32, Ar = C¢Hs 111-34

111-33, Ar = 1,3,5-(i-Pr)3C6H2

I11-34a: Ar = C¢H,
I11-34b: Ar = 1,3,5-(i-Pr);C¢H,

Catalyst
5 mol% - /
toluene, -78 °C
3h C(O)Et
I11-35 111-36 II1-37
endo:exo, 98:2
entry catalyst yield% ee%

1 II1-10b 0 N.D.
2 1I1-34a <10 N.D.
3 111-34b 95 92
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A good range of substrates were tolerated under the standard reaction condition and the desired
cycloadducts 111-39 were obtained in good yield and enantio-induction (scheme 111-9). Catalyst
111-34 turned out to be an effective catalyst in asymmetric 1,3-dipolar cycloaddition of nitrones
with ethyl vinyl ether reported by Yamamoto in 2008 (not shown).2” Rueping also reported the use

of catalyst 111-34 in asymmetric Nazarov cyclization (not shown).?®

Scheme 111-9. N-triflyl BINOL phosphoramide catalyzed Diels-Alder reaction

OTIPS
OTIPS
Ar NP
Ph 111-38
0. 9 25 mol% 1.5 equiv.
>P\/ > S > No Reaction
0" NHTf DCM, rt, -78°C,3h
30 min
,"’Ar
I11-34b I11-38b
5 mol%
Ar: 1,3,5-(iPr);C¢H,
0 ‘ :
OSIR3 I11-34b = \\C(O)Et
ﬁEt + RI‘L/\/\ ot /©
toluen;,h-78 °C R,SiO :
Rl
111-35 I1-36 111-39

endo:exo, 98:2
It is known that in the periodic table, acidity increases by moving from top to bottom in a group.
A good example is the pKa of PhOH (18.0), PhSH (10.3), and PhSeH (7.1) in DMSO and the
reason is the ability of the conjugated base to stabilize the negative charge. Inspired by this fact,
Yamamoto designed the BINOL Brgnsted acid catalysts 111-40 to 111-43 bearing thio and seleno
groups in place of oxygen (table 111-6).2° BINOL phosphoramide catalysts were prepared from
optically active BINOL via thio- and seleno-phophorylation followed by amidation. The x-ray
structural analysis of catalyst 111-42b revealed a phosphorous-sulfur double bond; therefore, the
acidic proton should be located on NTf group. Next, the enantioselective protonatonation of

prochiral silyl enol ether 111-44a was explored in the presence of a stoichiometric amount of 2,4,6-
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trimethylbenzoic acid as the proton source. Interestingly, catalysts 111-40 and 111-41 did not
promote the reaction at all; presumably, due to their lower acidity. However, catalysts 111-34a, 111-
42a, and 111-43 yielded the desired product in quantitative yield. It is also interesting to note that
the catalyst I111-42a and 111-43 bearing thio and seleno groups afforded the product I11-45a in
higher enantioselectivity and also faster reaction than the catalyst 111-34a. After further
optimization, it turned out that the catalyst 111-42b is the optimum catalyst and under the optimum
reaction conditions it catalyzed the asymmetric protonation of a wide range silyl enol ether 111-44
bearing an aromatic component in a-position. Moderate enantioselectivity was obtained with silyl

enol ether 111-44 bearing an aliphatic component in the a-position.

Table 111-6. N-triflyl BINOL phosphoramide catalyzed enantioselective protonation of silyl
enol ether

OTMS 0 Ar 111-40: X=0, Y=OH, Ar = 2,4,6-(iPr);CcH,
Ph Catalyst Ph x 111-41: X=0, Y=SH, Ar = 2,4,6-(iPr);C¢H,

10mol% O>P</ I11-34a: X=0, Y=NHTT, Ar = 2,4,6-(iPr);C¢H,
2,4.6- 0" Y III-42a: X=S, Y=NHT, Ar = 2,4,6-(iPr);C4H,
Me;C¢H,CO,H ) II1-42b: X=S, Y=NHTT, Ar = 4-fBu-2,6-(iPr),C¢H,
1.1 equiv. “Ar I11-43: X= = - (i
11443 q 0 111454 Se, Y=NHTT, Ar = 2,4,6-(iPr);C¢H,
toluene, 25 °C
entry catalyst time/h  yield% ee%
1 111-40 96 N.R. N.D.
2 r-41 96 N.R. N.D.
3 II-34a 45 98 54
4 lI-42a 45 97 78
5 111-43 3.5 97 72
OTMS 0

R 111-42b R
5 mol% o
PhOH, 1.1 equiv.
toluene, 25 °C
6-40 h
111-44 111-45
up to 99% yield

up to 90% ee
It is also worth noting that the asymmetric catalytic protonation of silyl enol ether 111-44 did not

get promoted in the absence of an achiral proton donor even in the presence of the stoichiometric
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amount of catalyst 111-42b. Based on this observation, a two-step sequence was proposed for the
mechanism of this reaction. First, the intermediate chiral oxonium ion pair 111-46 is generated via
the protonation of the achiral proton donor with chiral Brensted acid catalyst 111-42b. Next, the
rapid proton exchange between chiral intermediate 111-46 and silyl enol ether 111-44 followed by
a subsequent desilylation of resulting chiral ion pair intermediate 111-47 yields the enanantio-

enriched ketone 111-45 and regenerates the catalyst 111-42b.

Scheme 111-10. Proposed mechanism for enantioselective protonation of silyl enol ether

0
R PhOH
PhOTMS -+ CO\ S
/P\
O NHTf
111-45
111-42b
PhOH
TMS HEH
\O® O\ /S
oH S Il R K
/P\Ce H 0 NTf
O NTf
111-46
111-47 oxonium ion pair
OTMS
R
PhOH
111-44

Yamamoto also reported the use of catalyst 111-42 in other asymmetric transformations including
Mukaiyama aldol reaction, Hosomi-Sakurai reaction, and others (not shown).3:3t

3.1.4. Synthesis of N-Triflyl-VANOL/VAPOL phosphoramide

Our group reported the gram-scale synthesis of N-triflyl-VANOL/VAPOL phosphoramides in

2010.%2 An efficient synthesis of catalyst 111-53b derived from ligand 111-52b was also introduced
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(scheme 111-11). Ligand 111-52b was synthesized from VANOL monomer 111-48a via transition
metal-catalyzed C-H activation and aryl coupling followed by dimerization and deracemization.
However, neither N-triflyl-VAPOL nor N-triflyl-VANOL phosphoramides have ever been utilized
in any asymmetric transformations.

3.1.5. Rational design and synthesis of imidodiphosphoric acid catalysts

List group was interested in spiroacetalization of substrate 111-56 catalyzed by Brensted acid
catalysts. An extensive study of chiral phosphoric acids and phosphoramides revealed the
inefficiency of these catalysts in catalyzing this asymmetric acetalization. The best induction was
obtained with catalyst 111-40 which was found to be 41% ee.®® Therefore, it was concluded that
the lack of well-defined asymmetric space around the active site was responsible for the low
induction.

The active site of these chiral phosphoric acid catalyst is bifunctional and consists of both Brgnsted
acid (OH) and Lewis base (O) sites (scheme I11-13, structure A). The success of this catalyst is
partly because of its ability to be bifunctional since both of these active sites can stabilize the
transition state of a specific asymmetric transformation. Introducing substituents in 3,3’-positions
of BINOL ligand creates chiral space around the active site of the chiral phosphoric acid; however,
these substituents are pointing away from the active site (structure B). N-triflyl BINOL
phosphoramide bearing substituents on sulfur creates a better chiral environment around the active
site by bringing further steric demand close to it (structure C); however, the free rotation around
the N-S bond enables the catalyst (structure C) to adopts two distinct isomers, O,0-syn and O,O-
anti (structure D) which provides flexibility to the relative position of the Brgnsted acid and Lewis

base components of the catalyst and leads to a reduced selectivity.

181



Scheme 111-11. Synthesis of VANOL/VAPOL phosphoramide

OH PdOAc,, 2.5 mol%

OAc Ph OH

Phl, Cs,CO3, DMF,
OO, S O 2 OO
Ph then pn DCM-MeOH-H,0 Ph

pyridine, 25 °C

25 °C, overnight

overnight
111-482a I11-48b
yield: 75% yield: 92%
50¢g
I Ph
CuCl
neat air Ph OH (3%4)-sparteine
200 °C, 60 h Ph OH DCM, 25 °C
12h
l Ph
II1-51b II1-52b
yield: 53% (S,5)-8,8'-Ph, VANOL
25¢ yield: 62%, 2.5 g
ee>99%

POCl,

DMAP, Et;N T{NH,

DCM, 0 -25°C EtCN, reflux
1h 24 h
II1-52a, Ar=H II1-53a, Ar = H, yield: 55%
II1-52b, Ar =Ph IT1-53b, Ar = Ph, yield: 76%, 2.2 g

POCl,

DMAP, Et;N T{NH,

DCM, 0 -25°C EtCN, reflux
1h 24 h

III-55, yield: 70%, 1.9 g

182



Scheme 111-12. BINOL phosphoric acid catalyzed asymmetric spiroketalization
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These considerations led the List research group to design a new class of highly efficient BINOL
Brognsted acid catalysts of the type 111-60 (scheme 111-14).3® These imidodiphosphoric acid
catalysts were synthesized via reacting equimolar amounts of phosphoramide 111-59 and
phosphoryl chloride 111-58 in the presence of a strong base such as NaH. The structure of this
catalyst was unequivocally determined to be a dimeric species via x-ray structural analysis.>® The
crystal structure also revealed that the catalyst exists exclusively as the O,O-syn isomer
presumably because of steric hindrance imposed by BINOL subunits in 3,3’-positions. It was
assumed that the rigidity of the chiral microenvironment around the active site caused by the
unique structure of this catalyst might improve the performance of the catalyst. To test this
hypothesis, the newly designed confined Brgnsted acid catalyst 111-60a was investigated in the
asymmetric spiroacetalization reaction and it turned out under the optimum reaction conditions,

spiroacetal 111-62 was afforded in excellent yield and enantioselectiviy.

Scheme I11-14. Confined BINOL Brgnsted acid catalyzed asymmetric spiroketalization

I11-58a 1I1-59 111-60a
R: 2,4,6-Et;C4H,
The structure lock in O,O-syn conformation

OH 111-60a o)
| 0.1 mol% - 10 mol%_ o
MTBE, -35 °C

15 min
I11-61 111-62
up to 88% yield
up to 97% ee
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The utility of BINOL imidodiphosphoric acid catalyst was explored in numerous asymmetric
transformations including enantioselective sulfoxidation, asymmetric acetalization, resolution of
chiral diols, asymmetric carbonyl-ene reaction and asymmetric vinylogous Prins cyclizations (not
ShOWﬂ).34'35’36'37'38

3.1.6. Synthesis and catalytic investigation of VAPOL imidodiphosphoric acid catalyst
The synthesis and the use of VAPOL imidodiphosphoric acid 111-63 along with the hybrid
imidodiphosphoric acid 111-64 catalysts first appeared in a report by Jiang in 2013 (scheme IlI-
15).%° These catalysts were used in the enantioslective Friedel-Crafts reaction and gave the desired
product 111-65 in good yield and moderate to good enantioselectivity. However, further catalyst
screening revealed that the imidodiphosphoric acid 111-60b was superior and produced the desired
Friedel-Crafts product 111-65 from aromatic substrates in excellent yield and perfect
enantioinduction. Further substrate screening revealed that the VAPOL 111-63 was more effective

in catalyzing Friedel-Crafts reaction of aliphatic substrates (scheme I11-15).

Scheme 111-15. Enantioselective Friedel-Crafts reaction

TsHN,
’, R
s
@ N )N| catalyst N\
_——>
N R toluene, 25 °C N
H 30-60 min H
I11-61 111-62 I11-65
R: Ph, III-63 (5 mol%): yield: 76%, ee: 83% I11-60b
R: Ph, III-64 (5 mol%): yield: 78%, ee: 93% R: a-Naphthyl

R: Ph, III-60b (2 mol%): yield: 99%, ee: 99%
R:Cy, III-60b (2 mol%): yield: 80%, ee: 73%
R: Cy, III-63 (2 mol%): yield: 93%, ee: 96%
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Later in 2018, successful use of the VAPOL imidodiphosphoric acid catalyst 111-63 was reported
by the same group in asymmetric vinylogous Mannich reaction of aldimine I111-66 with 2-
(trimethylsilyloxy)furane 111-67.° Under the optimized reaction conditions, a number of

butenolides 111-68 were synthesized in excellent yield and ee along with high diastereoselectivity.

Scheme 111-16. Asymmetric vinylogous Mannich reaction

/@

7R I11-63

ArAN N + @\ » Ar
0 OTMS toluene, HR-b-CD

-40 °C, 6-12 h O

I11-66 111-67 111-68
17 examples
up to 98% yield
up to 90% ee
up to 90% dr

3.1.7. Further attempts to improve the acidity of confined Brgnsted acid catalyst

The Prins reaction was an interest of the List research group; however, their previously developed
imidodiphosphoric acid 11-60c catalyst was not able to promote the reaction at all, presumably due
to its insufficient acidity.*? Introduction of nitro groups in 6,6’-positions of BINOL ligand
increased the acidity of the catalyst to the point where, the catalyst 111-60d promoted the Prins
reaction with promising results (52% yield and 82% ee vs. 13% yield). Inspired by Yamamoto’s
strategy in increasing the acidity of the phosphoric acid catalyst, an oxo group of the
imidodiphosphoric acid catalyst was replaced with the strong electron withdrawing NSO,CFs.
Such a change not only increased the acidity of the catalyst 111-74 but it did also allow the
modulation of the Brgnsted acid and Lewis acid compartment of the bifunctional catalyst.*! The
aforementioned catalyst was synthesized as depicted in scheme I11-17 in a multigram manner.
Catalyst 111-74 converted substrate 111-75 to the functionalized enentioenriched tetrahydropyran

111-77 in good yield and good enantioselectivity (91% ee vs 82% ee, scheme 111-17).
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Scheme I11-17. Asymmetric Prins cyclization
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3.1.8. Extremely active imidodiphosphorimidate (IDPi) organocatalysts; a breakthrough in
Bransted acid catalysis

The synthesis of ((trifluoromethyl)sulfonyl)phosphorimidoyl trichloride (TfNPCIs) enabled List

to access the synthesis of extremely active Bransted acid catalyst (scheme 111-18).42 The oxo (O)

and hydroxy (OH) groups in imidodiphosphoric acid were replaced with NTf as the strong
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electron-withdrawing group. Introduction of these groups makes the catalyst 111-80a possess a pka
of 4.6 in MeCN which is comparable with the acidity of HI in MeCN (4.1). The exceptional acidity
of the IDPi catalyst 111-80a enabled List to report a general method for the HDA (heteroatom
Diels-Alder) reaction with the unactivated diene (3,4-dimethylbutadiene).*® This was a landmark
report in asymmetric HDA reaction since the previous examples involved the reaction of aldehydes

with activated dienes such as Danishefsky diene.

Scheme 111-18. Synthesis and catalytic utility of imidodiphosphorimidate IDPi in hetero-atom
Diels-Alder reaction
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Aromatic aldehydes along with the aliphatic ones underwent [4+2]-cycloaddition reaction and
cycloadduct 111-82 was produced in excellent induction.

In 2018, for the first time in the history of asymmetric catalysis, the enantioselective protonation
of an alkene was reported and was made possible by an IDPi catalyst (scheme 111-19a).** The
strong acidity as well as the confined and well defined chiral pocket empowered the IDPi catalyst
I11-80b to catalyze the proto-cyclization of substrate 111-83 which led to the production of
enantioenriched functionalized tetrahydrofurans 111-84. Next, in order to get more information
about the mechanism of this reaction a Hammett study was conducted which looked into the

correlation between Log(kx/kr) and ™.

Scheme 111-19a. Enantioselective olefin protonation
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These results were consistent with the asynchronous concerted mechanism; therefore, it was
proposed that the mechanism of the reaction proceeds via the association of catalysts 111-80b and

substrate 111-83a. The succeeding protonation of the alkene produces the carbocationic
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intermediate 111-86 followed by nucleophilic attack of the hydroxy group and subsequent

deprotonation to afford product 111-84b which closes the catalytic cycle (scheme 111-20).

Scheme 111-20. Proposed mechanism for enantioselective protonation of olefin

To expand the utility of the extremely active IDPi catalyst 111-80, its ability in controlling the
stereochemistry in non-classical carbocations was investigated (scheme I11-21c). Performing a
stereoselective reaction on a classical carbocation is quite challenging presumably since one of the
competing reactions is elimination. Very recently, Jacobsen reported an elegant approach to induce
stereoselectivity in Sn1 reaction (scheme 111-21b).*> The challenge becomes even harder in
performing stereoselective reactions with non-classical carbocations due to its unique structure
that it can adopt (scheme I11-21a). However, in 2019, these obstacles were alleviated and the first
stereoselective reaction on this particular unusual carabocation was reported by Benjamin List in
2019 (scheme 111-21c).%® The reaction of rac-norbornane 111-90 bearing a trichloroacetimidate in
the exo position with IDPi catalyst 111-80c produced the non-classical carbocation which was

trapped with trimethoxybenzene as the nucleophile and produced the desired product 111-91 in
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84% vyield and a 97:3 enantiomeric ratio. In contrast, the endo norbornane 111-92 reacted slower;
therefore, the reaction was conducted under slightly harsher conditions (room temperature and

ethyl acetate as the solvent).

Scheme I11-21a. Calssical carbocation vs. non-classical carbocation
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Ry, ® A
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Scheme 111-21b. Enantioselective Sn1 reaction reprted by Jacobsen
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Scheme I11-21d. Anchimeric effect in exo vs. endo isomer
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After 2 h, the desired product 111-93 was afforded in good yield and 88:12 enantiomeric ratio. The
exo isomer I11-90 was converted to product I11-91 in 2 minutes in 70% yield and 88:15
enantiomeric ratio under exactly the same conditions. This difference in the reactivity profile of

endo and exo isomers was explained by Winstein.*’

Scheme 111-22. Generation of non-classical carbocation with various substrates
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In this report by List, it was shown that the exo isomer is 350 times more reactive than the endo
isomer in a polar aprotic solvent and the reason is because of anchimeric assistance of C1-Cs -
bond in exo isomer (structure 111-94, scheme 111-21d). However, due to the wrong alignment of
C1-Ce o bond and c* of the leaving group, the endo isomer is not enjoying the aforementioned
anchmeric effect which leads to a slower reaction (structure 111-95, scheme 21d). The reaction of
hydrocarabon 111-96 with IDPi catalyst also afforded the non-classical carbocation via C-C o-bond
activation which was trapped with 1,3,5-trimethoxybenzene and yielded product 111-91 in good
yield and good enantiomeric excess (scheme I11-22). The reactivity of hydrocarbon 111-96 toward
the IDPi catalyst 111-80c is presumably due to the ring stain. The non-classical carbocation was
also produced via cation-n cyclization, C-F bond activation, and olefin protonation and the
subsequent reaction of this intermediate with appropriate nucleophile afforded the desired product
111-91 in excellent results (scheme 111-22).
The extraordinary acidity of the IDPi catalysts and also the tunability of its chiral pocket enabled
List research group to successfully conduct numerous organic transformations in an asymmetric
manner such as asymmetric Diels-Alder reactions and asymmetric Nazarov cyclizations.*4°
3.2. Extremely active imidodiphosphorimidate catalysts for asymmetric halonium-ion
induced spiroketalization
3.2.1. Bregnsted acid catalyzed halofunctionalization of alkenes
Asymmetric halo functionalization of alkenes is a valuable tool in the construction of
enantioenriched alkyl halides.®® This field has received a great deal of attention recently and
attempts to develop a practical method for asymmetric halofunctionalization are still ongoing.>*
One of the earliest examples of halofuctionalization catalyzed by chiral phosphoric acid was

presented by Shi in 2011 (scheme 111-23).2 In this report, catalyst 111-40 mediated the reaction
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between NBS and y-hydroxy alkenes 111-100 to afford the desired products 111-101 in excellent
yield and good enantioselectivity. The same reaction was conducted with y-amino alkene 111-102
which produced halofunctionalized pyrrolidines 111-103 in up to 90% ee. It is interesting to note
that the reaction was stereospecific and the cyclization occurred via 5-exo-trig ring closing

mechanism.

Scheme 111-23. Enantioselective bromocyclization catalyzed by BINOL phosphoric acid
catalyst
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Same year, Scott Denmark reported the successful use of a cooperative Lewis base/Brgnsted acid
catalytic system in the bromoethrification of substrate 111-100a (scheme 111-24a).5® It was assumed
that an achiral Lewis base would activate the NBS as the halonium source and concomitant
replacement of succinimide with the conjugated base of the chiral Bransted acid 111-40. Therefore,
a complete bromium ion transfer to the chiral Brgnsted acid catalyst 111-40 was proposed which
led to the enantioselective bromoethrification (scheme I11-24b). The catalyst design was rewarded
and Z-alkene 111-100a was converted to the enantioenriched alkylated tetrahydrofurane 111-101a
in good yield and enantioselectivity. Interestingly, conducting the same reaction with E-alkene 111-
100a yielded a mixture of isomers 111-101a and 111-104. The combined yield was 77% with e.r.
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of 93:7 for the isomer 111-101a and 58:42 for the isomer 111-104. VAPOL phosphoric acid was

also used in this reaction but poor induction and selectivity were obtained.

Scheme 24a. Enantioselective bromocyclization catalyzed by BINOL phosphoric acid catalyst
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In 2017, Yamamoto reported a successful asymmetric bromonium ion-induced polyene cyclization
catalyzed by chiral biaryl Bransted acid catalyst 111-42 (scheme 111-24c).>* Initially, the reaction
was conducted with BINOL phosphoric acid catalyst 111-40 and N-bromosuccinimide (NBS) as
the bromonium source; however, no product was observed. Performing the same reaction with N-
triflyl BINOL phosphoramide catalyst 111-34a led to a 20% conversion but with 50:50
enantiomeric ratio. It should be noted that the bromocyclization in presence of catalyst 111-34a

Scheme I11-24c. Enantioselective polyene cyclization
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produced partial cyclized product 111-109 along with the fully cyclized one. Therefore, in order to
induce full cyclization, the crude reaction mixture was reacted with chlorosulfonic acid.
Interestingly, N-triflyl BINOL thiophosphoramide 111-42a gave the desired product 111-110a in
good yield (68%) and a 65:35 enantiomeric ratio. The efficiency of the thiophosphoramide catalyst
I11-42a over the phosphoramide catalysts 111-34a led Yamamoto to assume that the Lewis basicity
of the sulfur component of the catalyst also plays a pivotal role as well as Brgnsted acid component
of the catalyst. Based on this observation, complex 111-111 was proposed in order to demonstrate
the dual activation of NBS with catalyst 111-42 during the course of the reaction. Further
optimization revealed catalyst 111-42c as the optimum catalyst and DBDMH (1,3-dibromo-5,5-
dimethylhydantoin) as the optimum bromonium source which converted a wide range of
homogeranylbenzenes 111-108 to the desired products 111-110 in good yield and enantioselectivity.
Bromocyclization of geranylphenols 111-112 were also investigated under the optimum reaction
conditions and the brominated cyclized products 111-113 were furnished in good to excellent yield
and also enantioinduction.

3.2.2. Chemical synthesis of spiroketals

Spiroketals are important motifs in organic chemistry and a wide range of natural products such
as okadaic acid 111-114, integramycin I11-115, and Bistramide 111-116 bear spiroketals as the core
part of their structure.> In addition, (R)-Olean 111-17 is the simplest 6,6-spiroketal and is the
female-produced sex pheromone while the other enantiomer (S)-Olean 111-17 is the male-produced
sex pheromone (scheme 111-25). Due to the prevalence of the spiroketals in nature and also their
application in pharma, these motifs are the subject of numerous studies in asymmetric catalysis
and attempts are still ongoing to develop a practical method in the synthesis of enantioenriched

functionalized spiraketals.
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Scheme 111-25. Natural products containing spiroketals component
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Bistramide A III-116

Most of the natural products and also bioactive molecules most often contain 6,6- 5,5- and 6,5-
spiroketals. Four isomers would be possible for 6,6-spiroketals and in all of them two C-O single
bonds are coming together in the junction of two rings. In the first isomer 111-117a, two C-O bonds
are occupying axial positions, in the second and third isomers 111-117b and 111-117c, one of the
C-O bonds occupies axial position while the other one is located in equatorial position. In the last
isomer 111-117d both of the C-O bonds are placed in equatorial positions (scheme I11-26b). Further
studies on the stability of these isomers revealed that the first isomer is the most stable isomer
while the fourth one is the least stable.%® This stability trend could be explained via the anomeric

effect which is the result of the occupation of the axial position by an electronegative atom (oxygen
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in this case) in pyranose despite its unfriendly 1,3-diaxial interaction (scheme I11-26a). The widely
accepted explanation for the anomeric effect is the delocalization (hyperconjugation) of the lone
pair of the pyran’s oxygen into the 6* of the C-O in the axial position which brings 1.4-2.4 kcal/mol
stability to this system.*® However, no anomeric stabilization is observed when the substituent on
the anomeric carbon is in an equatorial orientation due to the incorrect alignment of the oxygen’s
lone pair and 6* of the C-O bond. The spiroketal 111-117a is extraordinary stable because of this
fact that this isomer is enjoying dual anomeric effect (ax-ax); however, isomers 111-117b and I11-
117c are stabilized via only one anomeric effect (ax-eq) and isomer 111-117d does not have any

anomeric stabilization which makes it the least stable among the four isomers (eg-eq).

Scheme I11-26a. Anomeric effect in spiroketal
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Scheme I11-26¢. Anomeric effect in [6,5] and [5,5]-spiroketals
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The same argument could be applied to the stability of 6,5-spiroketal 111-118 over the 5,5-
spiroketal 111-119 since the first one could be stabilized via single anomeric effect but the later
one is missing the opportunity to get further stabilization via anomeric effect due to the incorrect
alignment of the lone pairs of the oxygen embedded in 5-membered ring and the ¢* of anomeric
carbon (scheme I11-26¢). It should be noted that the anomeric effect could be compromised in
presence of other steric effect.>®

The most common strategy for the synthesis of spiroketals is acid catalyzed pendant diol
cyclization onto a nascent ketone (scheme I11-27a). The product of this process is the
thermodynamically more stable spiroketal enjoying dual anomeric stabilization. Schreiber in
1991,% presented an elegant diastereoselective acid-catalyzed spiroketalization of substrate 111-
124. The strategy was to induce distal chirality by the use of thermodynamically induced

spiroketalization (scheme 111-27b).>’

Scheme I11-27a. General approach in synthesis of spiroketal
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To do so, substrate 111-124 was prepared in a two-directional homologation in two steps starting
with compound 111-121 followed by alcohol deprotection. A single diastereomer was obtained
after thermodynamically induced spiroketalization of substrate 111-124 and subsequent
epimerization of methyl groups in the a-positions of the carbonyls.

List research group in 2012 reported a different and novel approach to the synthesis of
enantioenriched spiroketals (scheme 111-28).3® In this strategy, dihydropyrans bearing a pendant
alcohol underwent diastereo and enantioselective spiroketalization in presence of
imidodiphosphoric acid catalyst 111-60a and gave the desired product 111-117a in excellent yield
and asymmetric induction. Further investigation revealed that the same catalyst is capable of
overriding the thermodynamic preference in the formation of spiroketal; therefore, several
substrates such as 111-127 bearing a chiral center underwent kinetically controlled spiroketalization
and non-thermodynamically stable spiroketals were produced in good to excellent

diastereoselectivity.

Scheme 111-28. Confined BINOL Brgnsted acid catalyzed asymmetric spiroketalization
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Same approach was used by Nagorny in 2012 to access enantioslective spiroketalization catalyzed
by chiral phosphoric acid 111-40.% VAPOL phosphoric acid was also investigated in this reaction;

however, unsatisfactory results were obtained.

Scheme 111-29. BINOL Brgnsted acid catalyzed asymmetric spiroketalization
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Despite the excellence of Bregnsted acid-catalyzed spiroketalizations presented by List and
Nagorny, these methodologies suffer from a limited substrate scope especially for accessing
functionalized spiroketals. In 2017, Carreira overcame this limitation by reporting a highly
efficient vinyl-substituted spiroketal formation catalyzed by chiral Ir-(P,olefin)complex (scheme
111-30).%° It was assumed that the substrate 111-129 bearing Boc-protected allylic alcohol forms 7-
allyl complex 111-132 in presence of an in situ generated chiral iridium catalyst. The face
selectivity is determined in this step by the influence of the chirality of the phosphorimidite ligand

111-130. Ring-chain tautomerization furnished w-allyl iridium complex hemiacetal 111-133 which
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was transformed into the vinyl substituted spiroketal 111-131 via mutarotation and subsequent

nucleophilic attack of the hydroxy group of hemiacetal 111-134.

Scheme 111-30. Vinyl substituted spiroketal synthesis catalyzed by Ir-(P,olefin) complex
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3.2.3. Mechanistically inspired halonium ion-induced spiroketalization

The halofunctionalization of olefins is a valuable method in organic synthesis which enables
chemists to access a wide range of enantioenriched intermediates that are used in the synthesis of
natural products as well as bioactive compounds.®® In terms of mechanism, the addition of halide
(X) to the alkene is believed to be triggered by the formation of three-membered cationic
intermediate 111-136, a so-called halonium ion via electrophilic attack of the halide (X), followed
by trapping the cationic adduct with an appropriate nucleophile (Nu) (scheme 111-31a). In the

classical mechanism for halofunctionalization, the rate of the reaction is dependent on the nature

203



of the alkene and the role of the nucleophile is neglected. However, this notion was challenged by

the landmark report from Borhan’s lab in 2016.5162

Scheme 111-31a. Commonly depicted electrophilic addition of halide to olefin
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This challenge was brought by performing a detailed mechanistic study of the chloro-etherification
reaction, which demonstrated a strong correlation between the rate of the reaction and the nature
of the nucleophile (scheme I11-31b). Thus, in order to explain this observation, it was suggested
that the substrate 111-138 is pre-organize before participation in the reaction. The aforesaid pre-
organization occurs via the interaction between the non-bonding orbital of the nucleophile and the
n* of alkene which pre-activates the alkene and sets it up for further transformation. As a result,
an asynchronous concerted mechanism was proposed for the halofunctionalization of olefin (path
B, scheme I11-31c). The term nucleophile-assisted alkene activation (NAAA) was used to designate
to this phenomena by Borhan to accentuate the importance of the nucleophile in the
halofunctionalization of olefins (scheme I11-31c). Usually, olefins alone are inept substrates in the
halofunctionalization reaction in the absence of NAAA effects. Also, no experimental evidence
was obtained for the presence of three-membered ring cationic adduct 111-136 in the
halofunctionalization of the alkene.

The halofunctionalization of the alkene 111-142 tethered with a ketone moiety as the
nucleophile was investigated in the context of NAAAS |t was assumed that the
halofunctionalization of substrate 111-142 would produce an oxocarbenium intermediate (not
shown) which could also be intercepted by the pendant alcohol and produce the spiroketal 111-143.
Initial screening of the bromonium sources proved the incompetence of NBS and DBDMH in
delivering the spiroketal 111-143. Further optimization revealed 3-bromo-1-chloro-5,5-
dimethylhydantoin (BCDMH) as the optimum halonium source which was generated in situ by
reacting an equimolar of DCDMH and DBDMH. Surprisingly, the desired spiroketal 111-143 was
isolated as the minor product along with the macrocycle 111-144 as the major product after

conducting the reaction of substrate 111-142 with BCDMH as the halonium source (scheme I1llI-
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32). This product distribution indicated an existing equilibrium between substrate 111-142 and its
hemiacetal forms 111-145 and 111-146. The interception of the hydroxy group in bromo
functionalization in hemiacetal 111-145 produced the desired spiroketal 111-143 while the
interception of the oxygen moiety embedded in the six-membered ring, 111-146, yielded the

macrocycle 111-144.

Scheme 111-32. Bromo Spiroketalization with unprotected pendant alcohol

0 o
/\/\)J\/\/\ DBDMH, DCDMH B/ o
> > Ph Ph%
Ph OR toluene, 25 °C, 4 h Q Br * %
EtOH, 10.0 equiv. 0

111-142 89% overall yield 111-143 1:3 111-144
A A
Spiroketalization
Halonium Macrocyclization
Ph / ,O capture PhBr [6)
H — H/ [©) I
0 0
111-145, minor 111-147, minor
Halonium @ s
capture Br 75
Ph% ————— Ph Q> > Ph%
I ' o)
OH ,0 A
H @
I11-146, major 111-148, minor 111-149
(0] O (0]
Cl Br . . . Br
\N//< \NJ< disproportionation . \NJ<
N-ClI + N-Br N-CI
DCDMH DBDMH BCDMH

The protection of the pendant hydroxy moiety to suppress the macrocyclization of substrate 111-
142 was considered and different protecting groups such as TBS, TES, and PMB were evaluated,
however, only trace amounts of the desired spiroketal was observed (scheme 111-33). Interestingly,
the MOM protecting group gave spiroketal 111-143 in 20-35% yield. Finally using THP as the
protecting group gave the desired spiroketal 111-143 in excellent yield and diastereoselectivity.
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The [6,5]-spiroketal 111-151 was also obtained in good yield and excellent diastereoselectivity;
however, the [5,5]-spiroketal 111-153 was produced in only a 2:1 diastereomeric ratio. The drastic
decrease of the diastereomeric ratio in the [5,5]-spiroketal 111-153 is thought to be because of its
inability to be stabilized via an anomeric effect. It should be noted that the presence of ethanol is
critical to achieving high yield during the course of the reaction since it facilitates the THP

removal.

Scheme 111-33. Stereoselective halonium ion induced spiroketalization

(0]
WW DBDMH, DCDMH
Ph OR > o/ .Ph
toluene, 25 °C,3 h Br
EtOH, 10.0 equiv.
I11-142 I11-143
entry R yield% d.r%
| 111-142a, TBS < N.D.
2 111-142b, TES <2 N.D.
3 111-142¢, PMB <2 N.D.
4 111-142d, MOM 20-35% N.D.
5 111-142e, THP 97 >08:2
O PhBr (@]
/\/\)J\/\/OTHP DBDMH, DCDMH
Ph -
toluene, 25 °C, 3 h 0
EtOH, 10.0 equiv.
I-150 II-151
yield: 82%
dr. >98:2
nBu (0] (0] Br
WJ\/\/OTHP DBDMH, DCDMH o
toluene, 25 °C, 3 h nBu
EtOH, 10.0 equiv. H
1I1-152 II1-153
yield: 63%
dr 1:1.6
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Surprisingly, by leaving out the ethanol and in the presence of catalytic amount of HCI, the
dibrominated spiroketal 111-154 was observed as the sole product in excellent yield and
exceptional diastereoselectivity (scheme 111-34). The structure of compound 111-154 was also
confirmed unequivocally with x-ray structural analysis. It was assumed that in the absence of
ethanol, intermediate 111-155 undergoes a-deprotonation and produces dihydropyran 111-156. The
reaction of the dihydropyran 111-156 with another equivalent of NBS yields the dibrominated
oxonium [111-157 which eventually affords the desired product I11-154. The exceptional
diastereoselectivity originates from trapping the second bromenium ion via pseudo-axial approach

(structure 111-56, scheme 111-34).

Scheme 111-34. Dibromo Spiroketalization in the absence of EtOH

Br
o
. ph2" 20
Ph AN OR NBS, 2.5 equiv. HCI, cat. -
CHCl;, 25°C, 2 h 0

111-142 111-154
yield: 87%
d.r.: >98:2

THP
II1-155 II1-156 I11-157 II1-158
Pseudo-axial
attack
Br
In presence of EtOH o Ph 0
Monobromo spiroketalization o 0O
111-143
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3.2.4. Asymmetric catalytic halonium ion-induced spiroketalization

Inspired by the early studies of Denmark and Yamamoto in halofunctionalization of olefin, in
collaboration with Borhan’s lab, it was hypothesized that the use of VANOL/VAPOL derived
Brensted acid catalysts might catalyze the asymmetric bromenium ion initiated spiroketalization.
Three goals were followed in this project including 1) synthesis and development of a library of
VANOL/VAPOL Brgnsted acid catalysts, 2) design an efficient VANOL/VAPOL Brgnsted acid
catalyst for the bromenium ion-induced spiroketalization and 3) demonstrate the efficiency of

VANOL/VAPOL derived Brgnsted acid catalysts over the BINOL derived Brgnsted acid catalysts.

Table I11-7. BINOL, VANOL and VAPOL Br/nsted acid catalyst catalyzed asymmetric
spiroketalization

o Cat. 10 mol% Br
/\/\)J\/\/\ DMDMH, 1.2 equiv. o ©
Ph OR > 0

toluene, -78 °C, 8 h
I11-142 111-143
entry catalyst Yield% ee%
1 (R)-1I-159 60 <5
2 (S)-111-160 32 7
3 (R)-11-161 70 11
4 (R)-11I-162a 93 16

(S)-I11-162b

(R)-111-159 (S)-111-160 (R)-ITI-161, X = S, Y = NHTf (S)-I11-162b
(R)-11I-162a, X = NTf, Y = NHTf
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The spiroketalization was conducted with BINOL derived N-triflyl phosphoramidimidate 111-159
catalysts and DBDMH as the bromenium source. The desired spiroketal 111-143 was obtained in
good yield; however, with only 5% ee (table 111-7, entry 1). The (S)-VAPOL catalyst 111-160 gave
the spiroketal 111-143 with unsatisfactory results. The 7,7°-tBu,VVANOL derived Brgnsted acid
catalysts 111-161 and 111-162a proved to be more efficient than the VAPOL 111-160 and BINOL
111-159 catalysts. Spiroketal 111-143 was produced in good yield and slightly improved ee with
7,7-tBu2VANOL  N-triflylthiophosphoramide 111-161 as the catalyst. Interestingly, the
introduction of N-triflyl amide onto the catalyst improve the yield to 93% yield and the ee to 16%.
We were delighted to observe a substantial increase in the enantiomeric induction of the spiroketal
by utilizing N-triflylphosphoramidimidate 111-162b derived from the 7,7°-(2-Naph).VANOL
ligand. However, further screening of N-triflylphosphoramidimidate derived from VANOL
derivatives did not improve the asymmetric induction of the spiroketalization.

Next, we turned our attention toward VAPOL/VANOL imidodiphosphorimidate catalysts and
investigate their performance in the spiroketalization reaction inspired by List IDPi catalyst. First
VAPOL imidodiphosphorimidate (VAPIP) catalyst 111-163a was prepared in excellent yield by
reacting (S)-VAPOL I11-54 with N-triflylphophorimidoyl trichloride and 0.5 equiv of HMDS
(scheme 111-35a). Performing the spiroketalization with VAPIP catalyst 111-163a gave the desired
product 111-143 in good yield but with moderate induction. Structure analysis of VAPIP catalyst
111-163a by x-ray revealed that two phenanthrene components of each VAPOL ligand swing over
the active site and create a C2 symmetric chiral environment with a distance of 3.3 A. In addition,
there is a n-m stacking between two the phenanthryl components of each VAPOL ligand with a
distance of 3.3 A. Also a C-H-r interaction is observed between the phenanthryl of one ligand and

the phenyl moiety in the backbone of the other one with a distance of 3.9 A. However, since the
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asymmetric environment around the active site was not well established, the spiroketal 111-143

was produced with low induction.

Scheme 111-35a. Asymmetric catalytic spiroketalization catalyzed by VAPIP catalyst 111-163

T{NPCl;, 2.01 equiv. HMDS, 1.0 equiv.
DIPEA, 16.0 equiv. rt, 10 min -
Toluene, 0.1 M Then 130 °C, 3 days
rt, 30 min yield: 86%
111-54 111-163a
(S)-VAPIP
0} I11-163a, 10 mol% Br

PO PN DMDMH, 1.2 equiv.  Ph=+0
Ph OTHP >

toluene, -78 °C, 8 h 0

111-142 111-143
yield: 80%
ee: 20%

The length of chiral pocket p-p and C-H-p interaction in VAPIP catalyst

Next, the reaction was conducted with VAPIP catalyst 111-163 b. It was supposed that introducing
bulky groups in the backbone of the VAPOL ligand 111-54 might improve the chiral pocket by
changing the dihedral angle between the phenanthryl groups of the ligand. Our hypothesis was
rewarded as the spiroketal 111-143 was produced in 55% enantiomeric excess. Attempts to grow

the crystal of the catalyst 111-163b were unsuccessful (scheme 111-35b).
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Scheme 111-35b. Asymmetric catalytic spiroketalization catalyzed by VAPIP catalyst 111-
163b

0 I11-163b, 10 mol% Br
i Ph (6]
Pt NN DMDMH, 1.2 equiv. . Ar
toluene, -78 °C, 8 h 0 Ar,,,
TH

111-142 111-143
yield: 82%
ee: 55%

I11-163b
(S)-VAPIP
Ar: 3,5-Bu,-4-MeO-C¢H,

We turned our attention toward the VANOL ligand and its derivatives since the derivatization of
the VAPOL ligand is a tedious task. The next hypothesis was to place substituents in the 7,7’-
position of the VANOL ligand in order to produce a more well defined chiral microenvironment
around the active site. The 7,7’-dibromoVANOL ligand 111-166a was synthesized from 4-
bromophenyl acetic acid 111-164. Converting the carboxylic acid to acyl chloride followed by a
subsequent  cycloaddition-electrocyclization  reaction (CAEC) to yield 7-bromo-3-
phenylnaphthalen-1-ol 111-165 in 60% yield. Oxidative coupling and deracemization meditated by
copper-sparteine afforded enantiopure 7,7’-Br.-VANOL ligand 111-166a in 73% yield and 99%
ee. MOM protection, Suzuki coupling with 3,5-(CF3)2CesH3B(OH)2 and deprotection of the MOM
group gave (R)-7,7°-(3,5-(CF3)2CsHz)2VANOL I11-168a in 76% yield overall three steps (scheme
111-36).5

Ligand 111-168a underwent a smooth transformation into VIP catalyst 111-169a in excellent yield.
To our delight, catalyst 111-169a performed well in the spiroketal formation reaction and gave the
product 111-143 in 70% yield and 55% ee (scheme 111-37). The structure analysis of this catalyst
revealed a better defined chiral pocket with the asymmetric occupation of the space around the
active site by the aryl substituents with a distance of 11.1 A. Similar results were obtained with

VIP catalyst 111-169b (scheme 111-37).
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Scheme I11-36. Synthesis of 6,6'-NaPhsVIP catalyst

T

0
‘ ArCCH Br )
OH (COCl),, 2.5 equiv. isobutyric anhydride car
DMF, cat. 190 °C. 48 h mineral oil Ph OH
2 ’ —_—
o o Ph OH
DCM, 0°C -1t,2 h then KOH, H,0, O 165 CO,/24 h
100°C,24h  Ph OH 80%
Br 60% O
Br
111-164 I11-165

I11-166a

Ar Ar
Cu(DClL
(+)-sparteine NaH, MOMCI1 .
in MeOH THF, 0 °C-rt, 24 h Ph" OMOM _Amberlyst 15 pp" OH
? e
DCM, tt, 24 wOH  3,5-(CF;),C¢H;B(OH), Ph ~OMOM  MeOH/THF  ph WOH
73% Pd(PPhs),, THF 60 °C, reflux
0,
reflux, 12 h 72%
,"’Ar ,/"Ar
11-167a 111-168a
Ar: 3,5-(CF3),CeHs Ar: 3,5(CF3),C¢H;
Ar Ar,,,

TINPCl;, 2.01 equiv.

HMDS, 1.0 equiv.

(R)-T11-168a
Ar: 3,5-(CF3)2C6H3

Well-defined chiral pocket: 11.1 A

DIPEA, 16.0 equiv. rt, 10 min (] N<,-O Ph
»> >P4 P
Toluene, 0.1 M Then 130 °C, 3 days IlIHTf IQITfO Ph
rt, 30 min yield: 76%
NS Ar

(R)-111-169a
Ar: 3,5-(CF3)2C6H3

Crystal structure of ((CF3),C¢H;),VIP

213



Scheme 111-37. Asymmetric catalytic spiroketalization catalyzed by 7,7'-Ar4VIP catalyst

Cat. 10 mol% Br
XX DMDMH, 1.2 equiv. =~ Ph—40
toluene, -78 °C, 8 h 0
THPO
I11-142 111-143
entry catalyst Yield% ee%
1 (R)-11I-169a 70 55
2 (R)-II-169b 82 60

CF;C
(R)-111-169a (R)-111-169b

We were surprised to observe VIP catalyst 111-169¢ derived from 7,7’-(2-Naph2)VANOL ligand
111-168c catalyzed the spiroketalization reaction with a substantial decrease in the induction
compared to catalysts 111-169a and 111-169b (scheme 111-38 vs scheme 111-37). The crystal
structure analysis of VIP I11-169c triethylammonium salt showed protonated amine species
hydrogen bonded to the catalyst located outside of the chiral pocket and also a n-r stacking of the
aryl units below the active site with a distance of 3.4 A; however, the reason for the resulting low

asymmetric induction was not clear at this point.
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Scheme 111-38. Asymmetric catalytic spiroketalization catalyzed by 7,7'-NaphsVIP catalyst

TfNPCl;, 2.01 equiv. HMDS, 1.0 equiv.

Ph OH DIPEA, 16.0 equiv. rt, 10 min o
Ph +OH Toluene, 0.1 M Then 130 °C, 3 days
rt, 30 min yield: 65%
I11-168¢
0 111-169¢, 10 mol% Br
. Ph (e}
/\/\)J\/\/\ DMDMH, 1.2 equiv.
Ph OTHP > 0
toluene, -78 °C, 8 h
111-142 I11-143
yield: 71%
ee: 20%

Crystal structure of 7,7'-Naph, VIP-Et;N salt p-p Stacking in 7,7'-Naph,VIP-Et;N salt crystal

Our next strategy was to introduce tert-butyl groups at the para-position of a phenyl group in the
3,3’-positions of VANOL I11-168d in order to alter the dihedral angle between the naphthalene
groups (scheme 111-39). It was thought that a change in the dihedral angle in the ligand 111-168d
might change the chiral pocket in catalyst 111-169d. However, no significant differences in the
structure of VIP catalyst 111-169d was observed compared to VIP catalysts 111-169c. As a result,

performing the spiroketalization reaction with catalyst 111-169d produced similar result.
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Scheme 111-39. Asymmetric catalytic spiroketalization catalyzed by catalyst 111-165j

TfNPCl;, 2.01 equiv. HMDS, 1.0 equiv.

A DIPEA, 16.0 equiv. rt, 10 min _
Ar Toluene, 0.1 M Then 130 °C, 3 days
rt, 30 min yield: 65%

111-168d
Ar: 4-tBu-C¢Hy [e) 111-169d, 10 mol% Br
. o
X DMDMH, 1.2 equiv. Ph
Ph OTHP > 0
toluene, -78 °C, 8 h
11-142 11-143
yield: 71%
ee: 22%

Crystal structure of catalyst ITI-169d-Et;N salt p-p Stacking in catalyst III-169d-Et;N salt
The synthesis and catalytic properties of the VIP catalyst 111-169e derived from ligand 111-168e
bearing two 9-phenanthryl groups in the 7,7’-positions was also investigated in the spiroketal
formation. Replacing naphthyl groups in the 7,7’-positions with phenanthryl groups resulted in the
formation of product 111-143 even in lower induction (scheme 40 vs scheme 39, 20% ee vs 12%

ee).
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Scheme 111-39. Asymmetric catalytic spiroketalization catalyzed by catalyst 111-165j

T{NPCls, 2.01 equiv. HMDS, 1.0 equiv.
OH DIPEA, 16.0 equiv. rt, 10 min

+OH Toluene, 0.1 M Then 130 °C, 3 days
rt, 30 min yield: 65%

111-168¢ 11-169¢
0 I11-169¢, 10 mol% Br
: 0
s~~~ DMDMH, 1.2 equiv.  Ph
Ph OTHP > o
toluene, -78 °C, 8 h
111-142 111-143
yield: 48%
ee: 12%

Crystal structure of catalyst ITI-169e-Et;N salt p-p Stacking in catalyst ITI-169e-Et;N salt
Despite the disappointment in these results, it was interestingly to observed a decreasing trend in
the asymmetric induction with the increase in size of aromatic substituents in 7,7’-positions. A
phenyl group as the substituent yielded the desired product 111-143 in highest induction (60% ee,

scheme 111-37) while the phenanthryl group as the substituent yield the spiroketal 111-143 with
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lowest induction (12% ee, scheme 111-40). To explore the nature of this trend, the crystal structure

of catalysts 111-169a and 111-169e were compared (scheme 111-41).

Scheme 111-41. Dihedral angle effect in spiroketalization

Cat., 10 mol% Br Ar.,
Ph/\/\)J\/j DBDMH, 1.2 equiv.  Ph 0 “
o o 0
THPO toluene, -78 °C, 8 h
I11-142 111-143 _N_._O
10
dihedral NTf
entry catalyst angle Yield% ec%
1 111-169a 64.4° 70 55 Ar
2 111-169¢ 1.2° 48 12 111-169a: Ar = 3,5-(CF5),-C¢Hs
1I1-169e: Ar = Phenanthrene
dihedral angle

p-p-stacking
dihedral angle @ 1.2°

Crystal structure of catalyst III-169e .
111-169e rotated 90 ° around the y axis

dihedral angle

o
N, - mmmm - - -
y

dihedral angle @ 64.4°

Crystal structure of catalyst I111-169a I11-169a rotated 90° around the y axis
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After evaluating the structure of catalyst 111-169a it was found that this catalyst possesses a
large dihedral angle (~ 64.4°) between two VANOL ligands of the catalyst which enables the
substitution in the 7,7’-positions to produce a Co-asymmetric environment around the active site.
However, increasing the size of the aromatic substituents (phenanthrene) has caused the catalyst
111-169¢ to be squeezed and coerced to adopt a less than <1° dihedral angel due to the existing -
n-stacking in the bottom part of the catalyst. As a result, the phenanthrene substituents are obliged
to adopt a face-to-face orientation and deterioration of the chiral space around the active site.
Therefore, catalyst 111-169e produced spiroketal 111-143 with only 12% asymmetric induction
(scheme I111-41).

Interestingly, replacing the CFs group on the nitrogen in the VIP catalyst 111-169e with a 3,5-
(CF3)2CeH3 group gave catalyst 111-169f which catalyze the spiroketalization to give desired
spiroketal 111-143 in higher induction (22% ee vs 12% ee, scheme 111-42). To understand the
observed increase in enantiomeric excess, the crystal structure of catalyst 111-169f-EtsN salt was
investigated. This divulged that the m-m-interaction with a distance of 3.8 A between 3,5-
(CF3)2CeH3 substituent and phenanthryl subunit enabled the catalyst to adopt a C1 symmetry
around the active site. Presumably the reduced symmetry surrounded the active site in VIP catalyst

111-169f is responsible for the observed increase in enantioselectivity.
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Scheme 111-42. Asymmetric catalytic spiroketalization catalyzed by catalyst 111-169f

Ar Ar Ar/,,,

Ar'NPCl;, 2.01 equiv. HMDS, 1.0 equiv. X )
OH DIPEA, 16.0 equiv. rt, 10 min P 0w _N___oO" Ph
> » Ph /II)/ ﬁ\ -

~OH Toluene, O:1 M Then %30 °C, 3 days NHAr NAr
rt, 30 min yield: 60%
’/,Ar "/,Ar Ar
111-168e II1-169f
Ar = phenanthrene Ar = phenanthrene
Ar' = 3,5-(CF;),C4H, Ar' = 3,5-(CF3),C4Hy
(0} II1-169f, 10 mol% Br

PO PPN DMDMH, 1.2 equiv. ~ Ph—~4-0
Ph OTHP >

toluene, -78 °C, 8 h

O

111-142 111-143
yield: 69%
ee: 22%

C,-symmetry chiral pocket

Crystal structure of catalyst ITI-169f-Et;N salt p-p Interaction in catalyst ITI-169f-Et;N salt
with a Cy-symmetry chiral pocket 111-169f rotated 90° around the y axis

Our next strategy was to design a VIP catalyst bearing aliphatic substituents in the 7,7’-positions.
VIP catalyst 111-169g derived from the VANOL ligand bearing methyl substituents in the 7,7’-
positions produced the desired spiroketal 111-143 in low yield and also low induction (scheme Il1-

43).
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Scheme 111-43. Asymmetric catalytic spiroketalization catalyzed by 7,7'-R4VIP catalyst

Cat. 10 mol% Br
Ph/\/\)J\/j DMDMH, 1.2 equiv. Ph 0
toluene, -78 °C, 8 h 0
THPO
111-142 111-143
entry catalyst Yield% ee%

1 111-169g 30 11

2 I11-169h 73 30

3 111-169i 70 50

(R)-111-169h (R)-T11-169i
Catalyst 111-169h bearing 3-phenylpropyl substituents in the 7,7’ positions produced better yield;
however, with only 30% ee. To our delight, VIP catalyst 111-169i derived from the 7,7’-
iPra2VANOL ligand produced the desired product in 70% yield and 50% ee (scheme 111-43). It was
interesting to observe that the ee of the spiroketalization reaction was increased with the bulkiness
of the substituents in the 7,7’ positions. Therefore, the VIP catalyst 111-169j was prepared from
7,7’-tBu2VANOL 111-168j ligand and was investigated in the spiroketalization reaction (scheme
44). Surprisingly, moderate yield and asymmetric induction were obtained after conducting the

reaction with 10 mol% of the VIP catalyst 111-169j.
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Scheme 111-44. Asymmetric catalytic spiroketalization catalyzed by 7,7'-tBusVIP catalyst

wBu
N

T{NPCl;, 2.01 equiv. HMDS, 1.0 equiv.
Ph DIPEA, 16.0 equiv. rt, 10 min -
Ph,,, Toluene, 0.1 M Then 130 °C, 3 days
rt, 30 min yield: 82%
Bu
(S)-I11-168j (S)-I11-169j

toluene, -78 °C, 8 h

0 111-169j, 10 mol% Br
- Ph2L /0
/\/\)J\/\/\ DMDMH, 1.2 equiv.
Ph OTHP > o

111-142 111-143
yield: 57%
Shielded active site ee: 34%

Crystal structure of 7,7'-Bu,VIP Repulsion between tBu and naphthyl units
with shielded active site I11-169j rotated 90° around the y axis

To understand the poor performance of the VIP catalysts 111-169j, it was subject to the structural
analysis with x-ray crystallography. Interestingly, it was observed that the bulky t-butyl groups
have caused two of the naphthalene units to swing up over the active site and shielded it with a
distance of 3.3 A. Presumably, this shielding was accounted for the inferior performance of the

catalyst 111-169j compared with catalyst 111-169i (50% ee, scheme 43 vs 34% ee, scheme 111-44).
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Based on the results obtained from the crystal structure analysis of VIP catalyst derivatives, it was
concluded that adamantane could be the optimum substituent in the 7,7’-positions of the VANOL
ligand for the following reasons. The rigidity and also bulkiness of the adamantane along with its
inability to form m-m stacking should provide a well-defined chiral pocket. To test our

Scheme 111-45. Asymmetric catalytic spiroketalization catalyzed by catalyst 111-169k

TINPCl3, 2.01 equiv. HMDS, 1.0 equiv.
Ph “'OH DIPEA, 16.0 equiv. rt, 10 min
Ph.,,, Toluene, 0.1M  Then 130 °C, 3 days
rt, 30 min yield: 76%
111-168k II1-169k
o II-169Kk, 10 mol% Br
PO PN DMDMH, 1.2 equiv. 0
Ph OTHP > 0
toluene, -78 °C, 8 h
111-142 111-143
yield: 81%
ee: 88%
Well-defined chiral microenvironment 112° dihedral angle adopted by Ad,VIP

Steric repulsion

Crystal structure of catalyst ITI-169k-Et;N salt Large dihedral angle adopted by Ad,VIP catalyst
with a C;-symmetry chiral pocket I1I-169k rotated 90° around the y axis
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speculation, VIP catalyst 111-169k was synthesized from 7,7’-Ad2VANOL ligand 111-168k in
excellent yield (scheme 111-45). Analyzing the structure of VIP catalyst 111-169k
triethylammonium salt disclosed a large dihedral angle between two VANOL ligands possessed
by this catalyst (112°). The observed large angle in VIP catalyst 111-169k originates from the steric
repulsion of adamantyl component of one VANOL ligand with the phenyl component of the other
VANOL ligand below the active site which creates a well-established C> asymmetric chiral
environment around the active site. Our rational design of the catalyst was rewarded and the
spiroketal was produced in excellent yield and induction (scheme 111-45).

The fact that a number of the imidodiphosphorimidate catalysts could form crystals suitable for x-
ray diffraction was very important in this work. The solid state structure of these catalysts revealed
changes in conformat as a consequence of introduction of different substituents in various positions
in the catalysis. Assuming that the solid-state structures were also relevant in solution, changes in
the conformations could be anticipated with certain changes in the substituents. Scheme 46
indicates the correlation between the dihedral angle between two VANOL ligands of the VIP
catalysts with the asymmetric induction of the product in the spiroketalization reaction (scheme
111-46).

Now, we are set to accomplish the screening substrate scope for the asymmetric catalytic halonium

ion-induced spiroketalization reaction.
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Scheme 111-46. Asymmetric catalytic spiroketalization catalyzed by 7,7'-R4VIP catalyst

Cat. 10 mol% Br7 g .
Ph/\/\)K/j DMDMH, 1.2 equiv. _ Ph At O\P/N\P/O‘\
. - 0 o>
Tpo” 1oluene, 78°C.8h Ar O™ Jre NTfO
111-142 111-143
Dihedral
entry  catalyst R Ar Angle  Yield% ee%
1 II-169a  3,5-(CF3),C4H, Ph 64° 70 55
2 I-169¢ 2-Naphthyl Ph 67° 71 20
3 111-169d 2-Naphthyl 4-tBu-CcHy 59° 71 22
4 I11-169¢  9-Phenanthryl Ph 1° 47 12
5 I11-169j Bu Ph 7° 57 34
6 I11-169k Ad Ph 112° 81 88

3.3. Asymmetric catalytic intramolecular Schmidt reaction

3.3.1. Introduction

The Schmidt reaction has been a valuable methodology in organic synthesis since its discovery by
Karl Schmidt in 1924 and has twice been the subject of an Organic Reactions Reviews.®> In
1991, Aubé reported the intramolecular Schmidt reaction of an alkyl azide which involved the

insertion of a tethered azide into a ketone to give a lactam (scheme 111-47).%7

Scheme 111-47. Intramolecular Schmidt reaction

TFA, 25 °C
N

n

m

I11-170 I-171
11 examples
up to 91% yield
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However, the main challenge in the Schmidt reaction is to overcome the need for super
stoichiometric amount of Lewis acid or Brgnsted acid promoter to achieve high conversion. The
reason for the necessity of the excess amount of promoter relies in the mechanism of Schmidt
reaction as shown in scheme 48. First, the ketone 111-170a is activated via the coordination of the
promoter (Lewis acid in this case). Next, the activated ketone 111-172 is intercepted by the tethered
azide which produces azidohydrin intermediate 111-173. Finally, antiperiplanar bond migration
followed by subsequent nitrogen gas extrusion affords lactam-Lewis acid complex 111-174. The
resulting lactam is more basic than the ketone which causes the product inhibition; therefore, an
excess amount of Lewis acid should be used to achieve high conversion in this reaction.
Developing an efficient asymmetric catalytic method for this reaction has also been a difficult task
to achieve because of this reason (scheme 111-48). Asymmetric versions of this reactions that

turnover have involved chiral auxiliaries.

Scheme 111-48. Product inhibition in the Schmidt reaction

0 N,
0 |i/§—/_/
N
I11-170a
LA
111-171a
K2

K,
N;
®
Product LA,,O
inhibition N
I11-172

111-173

The first asymmetric Schmidt reaction with the use of chiral auxiliaries was reported by Aubé in

2003.%8 In this report, chiral B-hydroxy azides (not shown) and y-hydroxyalkyl azides 111-176 was
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utilized in the desymmetrization of cyclohexanones 111-175 meditated by the super stoichiometric
amount of triFluoroborate etherate as the Lewis acid. Lactam 111-174 was produced in good to
excellent yields and diastereomeric ratios. In addition, the chiral auxiliaries were removed via

reductive cleavage, and enantioenriched 2° lactam I11-179a was produced in good yield (96%).

Scheme 111-49. Asymmetric intramolecular Schmidt reaction with chiral auxiliaries
0

R, Ry 1. BF;-OEt, O Ry R Ry o]
2 2. aq. KOH
+ N3/\:/\OH 4 /\/\OH . HO)\l/l\N
R S
1-175 111-176 m-177 111-178
12 examples
up to 99% yield
up to 96:4 d.r.
O ph 0
/__\ Na/NH; NH
H o 969
111-177a 111-179a

To date, there is only one report about an asymmetric Schmidt reaction which involves the use of
a super stoichiometric amount of a chiral Brensted acid catalyst (150%). Tu and Zhang in 2011
described the desymmetrization of diketones 111-170b to give pyrroloazepine skeletons I11-
171b.%° After screening several BINOL phosphoramide catalysts, the best was catalyst 111-34c

which gave 39-58% ee and 18-88% yield over a range of 12 examples.

Scheme 111-50. Asymmetric Schmidt reaction meditated by chiral Brgnsted acid

N R
3 0
R
0 O II-34c, 150 mol% \
CCly, 25 °C, 1-6 days
0
I11-70b 1-171b

12 examples
yield: 16-88%
ee:41-59%

111-34c
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In 2013, Aubé reported the first catalytic version of the intramolecular Schmidt reaction with a
non-chiral Lewis acid.”” It was found that strong hydrogen-bond-donating solvent such as
hexafluor-2-propanol enabled the use of a substoichiometric amount of Lewis acid such as TiCls
as the catalyst in this reaction (scheme I11-51). Since lactam 111-171a is a better hydrogen bond
acceptor than the ketone 111-170a, it was assumed that the interaction of HFIP with lactam 111-
171a would be stronger than the same interaction with ketone; therefore, HFIP replaces the Lewis
acid catalyst by forming a stronger hydrogen bond with the lactam 111-171a which leads to the
liberation of the catalyst and subsequent closing of the catalytic cycle (proposed mechanism in

scheme [11-51).

Scheme 111-51. Overcoming product inhibition in Schmidt reaction

)OJ\/\/\ o /[Cj)\
< N, 2.5-5 mol% |‘ N
) HFIP, rt,
24-48 h
111-170 1I1-171

12 examples
up to 96% yield

0 N3

H---
)~ P

111-170a
I11- 1713% \

@
.0
LAT N\

F;C

111-174

III 172
N,—N

LA

I11-173
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3.3.2. VIP catalyst catalyzed intramolecular Schmidt reaction

Inspired by Aubé’s report after catalytic Schmidt reaction, it was theorized that the Brgnsted acid
catalysts might catalyze the asymmetric Schmidt reaction in the presence of a polar protic solvent
such as HFIP. To test our hypothesis, a library of VANOL/VAPOL Brgnsted acid catalysts was
investigated in the desymmetrization of diketone 111-170c. First, the reaction was conducted in the
presence of 5 mol% TiCl; as the Lewis acid catalyst, and the desired product was produced in 94%
yield (table I11-8, entry 1). As a control experiment, in the absence of a catalyst, no product was
obtained (entry 2). VAPOL phosphoric acid as the catalyst 111-27 was investigated; however, no
product was observed and the alkyl azide 111-170c was recovered in quantitative yield (entry 3).
VAPOL phosphoramide 111-53a and VAPOL thiophosphoramide 111-160 catalysts turned out not
to catalyze the reaction at all (entry 4 and 5). Interestingly, desired product 111-170c was observed

with VAPOL N-triflylphosphoramidimidate catalyst 111—2180 albeit with only 2% NMR yield.

Table 111-8. Asymmetric catalytic Schmidt reaction

R
Ns o/
R
0 0 cat. 5 mol% . N
HFIP, 25 °C, 24 h
(¢}
I11-170c¢ II-171¢
entry catalyst Yield% ec%
1 TiCl, 94 N.D.
2 No catalyst N.D.! N.D.?
111-27, X: O, Y: OH
3 (R)-111-27 N.D. N.D. II1-53a, X: O, Y: NHTf
I11I-160, X: S, Y: NHTf
4 (S)-111-53a N.D. N.D. I11-180, X: NTf, Y: NTf
5 (R)-111-160 N.D. N.D.
6 (R)-I11-179 23 N.D.

Unless otherwise specified, all of the reaction
was conducted with 0.5 mmol compound III-169¢
2 ml HFIP and 5 mol% catalyst. 1. N.D.
Not Detected. 2. N.D.: Not Determind. 3. NMR yield
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We were delighted to observe VIP catalyst 111-165I catalyzed the intramolecular Schmidt reaction

in moderate yield (table I111-9 entry 1). Increasing the catalyst loading to 10 mol% gave the desired

product in 71% vyield (entry 2). Further increase in catalyst loading to 20 mol% increased the yield

of the reaction to 89% (entry 3).

Table 111-9. Imidophosphoramidate catalyst catalyzed Schmidt reaction

% Y cat. 5 mol%
» N
HFIP, 25 °C, 24 h
O
II1-170¢ III-171¢
catalyst
entry catalyst loading% solvent Yield% ee%
1 I11-1651 5 HFIP 54 racemic
2 I11-1651 10 HFIP 71 racemic
3 I11-1651 20 HFIP 89 racemic
4! 111-1651 5 DCM N.D. N.D.
5 111-165j 10 HFIP N.D. N.D.
6 111-165j 100 DCM N.D. N.D.
7 I11-160a 10 HFIP 32 racemic
8 111-63 10 HFIP N.D. N.D.
92 111-163a 10 HFIP/DCM 56 racemic

Unless otherwise specified, all of the reaction was conducted with 0.5 mmol
compound III-169¢ and 2 mL of HFIP, 1. 1.0 equiv. of HFIP was used, 2. 4:1 ratio of

HFIP and DCM was used in order to help the solubility of the catalyst I1I-163a

R R

1111651, R: H I1-63: X =0, Y = OH

111-165j, R: /Bu
III'1653, R: 3,5-(CF3)2C6H3
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However, all of three reactions resulted in racemic products. No product was observed after
performing the reaction with a stoichiometric amount (1.0 equiv) of (CF3)2>CHOH with CHCl; as
solvent which indicated the important role of (CF3)2CHOH as the solvent (entry 4). Conducting
the reaction with VIP catalyst 111-165] resulted in the quantitative recovery of the alkyl azide I111-
170c after 24 hours (entry 5). The reaction did not proceed even in the presence of a stoichiometric
amount of catalyst 111-165j and the reason could be because of the shielded active site adopted by
this catalyst (table 111-9, entry 6). The Schmidt reaction was also performed in the presence of VIP
catalyst 111-165a; however, the product was isolated in 32% yield with no asymmetric induction
(entry 7). The use of 10 mol% VAPIP catalyst 111-163a produced similar results (entry 9). VAPOL
imidodiphosphoric acid was also utilized as the catalyst; however, no product was observed and
the starting material was fully recovered (entry 8). A feasible explanation for the formation of
racemic product with imidodiphosphoramidate catalysts 111-165 is the extreme acidity of these
catalysts which might protonate (CF3).CHOH. Therefore, protonated (CF3).CHOH could be the

actual catalyst which catalyzes the intramolecular Schmidt reaction in non-asymmetric fashion.

Scheme 111-52. Protonated HFIP is the actual catalyst in Schmidt

O3 A - O\\s//O SN //O@ 0320 ®
SN N CFs . HO__CF, FC N N CFs go_ _cr
o Pxy—h-o h o Pxy—h-o h
Lo Q CF Lo Q CF
111-169 111-169

®
N;  H,0_ _CF, 0
0 0 CF,
- N
25°C,24h
0
I11-170c¢ 1-171¢
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3.4. Summary

In summary, we have developed a library of VANOL/VAPOL Brgnsted acid catalysts and
investigated their utility in asymmetric halonium ion-induced spiroketalizations and
intramolecular Schmidt reactions. Rational design of VANOL imidophosphoramidate (VIP)
catalysts enabled us to develop an efficient VIP catalyst bearing adamantyl substituents in the 7,7°-
positions. The inability of adamantyl to form n-x stacking interactions, the bulkiness, and also the
rigidity of its structure allowed the VIP catalyst to establish a well-defined C> symmetry chiral
microenvironment around the active site. The aforementioned catalyst catalyzed the halonium ion-
induced spiroketalization and yielded the desired product in excellent asymmetric induction.
Despite the success in spiroketal formation catalyzed by VIP catalysts, however, the same catalysts
performed poorly in intramolecular Schmidt reaction and the desired product was obtained with
no asymmetric induction in racemic form. The reason may be due to the fact that HFIP is used as
the solvent to suppress the product inhibition, however, the extreme acidity of VIP catalysts
protonated the HFIP. Therefore, the protonated HFIP may act as the actual catalyst and catalyze
the Schmidt reaction in a non-asymmetric fashion. As a result, the challenge of discovering an
efficient catalyst for Schmidt reaction remains unconquered and waiting for brilliant minds to

crack this hard nut.
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3.5. Experimental

General procedure for the synthesis of 7-substituted-3-phenyl-1-naphthols (procedure I):

" PhCCH, 1.1 equiv B
OH ) isobutyric anhydride !
(COCl)y, 2.0 equiv. 190°C,48h
CH,Cl,,0°C-rt,2h then KOH, H,O0, O
Vacuum, 30 min 100 °C, 24 h Ph OH
Br
I11-165
111-164

Synthesis of 7-bromo-3-phenyl-1-naphthol 111-165: A flamed dried 500 mL round bottom flask
connected to a bubbler and then into a beaker filled with saturated solution of NaOH was added 4-
bromo-phenylacetic acid (90 mmol, 19 g) and 90 mL CH2Cl> (1 M) and the resulting solution was
cooled down to 0 °C followed by careful addition of (COCI)2 (180 mmol, 15.4 mL) in a period of
30 min. After stirring the mixture for 1 h at 0 °C, the cold bath was removed and the reaction was
allowed to warm up to the room temperature and stirred at room temperature for another hour. The
volatiles were removed under reduced pressure and the resulting yellowish liquid was used in the
next step without further purification. To the resulting acyl chloride in 500 mL round bottom flask
fitted with two condensers stacked on top of each with a gentle flow of nitrogen across the top of
the condenser was added phenyl acetylene (120 mmol, 13.2 mL) and isobutiric anhydride (181
mmol, 30.1 mL) (it should be noted that the use of two condensers is crucial in this reaction in
order to achieve full conversion). The resulting mixture was stirred at 190 °C for 48 h with a
continuous flow of nitrogen across the top of the condenser. Next the reaction was cooled down to
60 °C followed by the slow addition of a solution of KOH (536 mmol, 30.1 g) in 150 mL HO.
The resulting two layered mixture was stirred at 100 °C for 24 h. Next the mixture was cooled
down to room temperature followed by the addition of 200 mL of ethyl acetate and stirred for 10

min. The aqueous layer was extracted with ethyl acetate (3 X 100) and the combined organic layer
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was washed with brine, dried over NaxSO4and filtered over Celite bed. The resulting black solution
was concentrated under reduced pressure and purified via column chromatography (50 X 300 mm,
CH2Cl>: Hexane 1:3 to 1:0) which gave the desired product 111-165 as an off-white solid in 60%
yield (54 mmol, 16 g).

Spectral data for 111-165: *H NMR (500 MHz, Chloroform-d) § 5.37 (s, 1H), 7.09 (d, J = 1.6 Hz,
1H), 7.35 — 7.43 (m, 1H), 7.44 — 7.51 (m, 2H), 7.55 — 7.65 (m, 2H), 7.62 — 7.69 (m, 2H), 7.72 (d,
J=8.7 Hz, 1H), 8.37 (d, J = 2.0 Hz, 1H). *C NMR (126 MHz, Chloroform-d) § 104.50, 113.82,
114.53, 119.53, 119.88, 122.49, 122.93, 124.15, 124.84, 125.55, 128.58, 134.62, 135.72, 146.10.

These spectral data are in agreement with literature value.”

" PhCCH, 1.1 equiv
OH . isobutyric anhydride
(COCl),, 2.0 equiv. 190°C,48h
CH,Cl,,0°C-rt,2h then KOH, H,0, O
Vacuum, 30 min 100 °C, 24 h Ph OH
S-111-1

Synthesis of 7-methyl-3-phenyl-1-naphthol S-111-1: Compound S-111-1 was prepared from 4-
methyl-phenylacetic acid (69 mmol, 10 g), phenylacetylene (75.9 mmol, 8.33 mL) and (iPrCO).0
(138 mmol, 23.1 mL) according to the procedure | and the crude product was purified via column
chromatography on silica gel (50 mm X 300 mm, hexane: CHxCly, 3:1, 2:1 and 1:1 as the eluent).
The desired compound S-111-1 was obtained as a white solid in 32% isolated yield (26.2 mmol,
6.14 g).

Spectral data for S-111-1: *H NMR (500 MHz, Chloroform-d) & 2.55 (d, J = 0.8 Hz, 3H), 5.27 —
5.32 (m, 1H), 7.07 (d, J = 1.6 Hz, 1H), 7.33 — 7.40 (m, 2H), 7.43 — 7.55 (m, 2H), 7.62 (t, J = 1.1
Hz, 1H), 7.64 — 7.71 (m, 2H), 7.77 (d, J = 8.3 Hz, 1H), 7.94 (dqg, J = 1.8, 0.9 Hz, 1H). 3C NMR

(126 MHz, Chloroform-d) 6 21.93, 108.42, 118.59, 120.31, 123.57, 127.21, 127.29, 127.92,
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128.78,129.13, 133.19, 135.15, 137.87, 140.97, 151.16. These spectral data are in agreement with

the literature value.’*

0 PhCCH, 1.1 equiv
OH . isobutyric anhydride
(COCl),, 2.0 equiv. 190°C,48h
CH,Cl,,0°C-rt,2h then KOH, H,0, O
Vacuum, 30 min 100 °C, 24 h Ph OH
S-I11-2

Synthesis of 7-iso-propyl-3-phenyl-1-naphthol S-111-2: : Compound S-111-2 was prepared from
4-methylphenylacetic acid (28.1 mmol, 5.01 g), phenylacetylene (31 mmol, 3.4 mL) and
(iPrC0O)20 (56.2 mmol, 9.41 mL) according to the procedure | and the crude product was purified
via column chromatography on silica gel (50 mm X 300 mm, hexane: CH2Cl», 3:1, 2:1 and 1:1 as
the eluent). The desired compound S-111-2 was obtained as a white solid in 52% isolated yield
(14.6 mmol, 3.83 g).

Spectral data for S-111-2: *H NMR (500 MHz, Chloroform-d) § 1.38 (d, J = 6.9 Hz, 6H), 3.13
(hept, J = 6.9 Hz, 1H), 5.43 (s, 1H), 7.07 (d, J = 1.6 Hz, 1H), 7.34 — 7.42 (m, 1H), 7.43 - 7.51 (m,
3H), 7.63 — 7.71 (m, 3H), 7.83 (d, J = 8.5 Hz, 1H), 8.01 (dd, J = 1.8, 0.9 Hz, 1H). 3C NMR (126
MHz, Chloroform-d) 6 24.01, 34.51, 108.43, 117.64, 118.59, 123.60, 126.78, 127.25, 127.31,
128.11, 128.81, 133.62, 138.00, 141.01, 146.12, 151.43. These data are in agreement with the

literature values.”

9 ArCCH, 1.1 equiv B
. isobutyric anhydride r
(COCl),, 2.0 equiv. 190 °C, 48 h
> > Ar: Bu
CH,Cl,,0°C-r1t,2 h then KOH, H,O,
Vacuum, 30 min 100 °C, 24 h Ar OH
Br

S-111-3
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Synthesis of 7-bromo-3-(4-(tert-butyl)phenyl)-1-naphthol S-111-3: Compound S-111-3 was
prepared from 4-bromophenylacetic acid (60.1 mmol, 12.9 g), 4-tertbutyl-phenylacetylene (80.1
mmol, 14.4 mL) and (iPrCO).0 (158 mmol, 19.9 mL) according to the procedure I and the crude
product was purified via column chromatography on silica gel (50 mm X 300 mm, hexane: CH2Cly,
3:1, 2:1 and 1:1 as the eluent). The desired compound S-111-3 was obtained as a white solid in 36%
isolated yield (21.6 mmol, 7.67 g), mp 162-164 °C.

Spectral data for S-111-3: *H NMR (500 MHz, Chloroform-d) & 1.39 (s, 9H), 5.35 (s, 1H), 7.09 (d,
J=1.5Hz, 1H), 7.47 — 7.53 (m, 2H), 7.54 — 7.64 (m, 4H), 7.71 (d, J = 8.7 Hz, 1H), 8.36 (d, J =
1.9 Hz, 1H). 3C NMR (126 MHz, Chloroform-d) § 31.35, 34.61, 109.20, 118.29, 119.10, 124.26,
124.54,125.87, 126.85, 129.56, 130.21, 133.36, 137.51, 139.20, 150.79, 150.81. IR: 3554s 2858w
1586m 1236m 1167m 1086m 826s 548m cm™. HRMS (ESI-TOF) m/z 353.0579, [(M-H"); calcd
for C2oH18"°BrO: 353.0541].

General procedure for the synthesis of enantiopure 7,7’-disubstituted-VANOL ligand

(procedure I1):

I Br
Yo C
mineral
‘ ol _ Ph OH

O 165°C,24h Ph OH
Ph OH O
I Br

I11-165 I1I-166a

Oxidative phenol-coupling of compound 111-165: To a 500 mL three neck round bottom flask
which was equipped with a stir bar and cooling condenser was added compound 111-165 (47.2
mmol, 14.1 g) and 55 mL of mineral oil. Then the reaction was subjected to the air flow via a

syringe located one inch above the mixture. The reaction was stirred at 165 °C for 24 h with a
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continuous air flow over the reaction. Then the oil bath was removed and the reaction was allowed
to cool down to the room temperature followed by the addition of 50 mL CH>Cl, and 100 mL
hexane. The resulting suspension stirred it at room temperature until all of the large chunks were
broken up and then cooled down to -20 °C overnight. The resulting solid were collected via
filtration and washed with hexane and CH2Cl, which yielded the desired product 111-166a in 80%

isolated yield (37.8 mmol, 11.3 g).

I Br
Cu(DCl
(+)-sparteine
Ph OH in MeOH

Ph O OH CH,Cl,, 1t, 24

rac-111-166a (R)-111-166a

De-racemization of compound I11-166a: A 500 mL round bottom flask was charged with (+)-
sparteine (35 mmol, 8.2 g), CuCl (17.0 mmol, 1.68 g), 270 mL of MeOH and sonicated under air
for 60 min. The flask containing the resulting dark green solution was sealed with septum and
purged with argon for 60 min. Concurrently, to a 2 L round bottom flask was added rac-7,7’-
BraVANOL 111-166a (10.0 mmol. 5.96 g) and 1020 mL of CH2Cl, which was also sealed and
purged for 60 min with argon gas. The dark green solution of (+)-sparteine-copper complex in the
500 mL round bottom flask was transferred to the 2 L round bottom flask containing rac-7.7’-
BraVANOL ligand 111-166a via cannula under argon and the resulting dark green solution was
sonicated at room temperature for 15 min. Then the reaction container was wrapped with
aluminum foil and stirred at room temperature overnight. The reaction was quenched by the slow

addition of 125 mL NaHCO3 (sat. ag. solution), 400 mL of H>O and the crude mixture was
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concentrated under reduced pressure. The resulting suspension was extracted with CH2Cl, (3 X
300 mL) and the combined organic layer was washed with brine, dried over Na2SO4 and filtered
through filter paper. Next, the solvent was removed under reduced pressure and the resulting crude
mixture was purified via column chromatography on silica gel (30 mm X 250 mm, hexane:
CH2Cly, 2:1 to 1:1 and 1:2) which afforded pure (R)-7,7’-Br.VANOL I111-166a as an off-white
foamy solid in 73 % isolated yield (7.3 mmol, 4.3 g). The ee was determined to be 99% by HPLC
analysis (Pirkle D-Phenylglycine column, 98:2, hexane: iPrOH at 254 nm, flow rate 1 mL/min).
Retention time: Rt = 26.67 min for (R)-isomer (major enantiomer), Rt = 30.92 min for (S)-isomer,
(minor enantiomer).

Spectral data for compound (R)-111-166a: *H NMR (500 MHz, Chloroform-d 6.57 — 6.63 (m, 4H),
6.95 (t, J = 7.7 Hz, 4H), 7.03 — 7.10 (m, 2H), 7.21 (d, J = 0.9 Hz, 2H), 7.55 — 7.64 (m, 4H), 8.54 —
8.58 (m, 2H). *C NMR (126 MHz, Chloroform-d) & 115.32, 119.40, 121.42, 124.60, 125.40,
126.67, 127.37, 128.92, 129.30, 130.48, 132.80, 140.05, 141.45, 149.92. These spectral data are

in agreement with the literature value.”

‘ Cu(I)Cl1
mineral O (+)-sparteine
—>
O 165°C,24h Ph OH CH,Cl,, rt, 24
o )

S-111-2 S-111-6 (R)-S-111-6

Synthesis of (R)-7,7’-Me2VANOL S-111-6: Compound rac-S-111-6 was prepared from compound
S-111-2 (2.51 mmol, 1.17 g) and 25 mL mineral oil via oxidative coupling followed by the

deracemization of rac-S-111-6 with CuCl (4.2 mmol, 0.42 g) and (+)-sparteine (8.75 mmol, 2.05
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mL) according to the procedure I1. The crude product was purified via column chromatography on
silica gel (50 mm X 300 mm, hexane: CHzCl, 3:1, 2:1 and 1:1 as the eluent). The desired
compound (R)- S-111-6 was obtained as a white solid in 33% isolated overall yield (0.82 mmol,
0.38 g). The ee was determined to be 98% by HPLC analysis (Pirkle D-Phenylglycine column,
99:1, hexane: iPrOH at 254 nm, flow rate 1 mL/min). Retention time: Rt = 15.61 min for (R)-
isomer (major enantiomer), Ry = 17.92 min for (S)-isomer, (minor enantiomer).

Spectral data for (R)-S-111-6: *H NMR (500 MHz, Chloroform-d) § 2.60 (d, J = 0.9 Hz, 6H), 5.81
(s, 2H), 6.61 — 6.67 (m, 4H), 6.92 — 7.00 (m, 4H), 7.03 — 7.10 (m, 2H), 7.29 (s, 2H), 7.41 (dd, J =
8.4, 1.8 Hz, 2H), 7.70 (d, J = 8.3 Hz, 2H), 8.13 (dt, J = 1.8, 0.9 Hz, 2H). *.C NMR (126 MHz,
Chloroform-d) 6 21.97, 112.76, 121.66, 121.79, 122.92, 126.44, 127.39, 127.57, 128.85, 129.70,
132.82, 135.51, 139.66, 140.28, 149.77. These spectral data are in agreement with the literature

value.”®

‘ Cu(D)C1
mineral O (+)-sparteine
Oll Ph OH in MeOH
O 165 °C 24 h Ph OH CH,Cl,, 1t, 24
Ph OH O

S-I11-3 S-111-7 (R)-S-111-7

Synthesis of (R)-7,7’-iPr,VANOL S-111-7: Compound rac-S-111-7 was prepared from compound
S-111-3 (3.83 mmol, 2.01 g) and 30 mL mineral oil via oxidative coupling followed by the
deracemization of rac-S-111-7 with CuCl (6.51 mmol, 0.645 g) and (+)-sparteine (13.4 mmol, 3.08
mL) according to the procedure I1. The crude product was purified via column chromatography on

silica gel (50 mm X 300 mm, hexane: CH2Cl,, 3:1, 2:1 and 1:1 as the eluent). The desired
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compound (R)- S-111-7 was obtained as a white solid in 64% isolated yield (2.45 mmol, 1.28 g).
The ee was determined to be 98% by HPLC analysis (Pirkle D-Phenylglycine column, 99:1,
hexane: iPrOH at 254 nm, flow rate 1 mL/min). Retention time: Rt = 18.58 min for (R)-isomer
(major enantiomer), Rt = 25.18 min for (S)-isomer, (minor enantiomer).

Spectral data for (R)-S-111-7: *H NMR (500 MHz, Chloroform-d) § 1.43 (d, J = 6.9 Hz, 12H), 3.19
(h, J = 7.0 Hz, 2H), 5.85 (s, 2H), 6.61 — 6.68 (m, 4H), 6.98 (t, J = 7.7 Hz, 4H), 7.04 — 7.12 (m,
2H), 7.31 (s, 2H), 7.51 (dd, J = 8.5, 1.8 Hz, 2H), 7.75 (d, J = 8.4 Hz, 2H), 8.17 — 8.21 (m, 2H). 3C
NMR (126 MHz, Chloroform-d) 6 23.99, 24.06, 34.54, 112.72, 119.06, 121.81, 122.93, 126.42,
127.30, 127.43, 127.74, 128.89, 133.23, 139.83, 140.35, 146.37, 150.03. These data are in good

agreement with the literature value.’*

B ‘ Cu()Cl
r .
mineral O (+)-sparteine
011 in MeOH
O 165 °C,24h OH CH,Cl,, rt, 24
Ar OH O
| B

S-111-4 rac-S-1I1-8 (R)-S-II1-8

T

Synthesis of (R)-S-111-8: Compound rac-S-111-8 was prepared from compound S-111-4 (7 mmol,
5 @) and 50 mL mineral oil via oxidative coupling followed by the deracemization with CuCl (11.9
mmol, 1.18 g) and (+)-sparteine (24.5 mmol, 5.63 mL) according to the procedure II. The crude
product was purified via column chromatography on silica gel (50 mm X 300 mm, hexane: CH2Cly,
3:1, 2:1 and 1:1 as the eluent). The desired compound (R)- S-111-8 was obtained as a white solid
in 57% isolated yield (3.99 mmol, 2.83 g). The ee was determined to be 99% by HPLC analysis

(Pirkle D-Phenylglycine column, 97:3, hexane: iPrOH at 254 nm, flow rate 1 mL/min). Retention
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time: Rt = 16.42 min for (R)-isomer (major enantiomer), Rt = 20.34 min for (S)-isomer, (minor
enantiomer). mp 73-74 °C.

Spectral data for (R)-S-111-7:'H NMR (500 MHz, Chloroform-d) & 1.25 (s, 18H), 5.77 (s, 2H),
6.44 — 6.50 (M, 4H), 6.92 — 6.99 (m, 4H), 7.31 (d, J = 0.8 Hz, 2H), 7.56 — 7.72 (m, 4H), 8.52 (dd,
J=1.8,0.9 Hz, 2H). 3C NMR (126 MHz, Chloroform-d) & 31.27, 34.36, 113.59, 119.64, 121.68,
123.92, 124.47, 125.31, 128.24, 129.35, 130.91, 133.03, 136.62, 140.87, 149.28, 149.70. IR:
3491brs, 2965m, 1097m, 873s, 829s, 560s, 541s. HRMS (ESI+TOF) m/z 707.1158, [(M+H");
calcd for CaoHs7°Br®BrO,: 707.1144]. [a]*°o = 1.2181 (¢ 1.0, CHCI3) on >99% ee(R)-S-111-7
(HPLC).

General procedure for MOM-protection, Suzuki coupling and MOM-deprotection-
illustrated for the synthesis of (R)-7,7°-((CF3)2CsHs)2VANOL ligand S-111-9 (Procedure I11):

Br Br
(J (J
O NaH, 2.5 equiv O
Ph OoH 0°C-it,1h, THF  ph OMOM

Ph OH MOMCI, 2.5 equiv Ph OMOM
O 0°C-rt, 24 h O
Br

Br

(R)-S-111-5 (R)-S-111-9
MOM-protection: A flame-dried 50 mL round bottom flask was charged with (R)-7,7’-
BraVANOL ligand S-111-5 (1.6 mmol, 0.95 g) and 12 mL of dried THF. The mixture was stirred
at 0 °C for 10 min followed by the slow addition of NaH (4 mmol, 0.1 g, 60% dispersed in mineral
oil). After keeping the reaction for 30 min at 0 °C, the ice bath was removed and the mixture was
warmed up to room temperature and stirred for another 30 min. The reaction container was cooled

down to 0 °C followed by the addition of CH3OCH:CI (4 mmol, 0.2 mL) and stirred at room
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temperature for 24 h. The reaction was quenched by slow addition of NH4Cl (sat. aq solution) and
the aqueous layer was extracted with CH2Cl> (3 X 10 mL). The combined organic layer was dried
over Na>SO4 and filtered through filter paper. The solvent was removed via reduced pressure and
the crude product was used in the next step without further purification. The conversion was

determined to be 99% as judged by TLC.

10 mol%
Pd(PPh;),
2-Naphthalene-
boronic acid
4.0 equiv. -
Na,COs3, 2 M,
Toluene, EtOH,
90 °C,N,, 24 h

CF,

(R)-S-111-9 (R)-S-111-10
Suzuki coupling: A mixture of 2 M Na>COs aq (20 mL) solution, toluene (30 mL) and ethanol (20
mL) was purged with nitrogen gas for 10 min prior to use. The solid from the previous step was
added to a 250 mL round Dbottom flask attached to a condenser.
Tetrakis(triphenylphosphine)palladium (0.16 mmol, 0.19 g), 20 mL toluene and 10 mL aq Na>COs
(2 M) was added to the reaction container. To this mixture was also added 3,5-
(bistrifluoromethyl)phenylboronic acid (6.4 mmol, 1.7 g) as well as 10 mL ethanol and the
resulting bilayer solution was refluxed at 90 °C overnight with a continuous flow of the nitrogen
over the top of the condenser. The reaction was cooled down to the room temperature followed by
the addition of 40 mL of EtOAc. The organic layer was separated, washed with brine, dried over

Na>SO4 and filtered through filter paper. The crude product was concentrated to dryness and
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passed through a pad of silica gel using pure CHzCl; as the eluent and used in the next step without

further purification.

PR Amberlyst 15
S — -
Ph ~OMOM  MeOH/THF

60 °C, reflux

///,©\ \CF3

CF, CF,
(R)-S-111-10 (R)-S-II-11

MOM deprotection: To a 250 mL round bottom flask attached to a condenser was added the crude
product from the previous step, Amberlyst 15 (0.83 g) and 60 mL MeOH:THF (1:1). The solution
was stirred at 65 °C overnight with a continuous flow of nitrogen across the top of the condenser.
Next, the oil bath was removed and the reaction was filtered through filter paper, concentrated to
dryness under reduced pressure and purified via column chromatography (30 mm X 250 mm,
hexane:CH.Cl 3:1, 2:1, 1:1 and 1:2) which afforded the desired ligand as a yellow solid in 72%
yield overall three steps (1.15 mmol, 0.993 g).

Spectral data for (R)-S-111-11: *H NMR (500 MHz, Chloroform-d) & 5.98 (s, 2H), 6.63 — 6.69 (m, 4H),
6.99 (t, J = 7.7 Hz, 4H), 7.10 (td, J = 7.2, 1.3 Hz, 2H), 7.36 (s, 2H), 7.82 (dd, J = 8.5, 1.9 Hz, 2H), 7.89 —
7.95 (m, 4H), 8.21 (d, J = 1.6 Hz, 4H), 8.58 (d, J = 1.8 Hz, 2H). 3C NMR (126 MHz, Chloroform-d) &
113.45, 121.01, 121.60, 121.87, 122.31 (q, J = 275 Hz), 126.46, 126.97, 127.41 (q, J = 3.5 Hz), 127.57,

128.79, 129.01, 131.82, 132.09 (q, J = 35 Hz), 134.26, 135.31, 139.65, 141.69, 143.07, 150.71. These data

are in agreement with literature value.™
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10 mol%
Pd(PPh;),
NaH, 2.5 equiv phenylboronic acid
Ph\\\ H 0 °C-rt, 1 h, THF 4.0 equiv_ Amberlyst 15 Ph\\\\
Ph ~OH MOMCI, 2.5 equiv Na,CO3, 2 M, MeOH/THF Ph
0°C-rt,24 h Toluene, EtOH, 60 °C, reflux
90 °C,N,,24 h
/,,Br ’/,, :
(R)-S-111-5 (R)-S-111-12

Synthesis of (R)-S-111-12: Compound (R)-S-111-12 was prepared from compound (R)-S-111-5
(0.84 mmol, 0.51 g), NaH (2.1 mmol, 84 mg), CH3sOCH.ClI (2.1 mmol, 0.11 mL), phenylboronic
acid (3.34 mmol, 0.412 g), tetrakis(triphenylphosphine)palladium (0.084 mmol, 0.097g) and
Amberlyst 15 (0.42 g) according to the general procedure 111 and the crude product was purified
via column chromatography on silica gel (50 mm X 300 mm, hexane: CHxCl», 3:1, 2:1 and 1:1 as
the eluent). The desired compound (R)- S-111-12 was obtained as a white solid in 61% isolated
yield (0.51 mmol, 0.31 g) overall for 3 steps.

Spectral data for (R)-S-111-12: *H NMR (500 MHz, Chloroform-d) § 6.54 —6.60 (m, 4H), 6.84 (td,
J=7.6,1.5Hz, 4H), 6.94 (td, J = 7.2, 1.3 Hz, 2H), 7.14 (s, 2H), 7.23 — 7.30 (m, 2H), 7.38 (td, J =
8.3, 7.9, 1.6 Hz, 4H), 7.65 — 7.74 (m, 8H), 8.55 (d, J = 1.4 Hz, 2H). 3C NMR (126 MHz,
Chloroform-d) 6 115.55, 120.83, 120.89, 123.95, 126.19, 126.24, 127.15, 127.21, 128.11, 128.77,
129.01, 133.38, 137.48, 140.68, 141.00, 141.28, 151.24. One sp? carbon is not located. These data

are in agreement with the literature value.”
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10 mol%
Pd(PPh;),
2-naphthalene

NaH, 2.5 equiv boronic acid
Ph oH 0°C-t, I h, THF 4.0 equiv. Amberlyst 15 P
Ph ~OH  MOMCI, 2.5 equiv Na,CO;, 2 M, MeOH/THF Ph
0°C-rt,24 h Toluene, EtOH, 60 °C, reflux
90 °C,N,,24h

(R)-S-111-5 (R)-111-168¢
Synthesis of (R)-111-168c: Compound (R)-111-168c was prepared from compound (R)-S-111-5
(0.99 mmol, 0.61 g), NaH (2.5 mmol, 0.11 g), CH3OCH.Cl (2.5 mmol, 0.13 mL), 2-
naphthaleneboronic acid (3.99 mmol, 0.691 g), tetrakis(triphenylphosphine)palladium (0.101
mmol, 0.116 g) and Amberlyst 15 (0.5 g) according to the general procedure Ill and the crude
product was purified via column chromatography on silica gel (50 mm X 300 mm, hexane: CH2Cly,
3:1, 2:1 and 1:1 as the eluent). The desired compound (R)- 111-168c was obtained as a white solid
in 75% isolated yield (0.75 mmol, 0.52 g) overall for 3 steps.

Spectral data for (R)-111-168c: *H NMR (500 MHz, Chloroform-d) § 6.54 — 6.61 (m, 4H), 6.83 (t,
J=7.6 Hz, 4H), 6.89 — 6.96 (m, 2H), 7.14 (s, 2H), 7.32 — 7.42 (m, 4H), 7.70 — 7.78 (m, 4H), 7.76
—7.89 (m, 8H), 8.13 (d, J = 1.6 Hz, 2H), 8.66 — 8.70 (m, 2H). 1*C NMR (126 MHz, Chloroform-
d) 6 115.81, 120.82, 121.17, 124.09, 125.57, 125.76, 125.88, 126.24, 126.27, 127.14, 127.54,
128.12, 128.21, 128.40, 129.03, 132.48, 133.41, 133.63, 137.18, 138.31, 140.72, 141.45, 151.39.

These data are in agreement with the literature value.”
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10 mol%

Pd(PPh;),
9-phenanthrene
NaH, 2.5 equiv boronic acid
Ph oH 0°C-rt, 1 h, THF 4.0 equiv. Amberlyst 15 pp
Ph ~OH  MOMCI, 2.5 equiv Na,CO4, 2 M, MeOH/THF Ph
0°C-rt, 24 h Toluene, EtOH, 60 °C, reflux
90 °C,N,, 24 h
"'Br
(R)-S-111-5 (R)-111-168e

Synthesis of (R)-111-168e: Compound (R)-111-168e was prepared from compound (R)-S-111-5
(2.75 mmol, 1.64 g), NaH (6.9 mmol, 0.28 g), CH3OCH2Cl (6.9 mmol, 0.36 mL), 9-
phenanthreneboronic acid (11.0 mmol, 1.91 @), tetrakis(triphenylphosphine)palladium (0.275
mmol, 0.319 g) and Amberlyst 15 (1.375 g) according to the general procedure 11l and the crude
product was purified via column chromatography on silica gel (50 mm X 300mm, hexane: DCM,
3:1, 2:1 and 1:1 as the eluent). The desired compound (R)-111-168e was obtained as a white solid
in 61% isolated yield (1.675 mmol, 1.325 g) overall for 3 steps. mp: 247-248 °C.

Spectral data for (R)-111-168e: *H NMR (500 MHz, Chloroform-d) & 5.99 (s, 2H), 6.73 — 6.80 (m,
4H), 7.08 (t, J = 7.6 Hz, 4H), 7.13 — 7.21 (m, 2H), 7.47 (s, 2H), 7.60 (ddd, J = 8.1, 6.8, 1.2 Hz,
2H), 7.66 (ddd, J = 8.0, 7.0, 1.2 Hz, 2H), 7.71 (dddd, J = 8.3, 7.0, 3.4, 1.4 Hz, 4H), 7.79 (dd, J =
8.3, 1.7 Hz, 2H), 7.90 (s, 2H), 7.90 — 8.00 (m, 4H), 8.06 (dd, J = 8.2, 1.2 Hz, 2H), 8.57 — 8.61 (m,
2H), 8.77 (d, J = 8.2 Hz, 2H), 8.83 (dd, J = 8.5, 1.2 Hz, 2H). 13C NMR (126 MHz, Chloroform-d)
0113.21,121.97,122.59, 123.01, 123.03, 123.63, 126.56, 126.64, 126.71, 126.73, 126.93, 126.99,
127.46, 127.59, 128.12, 128.76, 128.98, 130.08, 130.14, 130.71, 131.16, 131.62, 133.81, 138.36,

138.65, 140.21, 140.94, 150.57. [a]®p = -0.6822 (c 1.0, CHCls).
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10 mol%

Pd(PPhy),
2-naphthalene
NaH, 2.5 equiv boronic acid
Ar oH 0°C-rt, 1 h, THF 4.0 equiv. Amberlyst 15 o
Ar ~OH MOMCI, 2.5 equiv Na,CO;, 2 M, MeOH/THF Ar
0°C-rt, 24 h Toluene, EtOH, 60 °C, reflux
90 °C,N,, 24 h
,"Br
(R)-S-111-8 (R)-111-164d

Synthesis of (R)-111-164d: Compound (R)-111-164d was prepared from compound (R)-S-111-8
(0.75 mmol, 0.61 g), NaH (1.875 mmol, 0.7520 g), CH3OCH.CI (1.87 mmol, 0.101 mL), 2-
naphthaleneboronic acid (3.0 mmol, 0.52 g), tetrakis(triphenylphosphine)palladium (0.075 mmol,
0.087 g) and Amberlyst 15 (0.375 g) according to the general procedure 111 and the crude product
was purified via column chromatography on silica gel (50 mm X 300mm, hexane: CH2Cly, 3:1,
2:1 and 1:1 as the eluent). The desired compound (R)-111-164d was obtained as a white solid in
68% isolated yield (0.51 mmol, 0.38 g) overall for 3 steps. mp 186-187.

Spectral data for (R)-111-164d: *H NMR (500 MHz, Chloroform-d) & 1.28 (s, 18H), 6.00 (s, 2H),
6.54 — 6.61 (M, 4H), 6.96 — 7.03 (M, 4H), 7.44 (s, 2H), 7.49 — 7.59 (m, 4H), 7.89 — 7.94 (m, 2H),
7.91-8.02 (m, 8H), 8.02 (dd, J = 8.5, 1.8 Hz, 2H), 8.28 (d, J = 1.3 Hz, 2H), 8.74 (dd, J = 1.8, 0.9
Hz, 2H). C NMR (126 MHz, Chloroform-d) & 31.32, 34.3, 113.29, 121.09, 121.66, 123.25,
124.46, 125.73, 126.05, 126.15, 126.37, 127.21, 127.69, 128.30, 128.38, 128.40, 128.59, 132.72,
133.77, 133.84, 137.15, 138.10, 138.34, 140.65, 149.43, 150.47. IR: 3510brs, 2958m, 829w, 805s,
743s, 522m. HRMS (ESI+TOF) m/z 803.3871, [(M+H"); calcd for CeoHs102: 803.3889]. [0]Pp =

-0.6932 (¢ 1.0, CHCls).
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General procedure for the synthesis of N-triflylthiophosphoramides -illustrated for the

synthesis of 7,7°-tBu2VANOL N-triflylthiophosphoramides (procedure 1V):

TENPCl;, 1.1 equiv.
iPr,EtN, 5.0 equiv. H,S, 2.0 equiv.  pp

v

CH2C12, 02M rt, 1h Ph
rt, 10 min

(R)-111-168j (R)-111-161
Synthesis of 7,7’-tBu2VANOL N-triflylthiophosphoramides (R)-111-161: A flame-dried 25 mL
round bottom flask under nitrogen was charged with 7,7°-tBu2VANOL (R)-111-168j, (1.0 mmol,
0.55 g), 5 mL CH.Cl, (0.2 M), TfNPCI32 (1.1 mmol, 0.32 g) and iPr2EtN (5.0 mmol, 0.87 mL).
The mixture was stirred at room temperature for 10 min followed by the addition of H2S (2.0
mmol, 2.5 mL, 0.8 M in THF). Once the starting material was fully consumed as judged by TLC,
the crude mixture was filtered through a Celite pad, concentrated to dryness under reduced pressure
and purified via column chromatography on silica gel (30 mm X 250 mm, pure EtOAc as the
eluent) which afforded the desired product as a salt. Compound (R)-111-161 was obtained as the
free acid in 99% isolated yield (1.0 mmol, 0.76 g) after acidification with 3.0 M HCI and drying
under reduced pressure. mp 182-183 °C.

Spectral data for (R)-111-161: *H NMR (500 MHz, Chloroform-d) § 1.53 (m,18H), 6.46 (td, J =
8.5, 1.3 Hz, 4H), 6.94 (td, J = 7.6, 4.5 Hz, 4H), 7.11 (qt, J = 7.3, 1.3 Hz, 2H), 7.53 (t, J = 1.8 Hz,
2H), 7.75 (ddd, J = 18.9, 8.7, 1.9 Hz, 2H), 7.81 (dd, J = 11.8, 8.6 Hz, 2H), 8.33 — 8.40 (m, 2H).
13C NMR (126 MHz, Chloroform-d) & 31.13, 35.51, 116.67, 118.24, 126.57 (apparent d), 126.82,
127.34 (d), 127.33 (d), 127.46, 127.78 (overlapping), 128.86, 128.88, 132.54, 139.29, 139.67,
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150.03, 151.24. 3P NMR (202 MHz, Chloroform-d) & 57.46 (d, J = 4.9 Hz). °F NMR (470 MHz,
Chloroform-d) & -75.50 (d, J = 2.8 Hz). IR: 2959w, 1201s, 901m, 884s, 765m, 696s, 608s cm™.
HRMS (ESI+TOF) m/z 760.2134, [(M+H"); calcd for CaiHasFsNO4PS: 760.1932]. [a]% =

15100 (¢ 1.0, CHCls).

TINPCI;, 1.1 equiv.

DIPEA, 5.0 equiv. H,S, 2.0 equiv.
DCM, 0.2 M rt, 1 h
rt, 10 min
(S)-111-54 (S)-111-160

Synthesis of VAPOL N-triflylthiophosphoramides (S)-111-160: Compound (S)-111-160 was
prepared from compound (S)-111-54 (1.0 mmol, 0.54 g), 5 mL CHCl; (0.2 M), TfNPCls"? (1.1
mmol, 0.32 g) and DIPEA (5.0 mmol, 0.87 mL) according to the general procedure IV and the
crude product was purified via column chromatography on silica gel (30 mm X 250 mm, pure
EtOACc as the eluent). The desired compound (S)-111-160 was obtained as a white solid in 27%
isolated yield (0.27 mmol, 0.21 g). mp 176-177 °C.

Spectral data for (S)-111-160: *H NMR (500 MHz, Chloroform-d) & 6.48 — 6.55 (m, 2H), 6.53 —
6.60 (m, 2H), 6.97 (td, J = 7.7, 5.7 Hz, 4H), 7.07 — 7.17 (m, 2H), 7.66 (d, J = 1.3 Hz, 2H), 7.69 —
7.79 (m, 5H), 7.79 — 7.93 (m, 3H), 8.01 (ddd, J = 22.3, 7.7, 1.7 Hz, 2H), 9.61 (dd, J = 8.9, 2.3 Hz,
2H). 13C NMR (126 MHz, Chloroform-d) § 122.29, 122.31, 126.57, 126.94, 127.07, 127.44 (t)
127.74, 127.78, 128.15, 128.50, 128.70, 128.83, 128.93, 129.28, 129.36, 129.49, 129.70, 133.34
(d), 139.06 (d). 3P NMR (202 MHz, Chloroform-d) & 52.40 — 52.55 (m). *F NMR (470 MHz,

Chloroform-d) § -76.50 (d, J = 2.8 Hz). IR: 1200s, 891s, 811w, 747m, 696s, 605s cm™. HRMS
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(ESI+TOF) m/z 748.1008, [(M+H"); calcd for Ca1H26FsNO4PS2: 748.0993]. [0]% = 4.0444 (c 1.0,
CHCly).

General procedure for the synthesis of N,N’-bis(triflyl)phosphoramidimidates-illustrated for
the synthesis of 7,7°-tBu2VANOL N,N’-bis(triflyl)phosphoramidimidates (procedure V):
Synthesis of ((trifluoromethyl)sulfonyl)phosphorimidoyl trichloride:
((trifluoromethyl)sulfonyl)phosphorimidoy! trichloride was synthesized via the procedure that is
developed in Benjamin List’s research group and the spectral data were in good agreement with

the literature values.”

T{NPCl;, 1.1 equiv.

iPr,EtN, 5.0 equiv. T{NH,, 2.0 equiv.
CH2C12, 02M rt, l1h
rt, 10 min
(R)-111-168j (R)-111-162a

Synthesis of 7,7’-tBuVANOL N,N’-bis(triflyl)phosphoramidimidates (R)-111-162a: A flame-
dried 25 mL round bottom flask under nitrogen was charged with 7,7’-tBu2VANOL (R)-111-168j,
(1.0 mmol, 0.55 g), 5 mL CH.Cl (0.2 M), TfNPClIs3 (1.1 mmol, 0.32 g)’2 and iPr.EtN (5.0 mmol,
0.87 mL). The mixture was stirred at room temperature for 10 min followed by the addition of
TfNH2 (2.7 mmol, 0.41 g). Once the starting material was fully consumed as judged by TLC, the
crude mixture was filtered through a Celite pad, concentrated to dryness under reduced pressure
and purified via column chromatography on silica gel (30 mm X 250 mm, pure EtOAc as the

eluent) which afforded the desired product as a salt. Compound (R)-111-162a was obtained as the
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free acid in 98% isolated yield (0.98 mmol, 0.86 g) after acidification with 3.0 M HCI and drying
under reduced pressure. mp 184-185 °C.

Spectral data for (R)-111-162a: *H NMR (500 MHz, Chloroform-d) & 1.52 (s, 18H), 6.48 (dt, J =
8.1, 1.0 Hz, 4H), 6.96 (t, J = 7.6 Hz, 4H), 7.09 — 7.16 (m, 2H), 7.56 (d, J = 1.4 Hz, 2H), 7.77 (dd,
J =87, 1.8 Hz, 2H), 7.83 (d, J = 8.7 Hz, 2H), 8.25 — 8.30 (m, 2H). *C NMR (126 MHz,
Chloroform-d) & 30.98, 35.35, 116.45, 122.19 (d), 124.75 (d), 126.73, 127.31, 127.69, 127.78,
128.10 (d), 129.01, 132.68, 139.37 (d), 139.43, 143.76 (d), 150.99. 3P NMR (202 MHz,
Chloroform-d) & -1.41. °F NMR (470 MHz, Chloroform-d) & -78.21 (d, J = 8.2 Hz). IR: 2959w,
1200s, 910w, 882s, 765m, 696s, 607s, 586w. HRMS (ESI+TOF) m/z 875.1804, [(M+H"); calcd

for C42HasFsN206PS,: 875.1813]. [a]?°p = 0.7799 (c 1.0, CHCI5).

TINPCl;, 1.1 equiv.

iPr,EtN, 5.0 equiv. TiNH,, 2.0 equiv.  pp
CHzClz, 02M rt, 1h Ph/,/
rt, 10 min
($)-111-168¢ ($)-111-162b

Synthesis of 7,7-Naphthyl.VANOL N,N’-bis(triflyl)phosphoramidimidates (S)-111-162b:
Compound (S)-111-162b was prepared from compound (S)-111-168c¢ (0.599 mmol, 0.415 g), 5 mL
CH2Cl; (1.2 M), TfNPCI3 (0.66 mmol, 0.19 g)’? and iPr.EtN (3.0 mmol, 0.52 mL) according to
the general procedure V and the crude product was purified via column chromatography on silica
gel (30 mm X 250 mm, pure EtOAc as the eluent). The desired compound (S)-111-162b was

obtained as a solid in 66% isolated yield (0.4 mmol, 0.4 g). mp 205-206 °C.
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Spectral data for (S)-111-162b: *H NMR (500 MHz, Chloroform-d) § 6.52 — 6.58 (m, 4H), 7.01 (t,
J=7.6Hz, 4H), 7.13 - 7.21 (m, 2H), 7.48 — 7.58 (m, 4H), 7.65 (d, J = 1.4 Hz, 2H), 7.90 (dd, J =
7.7, 1.5 Hz, 2H), 7.95 — 8.08 (m, 8H), 8.17 (s, 2H), 8.31 (d, J = 1.6 Hz, 2H), 8.66 — 8.70 (m, 2H).
13C NMR (126 MHz, Chloroform-d) & 119.20, 119.83, 122.19, 122.61, 124.68, 124.94, 125.68,
125.72, 125.73, 126.00, 126.08, 126.32, 126.37, 126.41, 126.56, 126.78, 127.07, 127.22, 127.47,
127.61, 127.74, 127.87, 128.23, 128.46, 128.58, 128.71, 128.90, 128.98, 129.06, 132.50, 132.56,
133.09, 133.40, 133.51, 134.01, 137.21, 137.90, 138.59, 138.63, 139.10, 139.33, 139.85, 140.59,
143.31, 144.77. 3P NMR (202 MHz, Chloroform-d) & -11.40. **F NMR (470 MHz, Chloroform-
d) & -77.63. IR: 2950w, 1190s, 1072m, 808m, 694m, 606s, 577m cm™. HRMS (ESI+TOF) m/z

1015.1487, [(M+H"); calcd for CssH3aFsN206PS2: 1015.1500]. [a]*°p = 2.9505 (c 1.0, CHCl5).

TINPCl;, 1.1 equiv.

iPr,EtN, 5.0 equiv. T{NH,, 2.0 equiv.
CH2C12, 02 M rt, 1 h
rt, 10 min
(R)-S-111-13 (R)-I11-159

Synthesis of 3,3’-AnthryLbBINOL  N,N’-bis(triflyl)phosphoramidimidates (R)-111-159:
Compound (R)-111-159 was prepared from compound (R)-S-111-13 (0.51 mmol, 0.32 g), 5 mL
CH:Cl; (1.0 M), TfNPClIs (0.55 mmol, 0.16 g)’? and iPr.EtN (2.5 mmol, 0.74 mL) according to
the general procedure V and the crude product was purified via column chromatography on silica
gel (30 mm X 250 mm, pure EtOAC as the eluent). The desired compound (S)-111-159 was obtained

as a solid in 40% isolated yield (0.2 mmol, 0.2 g). mp 215-217 °C.
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Spectral data for (S)-111-159: 'H NMR (500 MHz, Chloroform-d) & 7.21 — 7.39 (m, 6H), 7.36 —
7.43 (m, 2H), 7.57 (ddd, J = 8.4, 6.9, 1.3 Hz, 2H), 7.61 — 7.75 (m, 8H), 7.83 (d, J = 8.5 Hz, 2H),
7.88 (d, J = 8.5 Hz, 2H), 8.09 (d, J = 8.2 Hz, 2H), 8.20 (s, 2H), 8.24 (s, 2H). 13C NMR (126 MHz,
Chloroform-d) 6 15.15, 65.93, 119.84, 122.09, 122.11, 124.89, 124.94, 125.57, 125.88, 126.01,
126.44, 127.08, 127.34, 127.59, 127.80, 128.12, 128.37, 128.74, 130.21, 130.25, 130.54, 130.57,
130.71, 130.93, 131.20, 131.75, 132.56, 132.57, 134.61, 145.88, 145.97. 3P NMR (202 MHz,
Chloroform-d) & 2.54. 1%F NMR (470 MHz, Chloroform-d) § -79.52. IR: 1193s, 1097s, 965m,
728s, 607s, 574m. HRMS (ESI+TOF) m/z 963.1197, [(M+H™); calcd for CsoH3zoFsN2OgPS::
963.1187]. [a]*°> = 0.0144 (c 1.0, CHCI5).

Synthesis of VAPOL imidodiphosphoric acid catalyst:

POCl;, 3.0 equiv.

Pyridine, 1.5 h
60 °C

(R)-111-54 (R)-S-111-14
A 25 mL round bottom flask was charged with (S)-VAPOL (R)-111-54 (1.0 mmol, 0.54 g), 3 mL
pyridine and POCI3 (3.0 mmol, 0.28 mL) under nitrogen gas. The resulting solution was stirred at
65 °C for 1.5 h. Then the solvent was removed under reduced pressure and the crude mixture was
passed through a short pad of silica gel with CH:ClI: as the eluent which gave the desired product
(R)-S-111-14 in 99% conversion (judged by the TLC). This material was used directly in the

preparation of 111-63.
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POCls, 3.0 equiv. NH; ), ca. 10 ml

Y

Pyridine, 1.5 h
60 °C

=78 °C - rt

(R)-111-54 (R)-S-111-14 (R)-S-111-15
A 25 mL round bottom flask was charged with (S)-VAPOL (R)-111-54 (1.0 mmol, 0.54 g), 3 mL
pyridine and POCI3 (3.0 mmol, 0.28 mL) under nitrogen gas. The resulting solution was stirred at
65 °C for 1.5 h then cooled down to -78 °C followed by the condensing of 10 mL of anhydrous
ammonia by purging it into the flask. The mixture was warmed up to the room temperature then
concentrated under reduced pressure and passed through a short pad of silica gel using pure CH,Cl>
as the eluent which afforded compound (R)-S-111-14 as a white solid. The conversion was
determined to 99% by TLC. This material was not characterized but taken directly onto the

preparation of 111-63.

NaH, 3.0 equiv.

THEF, 2 days
25°C

(R)-S-111-14 (R)-S-11I-15 (R)-111-63
To a solution of compounds (R)-S-111-14 and (R)-S-111-15 in THF at room temperature was added
NaH (3.0 mmol, 0.12 g) and the resulting mixture was stirred at room temperature for 48 h. The
reaction was quenched by careful addition of 10% HCI aqueous solution. The organic layer was

separated, dried over Na>SO4 and concentrated under reduce pressure. The crude product was
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purified via column chromatography (25 mm X 250 mm, hexane:EtOAc, 3:1 to 1:1) which gave
compound (R)-111-63 as a white solid. Acidification of the resulting solution in CH>Cl, with 3N
aqueous HCI for 4 h afforded compound (R)-111-63 as the free acid in 40% isolated yield (0.44
mmol, 0.43 g).

Spectral data for (R)-111-63: *H NMR (500 MHz, Chloroform-d) § 6.33 (d, J = 7.6 Hz, 4H), 6.38
—6.43 (M, 4H), 6.86 (t, J = 7.6 Hz, 4H), 7.00 (t, J = 7.6 Hz, 4H), 7.00 — 7.10 (m, 4H), 7.14 - 7.21
(m, 2H), 7.23 (s, 2H), 7.37 (s, 8H), 7.54 (s, 2H), 7.62 — 7.72 (m, 4H), 7.77 (s, 2H), 7.87 (d,J = 8.8
Hz, 2H), 7.97 (dd, J = 8.0, 1.4 Hz, 2H), 9.32 (s, 2H), 10.03 (s, 2H). *C NMR (126 MHz, DMSO-
ds) 6 121.26, 122.10, 125.74, 125.79, 125.97, 126.03, 126.08, 126.73, 126.81, 126.93, 127.20,
127.64, 127.71, 127.74, 128.14, 128.49, 128.79, 128.85, 129.29, 129.78, 129.82, 130.01, 132.30,
132.37, 133.05, 133.60, 134.10, 140.09, 140.28, 140.99, 149,72, 149.73, 149.76. One sp? carbon
peak is not located (due to the low solubility of this compound in chloroform-d, 3C-NMR was
taken in DMSO). 3P NMR (202 MHz, Chloroform-d) & -0.84. These data matched with the
literature value.

General procedure for the synthesis of imidodiphosphorimidate catalysts-illustrated for the

synthesis of VAPOL imidodiphosphorimidate (procedure V1):

TINPCl3, 2.01 equiv.  HN(SiMe;), 1.0 equiv.
iPr,EtN, 16.0 equiv. rt, 10 min

’

Toluene, rt, 15 min Then 130 °C, 3 days

(R)-I11-54 (R)-111-163a
Synthesis of VAPOL imidodiphosphorimidate (VAPIP) (R)-111-163a: The catalyst was prepared
in 25 mL pear-shaped flask in which its 14/20 joint was replaced with a high vacuum threaded T-
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shaped Teflon valve. To this flask which was flame-dried and cooled under a continuous flow of
the nitrogen from its side arm was added (S)-VAPOL (0.93 mmol, 0.51 g), 4 mL freshly distilled
anhydrous toluene (0.11 M), iPr2EtN (7.44 mmol, 1.23 mL) and TfNPCl3 (0.93 mmol, 0.27 g)."
The mixture was stirred at room temperature for 15 min followed by the addition of anhydrous
HN(SiMe3)3 (0.44 mmol, 0.093 mL) and stirring at room temperature for 10 min. Then the Teflon
valve was closed and the reaction was placed in an oil bath and stirred for three days at 130 °C.
After cooling the reaction to the room temperature, the mixture was transferred to a 50 mL round
bottom flask and concentrated to dryness under reduced pressure. The resulting mixture was
dissolved in CH.Cl. followed by the addition of 3N aqueous HCI and stirring at room temperature
for 1 h. The organic layer was separated and the aqueous layer was extracted with CH2Cl> (3 X 10
mL). The combined organic layer was dried over Na2SO4 and filtered through filter paper. The
solvent was removed under reduced pressure and the resulting product was purified via column
chromatography (30 mm X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The
resulting off-white solid was dissolved in CH2Cl. and acidified with 6N aqueous HCI for 1 h at
room temperature. The organic layer was separated and concentrated to dryness under reduced
pressure to afford the desired product as a white solid in 86% isolated yield (0.39 mmol, 0.57 g).
mp: 278-279 °C. CCDC number: 1818678

Spectral data for 111-163a: *H NMR (500 MHz, Chloroform-d) § 6.20 (d, J = 7.2 Hz, 4H), 6.35 —
6.41 (m, 4H), 6.83 (t, J = 7.7 Hz, 4H), 6.95 — 7.04 (m, 6H), 7.13 — 7.22 (m, 10H), 7.30 (d, J = 8.7
Hz, 2H), 7.51 (s, 2H), 7.65 — 7.78 (m, 6H), 7.83 (d, J = 8.9 Hz, 2H), 7.99 (dd, J = 8.1, 1.5 Hz, 2H),
8.11 (ddd, J = 8.5, 6.9, 1.5 Hz, 2H), 9.72 (d, J = 8.6 Hz, 2H), 9.80 (d, J = 8.7 Hz, 2H). 3C NMR
(126 MHz, Chloroform-d) 6 121.08, 121.54, 125.18, 125.90, 126.04, 126.52, 126.55, 126.85,

127.02, 127.09, 127.22, 127.50, 127.75, 127.80, 127.92, 127.95, 128.45, 128.51, 128.59, 128.76,
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128.80, 128.89, 129.02, 129.16, 129.96, 132.28, 133.09, 133.42, 134.34, 138.99, 139.29, 139.62,
141.17,145.73, 146.37. 3'P NMR (202 MHz, Chloroform-d) & -11.96. *F NMR (470 MHz,
Chloroform-d) & -79.14. IR: 3049w, 1189s, 1019s, 910m, 746m, 696s, 609s, 568m. HRMS
(ESI+TOF) m/z 1444.2448, [(M+H"); calcd for Ce2HsoFsN3OsP2S,: 1444.2418]. [a]?p = -1.8988

(c 1.0, CHCls).

TENPCl3, 2.01 equiv.  HN(SiMes);, 1.0 equiv.
iP1,EtN, 16.0 equiv. rt, 10 min

’ ’

toluene, rt, 15 min Then 130 °C, 3 days

(R)-S-111-16

(R)-111-163b

Synthesis of imidodiphosphorimidate (R)-111-163b: Compound (R)-111-163b was prepared from
compound (R)-S-111-16 (0.51 mmol, 0.32 g), 5 mL toluene (1.0 M), TfNPCIs (0.55 mmol, 0.16
9),"2 iPr,EtN (2.5 mmol, 0.74 mL) and HN(SiMes)s (0.18 mmol, 39uL) according to the general
procedure V1 and the crude product was purified via column chromatography on silica gel (30 mm
X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The desired compound (R)-111-
163b was obtained as a solid in 84% isolated yield (0.21 mmol, 0.42 g). mp: 266-267 °C.

Spectral data for (R)-111-163b: *H NMR (500 MHz, Chloroform-d) § 0.96 (s, 36H), 1.09 — 1.19
(m, 36H), 3.52 (s, 6H), 3.74 (s, 6H), 6.56 (s, 4H), 6.62 (s, 4H), 6.94 (t, J = 7.4 Hz, 2H), 7.07 (dd,
J=8.0, 1.4 Hz, 2H), 7.19 (d, J = 8.7 Hz, 2H), 7.24 (s, 2H), 7.34 (d, J = 8.7 Hz, 2H), 7.55 (ddd, J
=8.5, 6.8, 1.5 Hz, 2H), 7.65 (s, 2H), 7.66 — 7.73 (m, 2H), 7.75 (d, J = 8.9 Hz, 2H), 7.83 (d, J = 8.9

Hz, 2H), 7.96 (dd, J = 8.1, 1.4 Hz, 2H), 8.02 (ddd, J = 8.6, 6.9, 1.5 Hz, 2H), 9.48 (d, J = 8.5 Hz,
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2H), 9.65 (d, J = 8.7 Hz, 2H). 3C NMR (126 MHz, Chloroform-d) & 31.68, 35.19, 63.90, 64.25,
120.89, 121.69, 125.45, 125.98, 126.37, 126.50, 126.67, 126.93, 127.38, 127.49, 127.75, 128.00,
128.10, 128.33, 128.42, 128.65, 128.86, 132.12, 132.92, 132.97, 133.26, 133.53, 134.73, 139.06,
141.05, 142.64, 158.82. 3'P NMR (202 MHz, Chloroform-d) § -12.09. ®F NMR (470 MHz,
Chloroform-d) 6 -78.92. IR: 2958w, 1198s, 1129m, 1113m, 1014s, 964w, 876s, 808m, 743m,
598s, 568m, 525w cml. HRMS (ESI+TOF) m/z 2012.7883, [(M+H"); calcd for

C118H121F6N3012P2S2: 2012.7849]. [0]%p = -0.9474 (c 1.0, CHCI5).

TENPCl3, 2.01 equiv.  HN(SiMes)s, 1.0 equiv.

iPr,EtN, 16.0 equiv. rt, 10 min -
Toluene, 0.1 M Then 130 °C, 3 days
rt, 30 min yield: 82%
(S)-111-168j (S)-111-169j

Synthesis of imidodiphosphorimidate (S)-111-169j: Compound (S)-111-169j was prepared from
compound (S)-111-168j (0.55 mmol, 0.31 g), 5.5 mL toluene (0.1 M), TfNPCIs (0.58 mmol, 0.17
0),”? iPr2EtN (4.4 mmol, 0.77 mL) and HN(SiMe3)s (0.27 mmol, 57 pL) according to the general
procedure V1 and the crude product was purified via column chromatography on silica gel (30 mm
X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The desired compound (S)-111-
169j was obtained as a solid in 82% isolated yield (0.225 mmol, 0.331 g). mp: 250-251 °C.

Spectral data for (S)-111-169j: *H NMR (500 MHz, Chloroform-d) & 1.26 (s, 9H), 1.60 (s, 9H),
4.26 (brs, 1H), 6.05 (d, J = 7.5 Hz, 2H), 6.20 (d, J = 7.6 Hz, 2H), 6.77 (t, J = 7.5 Hz, 2H), 6.89 (t,
J=7.6 Hz, 2H), 6.92 — 7.01 (m, 2H), 7.10 (dd, J = 8.1, 3.7 Hz, 2H), 7.28 (dd, J = 8.6, 1.9 Hz, 1H),
7.40 (s, 1H), 7.72 — 7.81 (m, 2H), 8.16 (d, J = 2.0 Hz, 1H), 8.43 (d, J = 1.8 Hz, 1H). *C NMR

(126 MHz, Chloroform-d) 6 30.92, 31.02, 35.00, 35.34, 116.49, 116.99, 121.31, 122.03, 124.42,
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125.01, 126.19, 126.21, 126.44, 126.93, 127.01, 127.15, 127.20, 127.50, 127.58, 128.58, 129.46,
131.92, 132.39, 138.47, 138.81, 139.07, 139.69, 143.65, 144.35, 149.11, 150.48. 3P NMR (202
MHz, Chloroform-d) § -13.14. F NMR (470 MHz, Chloroform-d) & -77.94. IR: 2957w, 1200s,
1108s, 1067m, 942m, 764m, 695s, 633w, 599s, 524m, 507s cm™. HRMS (ESI+TOF) m/z

1468.4316, [(M+H"); calcd for C2H7aFsN3OsP2S: 1468.4297]. []2% = 0.7386 (c 1.0, CHCIs).

T{NPCl;, 2.01 equiv. HN(SiMes);, 1.0 equiv.
iPr,EtN, 16.0 equiv. rt, 10 min

toluene, rt, 30 min Then 130 °C, 3 days

(R)-S-111-17 (R)-TT1-169h

Synthesis of imidodiphosphorimidate (R)-111-169h: Compound (R)-111-169h was prepared from
compound (R)-S-111-17 (0.74 mmol, 0.50 g), 7.4 mL toluene (0.1 M), TfNPCIs (0.74 mmol, 0.21
9),"2iPrzEtN (5.92 mmol, 1.03 mL) and HN(SiMes)s (0.37 mmol, 78 pL) according to the general
procedure V1 and the crude product was purified via column chromatography on silica gel (30 mm
X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The desired compound (R)-111-
169h was obtained as a solid in 32% isolated yield (0.12 mmol, 0.20 g). mp: 107-108 °C.
Spectral data for (R)-111-169h: *H NMR (500 MHz, Chloroform-d) § 1.70 (h, J=7.7, 7.3 Hz, 4H),
2.07 — 2.20 (m, 2H), 2.26 (ddt, J = 19.9, 15.0, 7.7 Hz, 8H), 2.40 (dt, J = 14.4, 7.5 Hz, 2H), 2.79 —
2.87 (m, 2H), 2.85 — 2.96 (m, 2H), 3.04 (dd, J = 9.1, 6.4 Hz, 4H), 3.95 (brs, 1H), 6.34 (td, J = 8.4,
1.3 Hz, 4H), 6.48 (dd, J = 20.6, 7.3 Hz, OH), 6.76 (dd, J = 8.4, 1.6 Hz, 1H), 6.82 (t, J = 7.6 Hz,

2H), 6.85 — 6.97 (m, 4H), 7.01 (tt, J = 7.4, 1.3 Hz, 1H), 7.01 — 7.11 (m, 1H), 7.09 — 7.19 (m, 4H),
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7.17 — 7.27 (m, 2H), 7.28 — 7.37 (m, 4H), 7.46 — 7.60 (m, 3H), 7.84 (d, J = 8.5 Hz, 1H), 8.35 (s,
1H). 3C NMR (126 MHz, Chloroform-d) & 32.27, 33.06, 35.23, 35.72, 35.77, 36.12, 119.11,
120.46, 121.87, 122.56, 124.46, 125.36, 125.63, 125.74, 126.35, 126.63, 127.12, 127.17, 127.61,
127.84, 127.99, 128.18, 128.22, 128.35, 128.56, 128.68, 128.76, 129.12, 129.64, 131.95, 133.02,
138.17, 139.19, 139.29, 139.58, 141.01, 141.87, 142.33, 142.50, 143.16, 144.10. 3P NMR (202
MHz, Chloroform-d) & -10.65. **F NMR (470 MHz, Chloroform-d) & -78.05. IR: 2930w, 1191m,
1067m, 945m, 695s, 602m cm™. HRMS (ESI+TOF) m/z 1716.4926, [(M+H"); calcd for

C102Hs2FsN3OsP2S,: 1716.4923]. [a]®p = -3.0923 (¢ 1.0, CHCl5).

TINPCl;, 2.01 equiv. HN(SiMes);, 1.0 equiv.
iPr,EtN, 16.0 equiv. rt, 10 min

toluene, rt, 15 min Then 130 °C, 3 days

(R)-S-11-7 (R)-111-169i

Synthesis of imidodiphosphorimidate (R)-111-169i: Compound (R)-111-169i was prepared from
compound (R)-S-111-7 (1.54 mmol, 0.803 g), 15 mL toluene (0.1 M), TfNPClz (1.54 mmol, 0.438
9),’2 iPrEtN (12.3 mmol, 2.11 mL) and HN(SiMes)s (0.751 mmol, 158 L) according to the
general procedure V1 and the crude product was purified via column chromatography on silica gel
(30 mm X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The desired compound
(R)-111-169i was obtained as a white solid in 79% isolated yield (0.59 mmol, 0.84 g). mp: 215-216
°C

Spectral data for (R)-111-169i: *H NMR (500 MHz, Chloroform-d) § 0.84 — 1.02 (m, 6H), 1.14 (d,

J=6.8 Hz, 6H), 1.54 (dd, J = 6.9, 6.0 Hz, 12H), 2.70 (hept, J = 7.0 Hz, 2H), 3.31 (hept, J = 6.9
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Hz, 2H), 6.22 — 6.31 (m, 8H), 6.81 (t, J = 7.6 Hz, 4H), 6.85 (brs, 1H), 6.91 — 7.03 (m, 8H), 7.08
(s, 2H), 7.14 (tt, J = 7.4, 1.2 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 7.49 (s, 2H), 7.61 (dd, J = 8.5, 1.7
Hz, 2H), 7.77 — 7.85 (m, 4H), 8.32 (d, J = 1.5 Hz, 2H). 1*C NMR (126 MHz, Chloroform-d) &
22.47,23.77,23.82, 33.39, 34.74,117.00, 118.03, 121.57, 122.27, 124.48, 125.33, 126.29, 126.56,
126.84, 127.07, 127.41, 127.58, 127.86, 127.93, 128.00, 128.03, 128.65, 129.20, 132.09, 133.03,
138.20, 139.04, 139.10, 139.61, 143.15, 144.07, 146.95, 148.76. 3P NMR (202 MHz, Chloroform-
d) & -11.97. F NMR (470 MHz, Chloroform-d) § -77.92. IR: 2963w, 1198s, 1081s, 944s, 885m,
767m, 717m, 694s, 635w, 601s, 508w cm™. HRMS (ESI+TOF) m/z 1412.3713, [(M+H"); calcd

for C7sHesFsN3OsP2S2: 1412.3671]. [a]*% = -1.2053 (¢ 1.0, CHCIs).

T{NPCl;, 2.01 equiv. HN(SiMe;)s, 1.0 equiv.
OH iPr,EtN, 16.0 equiv. rt, 10 min

~OH toluene, rt, 15 min Then 130 °C, 3 days

(R)-S-111-12 (R)-111-169b
Synthesis of imidodiphosphorimidate (R)-111-169b: Compound (R)-111-169b was prepared from
compound (R)-S-111-12 (0.45 mmol, 0.26 g), 5 mL toluene (0.1 M), TfNPClIz (0.46 mmol, 0.13
9),”? iPr2EtN (3.6 mmol, 0.63 mL) and HN(SiMe3)s (0.23 mmol, 48 pL) according to the general
procedure V1 and the crude product was purified via column chromatography on silica gel (30 mm
X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The desired compound (R)-111-
169b was obtained as a white solid in 49% isolated yield (0.11 mmol, 0.17 g). mp: 320-325 °C

(decomposed).
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Spectral data for (R)-111-169b: *H NMR (500 MHz, Chloroform-d) & 5.14 (brs, 1H), 5.89 — 5.94
(m, 4H), 6.18 — 6.24 (m, 4H), 6.45 (s, 4H), 6.76 (t, J = 7.6 Hz, 4H), 6.89 — 7.03 (m, 12H), 7.05 —
7.13 (m, 2H), 7.30 (d, J = 8.5 Hz, 2H), 7.45 (s, 2H), 7.48 — 7.56 (m, 2H), 7.59 — 7.69 (m, 8H), 7.95
(d, J = 8.6 Hz, 2H), 8.04 (ddd, J = 17.3, 8.5, 1.6 Hz, 6H), 8.26 — 8.31 (m, 2H), 8.90 (d, J = 1.6 Hz,
2H). 3C NMR (126 MHz, Chloroform-d) § 118.69, 119.06, 122.10, 122.44, 124.45, 125.52,
126.39, 126.45, 126.96, 127.07, 127.29, 127.59, 127.68, 127.84, 128.09, 128.50, 128.69, 128.75,
129.10, 129.25, 132.40, 133.34, 138.66, 138.88, 139.02, 139.26, 139.79, 139.98, 140.54, 140.89,
144.50, 143.92. 3P NMR (202 MHz, Chloroform-d) & -13.05. *°®F NMR (470 MHz, Chloroform-
d) 6 -77.71. IR: 1198s, 1073s, 757s, 694s, 602s, 579m, 524w. HRMS (ES1+TOF) m/z 1548.3085,

[(M+H"); calcd for CooHssFsN3OsP2S2: 1548.3044]. [a]*°p = 2.5801 (¢ 1.0, CHCI5).

CF,

T{NPCl;, 2.01 equiv. HN(SiMe;);, 1.0 equiv.
Ph' OH iPr,EtN, 16.0 equiv. rt, 10 min -
Ph OH toluene, rt, 15 min Then 130 °C, 3 days
//,,Q\\CF:;
CF; CF;C
(R)-111-168a (R)-111-169a

Synthesis of imidodiphosphorimidate (R)-111-169a: Compound (R)-111-169a was prepared from
compound (R)-111-168a (1 mmol, 0.9 g), 10 mL toluene (0.1 M), TfNPCls (1.01 mmol, 0.297 g),"?
iIPr2EtN (8.41 mmol, 1.46 mL) and HN(SiMez)3 (0.522 mmol, 112 pL) according to the general
procedure V1 and the crude product was purified via column chromatography on silica gel (30 mm
X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The desired compound (R)-111-

169a was obtained as a white solid in 76% isolated yield (0.397 mmol, 0. 831g). mp: 229-230 °C.
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Spectral data for (R)-111-169a: *H NMR (500 MHz, Chloroform-d) § 6.02 (d, J = 7.5 Hz, 4H),
6.15 — 6.21 (M, 4H), 6.53 — 6.60 (M, 4H), 6.65 6.76 (t, J = 7.5 Hz, 4H), 7.01 (dt, J = 20.0, 7.4 Hz,
4H), 7.13 (s, 2H), 7.16 (brs, 1H), 7.19 (dt, J = 13.6, 6.8 Hz, 2H), 7.50 — 7.59 (m, 4H), 7.65 (s, 2H),
7.92 (dd, J = 8.6, 1.8 Hz, 2H), 7.95 — 8.05 (m, 8H), 8.28 (d, J = 1.8 Hz, 2H), 8.39 (d, J = 1.6 Hz,
4H), 8.73 (s, 2H). °C NMR (126 MHz, Chloroform-d) § 119.63, 120.54, 121.54, 121.86, 122.34,
122.55, 122.74, 124.03, 124.51, 125.30, 125.50, 126.20, 126.73, 126.81, 127.00, 127.33, 127.59,
127.70, 127.79, 127.82, 128.01, 128.44, 128.65, 129.12, 132.12, 132.36, 132.38, 132.62, 132.92,
133.91, 134.89, 137.81, 137.85, 138.90, 139.85, 140.38, 141.43, 142.96, 143.51, 144.89. 3P NMR
(202 MHz, Chloroform-d) & -9.16. **F NMR (470 MHz, Chloroform-d) § -78.23, -63.37, -62.93.
IR: 1276s, 1172m, 1127s, 1106m, 1064m, 682m cm™. HRMS (ESI+TOF) m/z 2092.2063,

[(M+H"); calcd for CogHsoF30N30sP2S2: 2092.2036]. []?p = -3.2145 (c 1.0, CHCl5).

TINPCl3, 2.01 equiv.  HN(SiMes);, 1.0 equiv.

P OH iPr,EtN, 16.0 equiv. rt, 10 min _
Ph ~OH toluene, rt, 30 min Then 130 °C, 3 days
yield: 65%
I11-168¢ (R)-111-169¢

Synthesis of imidodiphosphorimidate (R)-111-169c: Compound (R)-111-169c was prepared from
compound (R)-111-168c (0.65 mmol, 0.51 g), 8 mL toluene (0.1 M), TfNPCl3 (0.7 mmol, 0.2 g),"
iPr2EtN (5.8 mmol, 1.0 mL) and HN(SiMes)s (0.32 mmol, 76 uL) according to the general
procedure V1 and the crude product was purified via column chromatography on silica gel (30 mm

X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The desired compound (R)-111-
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169c was obtained as a white solid in 65% isolated yield (0.21 mmol, 0.37 g). mp: 253-255 °C.
CCDC number: 1993813.

Spectral data for (R)-111-169¢: *H NMR (500 MHz, Chloroform-d) § 5.26 (s, 4H), 5.95 (s, 4H),
6.17 — 6.23 (m, 4H), 6.26 (brs, 1H), 6.75 (t, J = 7.8 Hz, 4H), 6.87 (tt, J = 7.4, 1.2 Hz, 2H), 6.95 (tt,
J=7.3,1.3 Hz, 2H), 7.08 (s, 2H), 7.12 — 7.24 (m, 4H), 7.35 — 7.44 (m, 6H), 7.45 (d, J = 8.5 Hz,
2H), 7.51 — 7.67 (m, 8H), 7.80 (dd, J = 8.5, 1.9 Hz, 2H), 7.94 (d, J = 8.7 Hz, 2H), 7.97 — 8.06 (m,
4H), 8.16 (ddd, J = 10.5, 8.3, 3.1 Hz, 6H), 8.29 (dd, J = 8.7, 1.8 Hz, 2H), 8.47 (d, J = 1.7 Hz, 2H),
8.60 (d, J = 1.8 Hz, 2H), 9.17 (d, J = 1.7 Hz, 2H). 3C NMR (126 MHz, Chloroform-d) & 119.20,
119.83, 122.19, 122.61, 124.68, 124.94, 125.68, 125.72, 125.74, 126.00, 126.08, 126.32, 126.37,
126.41, 126.56, 126.78, 127.07, 127.22, 127.47, 127.61, 127.74, 127.87, 128.23, 128.46, 128.58,
128.71, 128.90, 128.98, 129.06, 132.50, 132.56, 133.09, 133.40, 133.51, 134.01, 137.21, 137.90,
138.59, 138.63, 139.10, 139.33, 139.85, 140.59, 143.31, 144.77. 3P NMR (202 MHz, Chloroform-
d) § -11.40. °F NMR (470 MHz, Chloroform-d) & -77.63. IR: 1193s, 1072s, 806s, 763m, 694s,
604s, 505m. HRMS (ESI+TOF) m/z 1748.3668, [(M+H™); calcd for CiosHesFsN3OsP2S2:

1748.3671]. [0]® = -4.5498 (c 1.0, CHCls).

T{NPCl;, 2.01 equiv. HMDS, 1.0 equiv.
At OH DIPEA, 16.0 equiv. rt, 10 min o
Ar ~OH toluene, rt, 15 min Then 130 °C, 3 days
yield: 65%
111-168d 111-169d

Ar: 4-tBu-C¢Hy

264



Synthesis of imidodiphosphorimidate (R)-111-169d: Compound (R)-111-169d was prepared from
compound (R)-111-168d (0.45 mmol, 0.36 g), 5 mL toluene (0.1 M), TfNPCIs (0.45 mmol, 0.13
g),"”> DIPEA (3.6 mmol, 0.63 mL) and HMDS (0.22 mmol, 48 pL) according to the general
procedure V1 and the crude product was purified via column chromatography on silica gel (30 mm
X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The desired compound (R)-111-
169d was obtained as a white solid in 61% isolated yield (0.14 mmol, 0.27 g). mp: 290-291 °C.

Spectral data for (R)-111-169d: *H NMR (500 MHz, Chloroform-d) § 1.15 (s, 9H), 1.19 (s, 9H)
4.31 (s, 2H), 5.67 (s, 2H), 6.05 — 6.11 (m, 2H), 6.69 — 6.75 (m, 2H), 7.08 (s, 1H), 7.16 — 7.25 (m,
2H), 7.30 — 7.42 (m, 2H), 7.42 — 7.49 (m, 2H), 7.51 — 7.67 (m, 4H), 7.84 (dd, J = 8.5, 1.9 Hz, 1H),
7.93-8.03 (m, 3H), 8.10 —8.21 (m, 3H), 8.30 (dd, J = 8.6, 1.8 Hz, 1H), 8.42 — 8.46 (m, 1H), 8.59
(d, J=1.8 Hz, 1H), 9.17 (t, J = 1.1 Hz, 1H). C NMR (126 MHz, Chloroform-d) & 31.15, 31.21,
34.11, 34.23, 118.80, 119.71, 122.26, 122.71, 123.92, 124.47, 124.65, 124.77, 125.65, 125.72,
125.93, 126.06, 126.29, 126.49, 126.74, 126.83, 127.01, 127.39, 127.43, 127.71, 127.77, 128.01,
128.26, 128.46, 128.69, 128.91, 129.00, 132.47, 132.61, 133.07, 133.44, 133.57, 134.00, 135.71,
136.45, 136.86, 137.96, 139.03, 139.62, 140.52, 148.87, 149.07. 3P NMR (202 MHz, Chloroform-
d) 5 -11.46. F NMR (470 MHz, Chloroform-d) § -77.62. IR: 2985w, 1465m, 1192s, 1069s, 606s,
557s cm™. HRMS (ESI+TOF) m/z 1972.6218, [(M+H"); calcd for CizHosFsN3OsP2S::

1972.6174]. [a]*°o = -4.4873 (c 1.0, CHCl5).
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TINPCI;, 2.01 equiv.  HN(SiMe;);, 1.0 equiv.

Ph" OH iPr,EtN, 16.0 equiv. rt, 10 min o
Ph ~OH toluene, rt, 30 min Then 130 °C, 3 days
yield: 65%
111-168e 1-169¢

Synthesis of imidodiphosphorimidate (R)-111-169e: Compound (R)-111-169e was prepared from
compound (R)-111-168e (0.61 mmol, 0.48 g), 6 mL toluene (0.1 M), TfNPClI3 (0.61 mmol, 0.17
9),"2 iPrEtN (4.8 mmol, 0.84 mL) and HN(SiMes)s (0.31 mmol, 63 uL) according to the general
procedure V1 and the crude product was purified via column chromatography on silica gel (30 mm
X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The desired compound (R)-111-
169e was obtained as a solid in 37% isolated yield (0.11 mmol, 0.21 g). mp: 318-320 °C. CCDC
number: 1993752

Spectral data for (R)-111-169¢: *H NMR (500 MHz, Chloroform-d) & 5.05 (s, 4H), 6.07 (d, J = 7.4
Hz, 4H), 6.32 (d, J = 7.6 Hz, 4H), 6.62 (t, J = 7.3 Hz, 4H), 6.68-693 (m, 6H), 6.96 — 7.07 (M, 4H),
7.09-7.35 (m, 3H), 7.36-8.16 (brs, 32H), 8.40 (s, 2H), 8.63 (s, 2H), 8.76 (dd, J = 20.0, 8.5 Hz, 8H)
(*H-NMR was complicated, most of the proton’s peak were broad and overlapped with each other).
13C NMR (126 MHz, Chloroform-d) & 118.19, 120.78, 120.90, 121.90, 122.06, 122.40, 122.69,
122.87, 126.13, 126.44, 126.66, 126.97, 127.14, 127.36, 127.49, 128.39, 129.00, 129.08, 129.90,
130.09, 130.39, 130.65, 130.95, 131.81, 132.81, 132.89, 138.04, 138.25, 136.16, 139.58, 139.87,

140.02, 144.56, 145.51. 3P NMR (202 MHz, Chloroform-d) & -3.65. %F NMR (470 MHz,
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Chloroform-d) & -77.88. IR: 1193s, 746m, 724s, 694m, 597m. HRMS (ESI+TOF) m/z 1948.4305,
[(M+H"); calcd for C122H74FsN30sP2S;: 1948.4298]. []%°p = 0.1803 (¢ 1.0, CHClIs).

Ar

Ar'NPCl;, S-111-13

2.01 equiv. HN(SiMe;)s, 1.0 equiv.
OH Pr,EtN, 16.0 equiv. rt, 10 min
~OH toluene, rt, 15 min Then 130 °C, 3 days
yield: 60%
“Ar
I11-168e I11-169f
Ar = phenanthrene Ar = phenanthrene
Ar' = 3,5-(CF3),C4Hy Ar' = 3,5-(CF3),C4Hy

Synthesis of ((3,5-bis(trifluoromethyl)phenyl)sulfonyl)phosphorimidoyl trichloride S-111-13:
The phosphorimidoyl trichloride S-111-13 was prepared in situ via the reported procedure
published by Benjamin Lits and used without further purification.**

Synthesis of imidodiphosphorimidate (R)-111-169f: Compound (R)-111-169f was prepared from
compound (R)-111-168e (0.9 mmol, 0.7 g), 9 mL toluene (0.1 M), 3,5-(CFs3)2CsH4NPCI3 (0.91
mmol, 0.33 g) (this compound was synthesized in situ by reacting 3,5-(CF3)2CsHsNH2 with PCls
at 110 °C under reduced pressure),** iPr,EtN (7.2 mmol, 1.2 mL) and HN(SiMe3)s (0.45 mmol, 95
pL) according to the general procedure VI and the crude product was purified via column
chromatography on silica gel (30 mm X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the
eluent). The desired compound (R)-111-169f was obtained as a solid in 60% isolated yield (0.27
mmol, 0.60 g). mp: 275-276 °C. CCDC number: 1995199

Spectral data for (R)-111-169f: *H NMR (500 MHz, Chloroform-d) § 3.67 — 4.39 (m, 4H), 5.75 —
6.44 (m, 9H), 6.44 — 7.13 (m, 16H), 7.13 — 8.33 (m, 42H), 8.37 — 9.10 (m, 8H) (*H-NMR was
complicated, most of the proton’s peak were broad and overlapped with each other). *C NMR

(126 MHz, Chloroform-d) & 118.85, 120.98, 121.40, 122.38, 122.79, 122.90, 123.15, 125.07,
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125.37, 126.37, 126.46, 126.59, 126.70, 126.82, 126.93, 127.03, 127.12, 127.38, 127.42, 127.59,
127.89, 127.95, 128.19, 128.82, 128.91, 129.07, 130.08, 130.39, 130.54, 130.98, 131.52, 131.60,
131.77, 132.04, 132.87, 132.95, 137.51, 139.08, 139.71, 140.30, 143.66, 145.70. 3P NMR (202
MHz, Chloroform-d) § -5.57. %F NMR (470 MHz, Chloroform-d) § -63.24, -63.07. IR: 1277s,
1135s, 725s, 694s, 590m cm™l. HRMS (ESI+TOF) m/z 2236.4741, [(M+H"); calcd for

C136HgoF12N30gP2S2: 2236.4670]. [a]?°p = -1.2815 (¢ 1.0, CHCls).

TENPCl;, 2.01 equiv. HN(SiMe3)s, 1.0 equiv.
“'OH iPr,EtN, 32.0 equiv. rt, 10 min

toluene, rt, 30 min Then 130 °C, 3 days
yield: 76%

I11-168k 111-169k

Synthesis of imidodiphosphorimidate (R)-111-169k: Compound (R)-111-169k was prepared from
compound (R)-111-168k (1.77 mmol, 1.25 g), 18 mL toluene (0.1 M), TfNPCI3 (1.77 mmol, 0.503
0),’2 iPrEtN (14.1 mmol, 2.47 mL) and HN(SiMes)s (0.881 mmol, 186 pL) according to the
general procedure V1 and the crude product was purified via column chromatography on silica gel
(30 mm X 250 mm, hexane: EtOAc, 3:1, 2:1, 1:1 and 1:2 as the eluent). The desired compound
(R)-111-169k was obtained as a white solid in 70% isolated yield (0.612 mmol, 1.09 g). mp: 350-
355 °C (decomposed). CCDC number: 1993198

Spectral data for (R)-111-169k: *H NMR (500 MHz, Chloroform-d) § 1.49 (d, J = 12.2 Hz, 6H),
1.63 (d, J = 12.4 Hz, 6H), 1.80 — 2.04 (m, 30H), 2.12 — 2.31 (m, 18H), 4.51 (brs, 1H), 6.24 (dd, J

=14.0, 7.6 Hz, 8H), 6.79 (t, J = 7.5 Hz, 4H), 6.90 (t, J = 7.6 Hz, 4H), 6.97 (t, J = 7.4 Hz, 2H), 7.07
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—7.15 (m, 4H), 7.22 (d, J = 8.6 Hz, 2H), 7.29 (dd, J = 8.7, 1.8 Hz, 2H), 7.44 (s, 2H), 7.64 — 7.88
(m, 4H), 8.10 (d, J = 1.8 Hz, 2H), 8.37 (d, J = 1.7 Hz, 2H). 3C NMR (126 MHz, Chloroform-d) &
15.28, 28.68, 28.97, 36.57, 36.63, 36.84, 36.88, 42.54, 42.71, 116.67, 116.78, 121.24, 122.18,
124.71, 125.05, 126.15, 126.40, 126.50, 126.57, 126.77, 127.24, 127.57, 127.73, 128.55, 129.38,
132.14,132.61, 138.52, 139.07, 139.20, 139.80, 149.51, 150.67. 3P NMR (202 MHz, Chloroform-
d) §-11.87. *%F NMR (470 MHz, Chloroform-d) & -78.07. IR: 2899s, 2848m, 1200s, 1071s, 940m,
765s, 694s, 603s, 580m. HRMS (ESI+TOF) m/z 1780.6183, [(M+H"); calcd for
C106HosFsN30sP2S;: 1780.6174]. [0]%°p = -0.8541 (c 1.0, CHCl5).

Synthesis of alkyl azide 111-170c:

Alkyl azide 111-170c was prepared via the procedure that is developed by Aubé’s lab and the
spectral data of this azide were in good agreement with the liture value.™

Asymmetric catalytic Schmidt reaction:

JAr Ar
N; 0
(0] (0) i
-11I-165a, 10 mol% N (0)

S) a, [0 mo 5 N 0>1I)4 \P<

(CF5),CHOH, 25 °C, NHTf NTf
24 h (0]
II1-170¢ II-171c¢

(S)-111-165a
Ar: 3 ,5-(CF3)2C6H3

To a 10 mL round bottom flask was added VIP catalyst (S)-111-165a (0.0490 mmol, 0.105 g), 2
mL (CF3).CHOH and alkyl azide 111-176¢ (0.5 mmol, 0.5 mL, 1 M in CH2Cl,). The mixture was
stirred at room temperature for 24 h. The solvent was removed under reduced pressure and crude
mixture was loaded onto a chromatography column (25 mm X 250 mm, hexane: EtOAc, 1:1to 0:1

and EtOAc: MeOH, 19:1 as the eluent) which afforded the desired product as a yellow solid in
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32% isolated yield (0.16 mmol, 29 mg). The enantiomeric excess of the reaction was determined
to be 0% via HPLC analysis (Chiralcel 1A column, 97:3 hexane:IPA, 208 nm, flow-rate, 0.5
mL/min): retention times: Rt = 15.61 min and Rt = 17.93 min.

Spectral data for 111-170c: *H NMR (500 MHz, Chloroform-d) § 1.41 (s, 3H), 1.81 (ddd, J = 11.9,
5.3, 3.3 Hz, 1H), 1.86 — 2.05 (m, 4H), 2.06 — 2.20 (m, 1H), 2.23 — 2.47 (m, 3H), 2.88 (td, J = 11.3,
9.1 Hz, 1H), 3.58 (dt, J = 12.4, 8.9 Hz, 1H), 3.72 (ddt, J = 12.8, 6.0, 3.8 Hz, 1H). 13C NMR (126
MHz, Chloroform-d) 6 20.43, 21.32, 22.70, 33.03, 35.06, 38.50, 46.80, 71.44, 170.50, 212.43.
These spectral data are in agreement with literature values.

General method for growing the crystal of VANOL and VAPOL imidodiphosphorimidates
Procedure A: Illustrated for AdsVIPEtN3 111-169k: To a 4 mL vial was added 20 mg AdsVIP-EtzN
followed by the addition of 1 mL of CH2Cl2. Once the catalyst-triethylamine complex was fully
dissolved in CH2Cl,, 3 mL of hexane was slowly added (the layer between CH>Cl, and hexane
should not be disturbed). Next, the 4 mL vial was placed into another 20 mL vial, caped and
wrapped with parafilm. Finally, the crystal growth was noticed after 24 hours and they were

collected after 48 hours.
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