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Abstract

Title: Development of Chiral Lewis Base Catalysts for Chlorosilane-Mediated

Asymmetric C-C Bond Formations

Author: Changgong Xu

Advisor: Norito Takenaka, Ph.D.

The chiral hydrazine is a crucial structural motif that serves as pivotal structural
elements in numerous natural products and biologically significant molecules. We
are particularly interested in the catalytic asymmetric reduction of hydrazones, as
well as the catalytic asymmetric propargylation and allenylation of hydrazones,
because they provide direct pathways to these enantio-enriched chiral building
blocks. In this work, we will explore the potential of two different categories of

chiral Lewis base catalysts in the said transformations.

Developed by another student in our group, axial-chiral 3,3’-triazolyl
biisoquinoline N,N’-dioxides derived catalysts are tested and demonstrated its
capability in activating various hydrazone substrates in asymmetric hydrosilylation
reactions. Another catalyst evaluated is a helicene-based 2,2’-bipyridine N-
monoxide. It has shown great potential in asymmetrically catalyzing the

propargylation of acylhydrazones with allenyltrichlorosilane, as well as in the

il



allenylation of acylhydrazones with propargyltrichlorosilane. It showcased its
capability of inducing enantioselectivity while maintaining great regiospecificity

under an optimized catalytic system.

These classes of catalysts have been found to complement each other quite well.
Their modular synthesis approach also facilitated the creation of diverse catalyst

variants with different steric and electronic properties.
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Chapter 1
Evaluation of 3,3’-Triazolyl Biisoquinoline N, N -
Dioxide Catalysts for Asymmetric Transfer
Hydrogenation of Hydrazones with Trichlorosilane

1.1 Introduction

1.1.1 Chiral Hydrazine

The chiral hydrazine is a motif that exists in many useful pharmaceutical
compounds, natural products, chiral organocatalysts, etc. [1-6]. As shown in Figure
1, hydrazine A D-(+)-JB-516 is an inhibitor of monoamine oxidase [1]. Cyclic
hydrazine B azacastanospermine was found to be effective as an inhibitor of
almond B-glucosidase and rice a-glucosidase [6]. In catalysis chemistry, N-acyl
hydrazines C and D were identified as efficient organocatalysts in asymmetric
Diels-Alder reactions [3]. Hydrazine E, categorized as LY288513, is a promising
preclinical candidate because of its cholecystokinin inhibition capability [6]. Due to
its wide applications in plentiful fields, chiral hydrazine has been extensively
investigated, and many synthetic pathways of reaching such motif enantio-
selectively and reliably have been developed over the past few decades. Among
these, catalytic asymmetric reduction of readily available acyl hydrazones can

provide direct access to enantio-enriched chiral hydrazines [7-9].
1



N

NH
(J°

A B C
monoamine oxidase glucosidase inhibitor Organocatalyst for
inhibitor in mouse brain Diels-Alder reactions

Br
Ph,,
Ph
NH
O
D E
Organocatalyst for cholecystokinin inhibitior

Diels-Alder reactions

Figure 1. Examples of biologically active molecules and organocatalysts that
possess chiral hydrazines. A: inhibitor for monoamine oxidase; B:

azacastanospermine, a potent inhibitor of almond B-glucosidase and rice a-

glucosidase; C and D: organocatalysts identified for Diels-Alder reactions; E:

preclinical candidate for its cholecystokinin inhibition capability.

1.1.2 Catalysis in Hydrazone Reduction

One traditional method of making chiral hydrazines is by utilizing transition metal-

based chiral catalysts. The first transition metal catalyzed enantioselective

2



hydrogenation of acyl hydrazones was reported in 1992 (Scheme 1;[10]). In this
first example, Burk and Feaster used rhodium-based catalysts for the asymmetric
hydrogenation of N-acylhydrazones and were able to achieve up to 97% ee [10]. In
their study, they also found out important factors that influenced the catalytic
efficiency of their system: 1) the electron-rich nature of the DuPHOS ligand of the
catalyst, and 2) the existence of substrate chelation from the secondary donor

carbonyl oxygen to the catalyst’s metal center [11].

H
I
O N Rll
o I N
R"” N(H)NH,
R)J\ R’ R)J\ R’

H
|
NH, s, Hoy N R
R/'\ R -RCON, R/'\ R,\[C]J/

Scheme 1. The first example of asymmetric catalytic hydrogenation using a

rhodium-based catalyst [10].

After seeing the potential of metal-based catalysts in asymmetric catalytic
reactions, especially on hydrazone reductions, it had become one of the most

important fundamentals for developing this type of reaction.



Besides the latter widely used rhodium-based catalysts, other metals like palladium,

iridium, ruthenium, nickel, and cobalt were also being investigated (Scheme 2).

OYR3 OYR3
chiral metal catalyst _NH
N-NH LAY

JJ\RZ H,, etc. R1J*\R2

R1
R', R?= aryl, alkyl, alkenyl, alkynyl.

R3 = Ph, CH3, OBn, O'Bu, etc
Metal = Rh, Pd, I, Ru, Ni, Co

Scheme 2. General scheme of transition metal-catalyzed enantioselective

hydrogenation of hydrazones.

Most of these metal catalysts enabled enantioselective reactions and gave
impressive scopes and results [5,6,12—-21]. However, they also come with their own
disadvantages, such as being very expensive or being harmful to the human body
and/or environment. Therefore, metal-free procedures for reaching chiral hydrazine
are still needed and are currently relatively limited. In this case, organocatalytic
pathways can be a potent way for this purpose, but not many examples were around

by the time of our investigation.



HSIiCl3
O 10 mol% cat. H2N\N/Ph 93% yield
0

+ >
Ph)K PhNHNH, Ph)\ 74% ee

-20°C, DCM, 36 h

HSiCl,

cat.
0]

H

\ _H pr i

Ph NS él Cl HN\N/Ph
H> )K
Ph
cat. O O

Scheme 3. Direct reductive hydrazination using trichlorosilane and organic

chiral Lewis-base catalyst [22].

One patent from Japan in 2001 described an example of a hydrazone reduction
from a tosylhydrazone undergoing asymmetric hydrosilylation catalyzed by a non-
metal catalyst [23]. Aside from that, we found another study in 2016 that focuses
on direct reductive amination using organic Lewis-base and trichlorosilane [22]. In
their work, they used trichlorosilane to produce the iminium intermediate from
acetophenone in dichloromethane (DCM) and completed the reductive
hydrazination with a chiral bis-sulfinamide catalyst (an organic Lewis-base
catalyst), which they were able to achieve the corresponding hydrazine in 93%

yield and 74% ee (Scheme 3).



1.1.3 Trichlorosilane

From the aforementioned examples and in the search for a viable reducing agent for
organocatalysis, we found trichlorosilane as a good option for our purpose.
Compared to other options, such as organo- samarium or chromium and
dibutylchlorotin hydride, trichlorosilane is very inexpensive as its commercial
supply is well-established by the silicon industry. It is also relatively easy to
handle, and its related reactions mostly form non-hazardous silicon by-products
that are environmentally friendly, like NaCl and SiO2, upon quenching. When
being used as a reducing agent for C=N reductions, trichlorosilane will need to be
activated by a Lewis-base catalyst through coordination to generate a hypervalent
Lewis acid intermediate, in the form of hexa-coordinated silicon structures, which
will then undergo a catalytic cycle as shown in Scheme 4. In this type of reduction,
applying an appropriate chiral Lewis base can control the stereochemistry of the
corresponding product. This made both trichlorosilane-mediated reductive
reactions and Lewis-base catalysis attractive topics and led to the development of

many efficient catalysts [24-26].
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LB (‘ |
Clv S
\NU/ Cl
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o e a I
LB—Si. _ LB
| \P LB SI\
& | “Nu
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LB/,,S|”‘\\LB
i E
E/ | \Nu
cl

Scheme 4. Catalytic cycle for trichlorosilane mediated Lewis-base catalysis.

1.1.4 Lewis-Base Catalysis

One important example of the chiral Lewis bases in the asymmetric reduction
reaction is from Malkov’s group. They took inspiration from Matsumura’s -
proline-derived formamide based catalysts and had its proline framework replaced
with N-methyl valine, a more versatile choice that led to their diamides catalysts

7



(Figure 2; [27]) [26—29]. They later further optimized their catalyst to what they
called Sigamide for the purpose of trichlorosilane-mediated enantioselective

reduction of ketimines and were able to achieve impressive results up to 97% ee

[27].
t-Bu
H ar H
—>
H/go ° —N © —N_ O t-Bu
R = Ph, 1-Naphthyl H H

A B C

Figure 2. Development of Malkov’s Sigamide catalyst. A: Matsumura’s -
proline-derived catalysts. B: Malkov’s N-methyl valine derived bisamides

catalysts. C: optimized Sigamide catalyst [27].

During the optimization of their diamides catalyst, Malkov also analyzed many
important aspects related to the development of the chiral Lewis-base catalyst for
imine reduction. These aspects were found to greatly affect the catalyst’s electronic
and steric properties. First, the structure of the catalyst should be designed
considering the activation of trichlorosilane. As shown in Figure 3, their chiral
Lewis-base has two strategically positioned amide carbonyl oxygens that are
sufficiently Lewis-basic [29]. Their Lewis basicity can make them good electron
donors and enable the coordination with the silicon center of the trichlorosilane,

thus playing an important role in the catalyst’s catalytic efficiency.

8



N A HSICl5 HN

R’ JJ\ Catalyst R’ J*\

R' = aryl, alkyl groups

Catalyst: hydrogen bonding/size/docking

asymmetric induction arene-arene interactions

H «— with substrates

R2  N-Ar

I\
Me—N
. el <— coordination of Si
chiral relay —~

H

}

size control

R? = Ph, PhCH,, Me, Me,CHCH,, c-hexyl, t-Bu,

Figure 3. Malkov’s analysis of catalyst functionalization for their diamides

catalyst in trichlorosilane-mediated aromatic ketimine reduction [29].

Aside from that, the enantioselectivity and reactivity of this reduction are also
heavily affected by the catalyst-imine interactions. Hence, the structure of the imine
should also be considered. In the case of ketimines, one of the carbon center’s
substituents is preferably aromatic while the other one is preferably alkyl. This
creates a bigger difference between two substituents sterically and electronically for
the silicon-catalyst complex’s approach and can often lead to better

enantioselectivity.

The N-substituent (ketimine’s protecting group) also plays a crucial role in the

enantiodifferentiating process. This is realized by putting specific substituents onto
9



Lewis-base catalysts that promote desired interaction with ketimine’s N-substituent
that leads to significantly better enantioselectivity of reduction. This mechanistic
behavior is shown in Malkov’s work, where the arene-arene interaction between the
N-aryl substituent of ketimine and the amide aromatic group heavily dictates the
enantioselectivity of the product. The absence of this conjugation by replacing the
aromatic ketimine protecting group with non-aromatic ones like cyclohexyl, butyl
or benzyl (entries 7-9) did not shut down the reaction but almost seized the
enantioselectivity completely, as can be observed from Table 1. This indeed
showcased how important imine protecting groups are to their corresponding
reduction reactions and the importance of exploring reduction pathways for imines

having different protecting groups [29].

Catalyst H
N
T

H” Y0
2
N HSICl, HN R
R1ﬂ\ CHCl5 , RT, 16h R"™
Entry R!, R? Yield (%) ee (%)
1 Ph, Ph 79 86
2 4-MeOCgHa, Ph 57 80
3 4-CF;CsHa, Ph 43 87
4 2-Naphth, Ph 60 87
5 c-CeHi1, Ph 80 37

10



6 Ph, 4-MeOCsH4 96 85
7 Ph, ¢-CeHi1 50 <5
8 Ph, n-Bu 60 <5
9 Ph, CH2Ph 46 8

Table 1. Selected entries from Malkov’s organocatalytic enantioselective
reduction of aromatic ketimines with trichlorosilane[29]. Reactions were
carried out at 0.5 mmol scale with 1.5 equivalent of HSiCl3, 10 mol% of catalyst

and CHCIs as solvent at room temperature for 16 hours.

While the milestones of the development of Lewis-base organocatalyst and many
related examples involved amide-based derivatives [30-32], there were also other
motifs being looked at, such as pyridine N-oxides [33—38], phosphine oxides [39—
41] and sulfinamides [42,43]. They have been extensively tested on trichlorosilane-
mediated asymmetric hydrosilylation of ketimines in numerous studies, but most of
them were limited to specific types of ketimine with aryl and alkyl groups as the
nitrogen protecting group. The reason for the lack of acyl hydrazone examples is
likely because the carbonyl oxygen of the acyl hydrazone group can possibly
compete with the Lewis basic donors on the catalyst on forming hypervalent silicon
complexes. This scenario is very likely to be the reason for the diminishing

catalytic effect of the catalyst in asymmetric ketimine reductions (Figure 4).

11



Oy R of
Cl.w.” o. H
Cl:SII\‘ T\I/H VS Lewis-base \Sli/

cl N : catalyst o 1 >cl
Cl

R' = R? = aryl, alkyl, alkenyl, alkynyl
R3 = Ph, Me, OBn, O'Bu, etc

Figure 4. Presumable competition on the binding trichlorosilane silicon center

between Lewis-base catalyst and the acyl substituent of hydrazone.

Due to this difficulty of handling acyl hydrazone, the only examples we could find
that faced similar challenges were the ones mentioned earlier, in which N-tosyl and
N-phenyl substituted hydrazones were reduced using Lewis-base catalysts with
trichlorosilane [23]. With that being said, we were interested in exploring the
effectiveness of our newly developed axial-chiral 3,3’-triazolyl biisoquinoline N,

N'-dioxide catalysts in this type of hydrosilylation (Scheme 5) [44].

3
OYR Chiral biisoquinoline OYR3
NH N,N'-dioxides NH
N” > HN"
HSICls R
R1JJ\R2 R OR2

R" = R?= aryl, alkyl
R2 = Ar, OBn, O'Bu

Scheme 5. Catalytic asymmetric reduction of acyl hydrazones with

trichlorosilane and chiral biisoquinoline NV, N’-dioxides catalyst.
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1.2 Reaction Condition Optimization

1.2.1 3,3'-Triazolyl Biisoquinoline N, N'-dioxide

The biisoquinoline N, N'-dioxide is an axial-chiral structure heavily investigated by
our group for many years inspired by 1,1’-Binaphth-2-ol (BINOL), one of the most
successful and prominent class of scaffolds in asymmetric catalysis [45]. The
synthetic method of making 3,3'-triazolyl biisoquinoline N, N'-dioxide was
published by my colleague Shiyu and Carlyn in 2021. The design principle for this
catalyst is to create a chiral pocket from the 3, 3’ positions of the biisoquinoline to

increase its enantioselective capability (Figure 5, A and B; [44]).
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Figure 5. Design principles for the 3, 3’ substituted biisoquinoline N, V’-

dioxides catalysts [44]. A and B: chiral pocket size comparison of 3,3’-
substituted biisoquinolines. C and D: dipole moments affecting the chiral

pocket size of triazolyl-biisoquinolines.

Modifying a biisoquinoline N, N’-dioxides’ 3, 3’ positions can drastically change
its catalytic behavior and by substituting it with a phenyl linker can extend the

pocket’s reach. However, further modifications will mostly end up with a wider
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pocket (Figure 5B; [44]) making the “arms” further away from the reaction site. To
create a bigger chiral cavity on the catalyst, they utilized the dipole moments of the
pyridine N-oxide and 1,2,3-triazole ring in the formation of D (Figure 5, C and D;
[44]). The resulting catalyst catalog, 3,3'-triazolyl biisoquinoline N, N'-dioxide, was
found to be particularly effective when activating trichlorosilane at low
temperatures. Hence, we hypothesized that they could also activate the reduction of
acyl hydrazone in low temperatures, which should therefore limit background

reactions.

1.2.2 Preliminary Experiment and Solvents

Once the type of Lewis-base catalyst was decided, we then moved on to the
optimization of the other reaction parameters. For the hydrazone substrate, we
began with the most basic acyl protracting group as shown in Table 2 with one of
the more efficient triazolyl catalysts in its development. Based on the selected
catalyst’s capability of challenging low temperature asymmetric catalytic reactions,
our preliminary study started with -40°C for 20 hours. This is to prevent possible

background reactions as much as possible, which turned out to be successful.
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n-NH HSICls py
©)J\ solvent, -40 °C, 20h ©/\
1a 3a
Entry Solvent Yield (%)* ee (%)
1 CHCl, trace -
2 CH2Ch 48 53
3 CHCl3 34 66
4 CH3;CN 50 32
5¢ THF 26 14
67 CH:Cl 44 58
7¢ CH:Cl: 40 58
8 CH2CL 42 58

Table 2. Solvent screening for model reaction. Unless otherwise noted, all

reactions were carried out with 0.25 mmol hydrazone, 1.5 equiv HSiCl3, 10 mol %

catalyst, and 1.0 mL solvent. a) NMR yield was determined using 1,1,2,2-

tetrachloroethane as standard. b) Without catalyst. ¢) Product stereochemistry

was (S) configuration. d) 2.0 mL solvent was used. e) 250 mg of 4 A molecular

sieve was used. f) 3.0 equiv of HSiCls was used.
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The background reaction that ran without any catalyst gave trace amount of yield
(entry 1). The preliminary experiment with the selected catalyst and
dichloromethane was able to achieve 48% yield and 53% ee, which looked
promising (entry 2). Other solvents that are commonly used for trichlorosilane-
mediated reactions were also looked at. One solvent we looked at was chloroform
and it resulted in higher enantioselectivity with 66% ee but yield went down to
34% (entry 3). Acetonitrile, on the other hand, gave a slightly higher yield of 50%
but resulted in a much lower ee of 32% (entry 4). The last solvent we used was
tetrahydrofuran (entry 5). It not only offered the lowest yield and % ee (26% yield,
14% ee), but also produced the product as the opposite (S) enantiomer. Through
these results we found that dichloromethane is the optimal choice of solvent. It is
worth noting that dichloromethane did not completely dissolve the hydrazone in
this scale. Therefore, we decided to try using twice as much solvent, but it did not
show much of a difference (entry 6). It is well known that trichlorosilane may
produce a small amount of HCI during storage or mishandling. To avoid the
potential influence from this strong acid, we used 4 A molecular sieve for the acid
scavenging, which had proven to be effective in our previous research [46].
However, this did not lead to either better yield or higher % ee in this study (entry
7). We also tried doubling the trichlorosilane’s amount, but also did not see better

results (entry 8).
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1.2.3 Hydrazone Protecting Groups

Next, we tested a few different acyl protecting groups on hydrazone under the
model reaction condition (Table 3). Hydrazone’s protecting groups have shown
great impact on both reactivity and enantioselectivity in their catalytic asymmetric
reductions. One study by Schuster in recent years using ruthenium-based catalyst
were able to achieve up to 97% yield and 97% ee when having Cbz or Boc as
hydrazone’s protecting group [16]. However, other protecting groups they tried
gave significantly lower ee with one (N, N-dimethyl-substituted) even having 0%
conversion rate. With that in mind, we also tried Boc and Cbz (entry 1 and 2,
respectively) and were able to get decent ee, but at the cost of low conversion rate.
We noticed both Boc and Cbz groups have more Lewis basic C=O units compared
to a benzoyl group due to the more electron donating ‘Bu and ether unit in Boc and
Cbz, respectively. Hence, we also tried a less Lewis basic hydrazone (entry 3). The
enantioselectivity of this product was slightly higher than entry 2, but the yield
went all the way down to 14%. These trials demonstrated that the current method is

notably sensitive to hydrazone protecting groups.
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Os_R
(10 mol %)
N NH HSICl3 (1.5 equiv) HN’NH
©)‘\ CHJCl, (1.0 mL) ©/\
-40 °C, 20h
1 0.25 mmol 3
Entry R Yield (%)“ ee (%)
1 O'Bu (1b) 36 71°
2 OBn (1¢) 21 64
3 4-NO,-Ph (1d) 14 69

Table 3. Hydrazone protecting group screening. a) NMR yield was determined
using 1,1,2,2-tetrachloroethane as standard. b) Value is estimated because

chiral HPLC did not show a clear separation between two enantiomers.

1.2.4 Triazolyl Groups of the Biisoquinoline

The last step of the reaction condition optimization is the evaluation of 3, 3’-

substituted biisoquinoline N, N’-dioxides catalysts (Table 4). Beside the catalyst 2a
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that was used in consolidating model reaction, we also tested three other 3, 3'-

triazolyl substituted biisoquinolines (Table 4, 1b-d).

OY© catalyst (10 mol %) OY©

N/NH HSICl; (1.5 equiv) HN’NH
CH,Cl, (1.0 mL)
-40 °C, 20h
1a 0.25 mmol 3a

catalyst:

R2
X
2a: R = benzyl O N -

2b: R' = mesityl O  2e:R*=8Br
2c: R' = benzhydryl SO 2R R =4-Me-Ph
2d: R' = 1-adamantyl O U 2
Entry Catalyst Yield (%)“ ee (%)
1 2a 48 53
2 2b 8 18
3 2c 19 74
4 2d 14 54
2e trace _
6 2f trace -

Table 4. Evaluation of 3,3’-substituted biisoquinoline catalysts. a) NMR yield

was determined using 1,1,2,2-tetrachloroethane as standard.
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Catalyst 2b did not perform to our expectation, giving only 18 % ee with almost no
conversion yield. Catalysts 2¢ and 2d, however, were able to produce products in
decently high ee, especially 2¢, reaching 74% ee. This was so far the highest ee we
could reach for the model reaction. Overall, all three catalysts gave very low yield
compared to catalyst 2a, making 2a our choice of catalyst for this reaction. These
results suggested that tuning the triazolyl groups on this set of catalysts can

effectively change their reactivity and enantioselectivity.

Besides the triazolyl catalyst, we also tested two conventional 3,3’-substituted
biisoquinoline N, N -dioxides catalysts (entry 5, 6). Surprisingly, despite 2f
exhibiting reactivity comparable to 2b—d in the hydrosilylation of an N-phenyl
ketimine with trichlorosilane, neither 2e nor 2f catalyzed the reaction at all [44].
However, these findings illustrated that the novel axial-chiral biisoquinolines
represent a valuable addition to the current array of Lewis-base catalysts, promising

advancements in their practical applications.
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1.3 Hydrosilylation of Benzoyl Hydrazones

1.3.1 Hydrazone Substrate Scope

Once the reaction parameters were optimized, we moved on to assess how
effectively the current catalytic system could selectively catalyze the hydrogenation
of different benzoyl hydrazones with trichlorosilane (Table 5). We first tested how
a simple methyl substitution on para, meta or ortho positions of R! phenyl (entries
2, 3 and 4, respectively) could affect the reactivity and selectivity of the reactions.
To our surprise, this small change did cause a significant reactivity difference as
compared to model substrate 3a. First, the ortho-methyl substituted hydrazone (1g)
did not promote the reaction at all. Although the mefa-methyl substituted
hydrazone (1f) behaved only slightly worse than 1a, para-methyl substituted
hydrazone (1e) reduced the yield to 27%, almost half of 1a, while maintaining
similar ee. Considering both 3e and 3f are structurally like 3a, it was interesting to
see how differently they affect this reaction. Entry 5-10 (3h-m) focus on changing
the electronic nature of the aryl group with either electron withdrawing substitution
(3i-31) or electron donating ones (3h, 3m). Overall, the results showed that the
enantioselectivity was mostly unaffected by tuning the phenyl ring’s electron
density, but reactivity may be negatively affective. Neither heteroaromatic 3n nor

3o (expected to have less yield for having longer alkyl group that increases steric
22



hindrance near C=N) made noticeable change in reactivity or selectivity. Replacing
phenyl with a cyclohexyl group produced the opposite enantiomer with decent
yield and ee (3p). For 3q, having two alkyl C=N substitution that made structural
differentiation harder and indeed reduced the selectivity drastically. An a,[3-
unsaturated hydrazone 3r did not suit this study because reduction can take place

producing 3q as a side product.

2a N:N/
Os_Ph Os_Ph
(10 mol %)
N,NH HSICl3 (1.5 equiv) _ HN,NH
K
R! TR2 CH.Cl, (1.0 mL) R1*"R2
1 -40 °C, 20h 3
Entry Hydrazine Yield (%) ee (%)
OYPh
-NH
1 3a HN 48 53
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57

27

3e

41

49

3f

3g

58

12

3h

MeO

37

28

3i

43

22

3

Cl

44

27

3k

Br
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Table 5. Hydrosilylation of benzoyl hydrazones with optimized reaction
parameters. All entries were carried out with 0.25 mmol hydrazones. Unless
otherwise noted, yields were determined by 1H NMR using 1,1,2,2-
tetrachloroethane as standard. a) isolated yields. b) produced along with 3r in

entry 15. ¢) estimated value based on HPLC; see experimental section for details.

1.3.2 Attempt with Higher Scale

Considering all the testing above, hydrazone 1a was determined to be the model
substrate. We then went ahead tested to see if this reaction has the potential to be
scaled up. With 1.0 mmol (scaled up from 0.25 mmol earlier) of 1a under
optimized reaction conditions, we were glad to see that the reactivity and selectivity
of the outcome remained mostly unaffected (Scheme 6). After the reaction was
completed, we were able to recover catalyst 2a with a simple silica gel column
chromatography, and the recovered catalyst was able retain its catalytic

performance in the same reactions.
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2a N=N
o (10 mol %) o
HSICl; (1.5 equiv)

N,NH HN/NH
CH,Cl,, -40 °C, 20h : 40% NMR yield
37% isolated yield
1.0 mmol 52% ee
1a 3a

Scheme 6. The 1.0 mmol scale reaction with model substrate under optimized

reaction condition.

1.3.3 Structural Analysis of the Reducing Species

It is believed that the actual active reducing species that controls the
enantioselectivity in asymmetric catalytic hydrosilylation is the intermediate
structure generated from the chiral catalyst and HSiCls. There are two possible
diastereomeric complexes that can be formed from C>-symmetric 2a and HSiCls if
2a acts as a bidentate Lewis base. These two possible structures were investigated
computationally using the PBEh-3¢//C-PCM(DCM) method. First, the bidentate

nature of 2a was confirmed as its two oxygen atoms were able to bind to the silicon
27



center of HSiCls. Also, this calculation showed that complex 1 has its energy 1.91
kcal/mol lower than complex 2. Through their space-filling models (Figure 6, right
side), we were able to identify the anion-n-type interaction of HSiCls’s chlorine
and hydrogen atoms with the two phenyls on catalyst’s triazolyl groups for
complex 1. For complex 2, HSiCl3 has its two chlorine atoms being a part of these
interactions. Although complex 1 is generated more due to lower energy, the
hydrogen atom of HSiCls is not very accessible by hydrazone, making us believe

that complex 2 is more likely the major reducing agent [47,48].
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2a-HSiCl, complex 1

2a-HSiCl, complex 2

Figure 6. Computed structures of the two lowest energy minima for 2a-HSiCls
complex (i.e., two diastereomeric complexes) calculated with PBEh-3¢//C-
PCM(DCM). Both are shown with balls-and-sticks (left) and space filling
(right) models. Molecular electrostatic potentials are also shown in the space
filling models. The complex 1 (top) is 1.91 kcal/mol lower in energy than the
complex 2 (bottom).
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1.4 Conclusion

Based on our study, axial-chiral 3,3’-triazolyl biisoquinoline N, N -dioxides have
great potential to be a set of efficient catalysts for asymmetric transfer
hydrogenation of acyl hydrazones with trichlorosilane. In this work, we showcased
its capability of activating various hydrazone substrates in asymmetric
hydrosilylation reactions. From the reaction condition optimization process, it was
clear that the reactivity and enantioselectivity of the reactions are influenced by the
catalyst's triazolyl units, which our modular synthesis enables easy access to

diverse 3,3’-triazolyl biisoquinoline N, N ’-dioxides.
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1.5 Experimental Section

1.5.1 General Information

All reactions were carried out in oven- or flame-dried glassware under an
atmosphere of dry argon or nitrogen unless otherwise noted. Except as otherwise
indicated, all reactions were magnetically stirred and monitored by analytical thin-
layer chromatography using SiliCycle® Inc. and EMD Millipore pre-coated silica
gel plates with F2s4 indicator. Visualization was accomplished by UV light (254
nm) with combination of potassium permanganate. Flash column chromatography
was performed according to the method of Still [49] using silica gel 60 (mesh 230-
400) supplied by SiliCycle® Inc. Yields refer to chromatographically and

spectroscopically pure compounds, unless otherwise stated.

Commercial grade reagents and solvents were purchased from Sigma-Aldrich,
Alfa-Aesar, Acros, Fisher, TCI, and VWR, and were used as received without
further purification except as indicated below. Trichlorosilane was distilled over
calcium hydride under an atmosphere of dry nitrogen prior to use.
Dichloromethane, chloroform, and acetonitrile were freshly distilled over calcium
hydride under an atmosphere of dry nitrogen prior to use. Tetrahydrofuran was
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freshly distilled over sodium and benzophenone under an atmosphere of dry

nitrogen prior to use.

All '"H NMR and '*C NMR spectra were obtained using a Bruker 400 Ultrashield or
an Oxford AS400 Spectrometer (‘H 400 MHz, *C 100 MHz) at ambient
temperature in CDCI3 purchased from Cambridge Isotope Laboratories, Inc.
Chemical shifts in 'H NMR spectra are reported in parts per million (ppm)
respective to tetramethylsilane (6 0.00 ppm) unless otherwise noted. The proton
spectra are reported as follows 6 (multiplicity, coupling constant J, number of
protons). Multiplicities are indicated by s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), and br (broad). Chemical shifts in '*C NMR spectra are
reported in ppm respective to CDCl3 (8 77.0 ppm). All '*C NMR spectra were
recorded with complete proton decoupling. Infrared (IR) spectra were recorded
using a Nicolet iS5 FT-IR instrument. MS data were obtained using an Agilent
6100 Quadrupole LC/MS. HRMS data were obtained at USF Mass Spec and
Peptide Core Facility in the Department of Chemistry at the University of South
Florida. Optical rotations were measured using a Jasco P2000 Polarimeter at 589

nm and were reported as [a]p" C, where C is reported in g/mL.

32



1.5.2 Experimental Procedures

Preparation of Hydrazones:

All hydrazones were prepared accordingly to the reported procedure [21].

Preparation of Catalysts:
Catalysts 2a-d were prepared according to our published procedure [44].

Catalysts 2e, f were prepared according to our published procedure [50].

Representative Procedure for Catalytic Asymmetric Transfer Hydrogenation

with Trichlorosilane:

(R)-N'-(1-Phenylethyl)benzohydrazide (3a):

e

33



A flame-dried test tube with a magnetic stir bar was charged with hydrazone 1a (60
mg, 0.25 mmol), catalyst 2a (15 mg, 0.025 mmol) and CH2Cl> (1.0 mL), cooled to
—50 °C, and then treated slowly with a solution of HSiCl; in CH2Cl» (250 pL, 1.5
M). The reaction mixture was stirred at —40 °C for 20 hours, and then quenched by
pouring it into 30 mL of saturated aqueous NaHCO3 solution cooled to 0 °C. The
resulting mixture was vigorously stirred for 30 min at room temperature and
extracted twice with 15 mL of CH>Cl,. The combined organic layers were dried
over Na,SOyu, filtered, and condensed in vacuo. A "H NMR spectrum of the crude
reaction mixture was taken with 1,1,2,2-tetracholoroethane as an internal standard
(48% NMR yield). A fraction of the crude mixture was purified by prep TLC using

20% EtOAc in CH2Cl; as an eluent for characterization purposes.

All spectral data were consistent with the literature values [21].

'H NMR (400 MHz, CDCl3) § 7.63-7.60 (m, 2H), 7.50-7.46 (m, 1H), 7.42-7.34 (m,
7H), 7.32-7.27 (m, 1H), 5.10 (br d, J = 4.8 Hz, 1H), 4.26 (q, J = 6.8 Hz, 1H), 1.44

(d, J = 6.8 Hz, 3H).

ee =53 %; [a] 22 p=+7.4 (¢ = 0.00067, CH,Cl,); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [21]: 7z (major) =
19.95 min; zz (minor) = 29.01 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 90:10, 0.5mL/min).
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The 1.0 mmol scale reaction:

A flame-dried Schlenk tube with a magnetic stir bar was charged with hydrazone
1a (238 mg, 1.00 mmol), catalyst 2a (60 mg, 0.10 mmol) and CH>ClI; (4.0 mL),
cooled to —50 °C, and then treated slowly with a solution of HSiCls in CH>Cl (1.0
mL, 1.5 M). The reaction mixture was stirred at —40 °C for 20 hours, and then
quenched by pouring it into 120 mL of saturated aqueous NaHCO3 solution cooled
to 0 °C. The resulting mixture was vigorously stirred for 30 min. at room
temperature and extracted twice with 60 mL of CH>Cl,. The combined organic
layers were dried over Na»SOs, filtered, and condensed in vacuo. A '"H NMR
spectrum of the crude reaction mixture was taken with 1,1,2,2-tetrachloroethane as
an internal standard (40% NMR yield). The crude material was purified by flash
column chromatography on silica gel with 2% Et20 in CH2Cl: to afford the title
compound as a white solid (90 mg, 37%), followed by 50% EtOAc in CH2Cl: to

recover catalyst 2a (60 mg, >99%)).
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(+)-tert-Butyl 2-(1-phenylethyl)hydrazinecarboxylate (3b):

D¢

(OGS

NH
HN

*

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (36% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 5% EtOAc in CH2Cl: as an eluent for

characterization purposes.
All spectral data were consistent with the literature values [9].

'H NMR (400 MHz, CDCl3) § 7.35-7.26 (m, SH), 5.97 (br s, 1H), 4.18 (br s, 2H),

1.44 (s, 9H), 1.33 (d, J = 6.8 Hz, 3H).

ee = approximately 71 %; [a] 2> p =+39.3 (c = 0.00067, CH2Cl,); The enantiomeric
excess was estimated by HPLC analysis as both enantiomers were not fully
separated at the base line: /z (major) = 20.63 min; ¢tz (minor) = 17.25 min (Daicel
Chiralcel® OJ-H with an OJ-H guard column, hexane/2-propanol = 99:1,

0.5mL/min).
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(R)-Benzyl-2-(1-phenylethyl)hydrazine-1-carboxylate (3c¢):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (21% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 5% EtOAc in CH>Cl: as an eluent for

characterization purposes.

All spectral data were consistent with the literature values [18].

'H NMR (400 MHz, CDCl3) § 7.35-7.27 (m, 10H), 6.13 (br s, 1H), 5.12 (s, 2H),

421 (brs, 2H), 1.34 (d, J = 6.4 Hz, 3H).

ee = 64 %; [o] 2 p=+60.4 (c = 0.00067, CH,Cl>); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [18]: tz (major) =
43.57 min; g (minor) = 33.45 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 90:10, 0.5 mL/min).

37



(R)-1-Phenyl-1-(2-p-nitrobenzoylhydrazino)ethane (3d):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (14% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH>Cl; as an eluent for

characterization purposes.

'H NMR (400 MHz, CDCl3) § 8.24 (d, J = 8.8 Hz, 2H), 7.77 (d, J = 8.8 Hz, 2H),
7.54 (d, J= 5.6 Hz, 1H), 7.41-7.29 (m, 5H), 5.11 (br d, /= 4.8 Hz, 1H), 4.26 (q, J =

6.4 Hz, 1H), 1.45 (d, /= 6.4 Hz, 3H).

3C NMR (100 MHz, CDCl3) § 165.2, 149.8, 142.7, 138.5, 128.7, 128.1, 127.8,

127.2,123.9, 60.1, 21.3.

IR (thin film): 3276, 2973, 1642, 1522, 1343, 867, 848, 760, 715, 699 cm’!

HRMS (ESI): Exact mass calculated for C1sHi6N3O3" [M+H]" expected: 286.1186,

found: 286.1188.
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ee =69 %; [a] 2 p=+84.9 (c = 0.00067, CH,Cl»); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [11]: zz (major) =
57.56 min; ¢z (minor) = 51.44 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 90:10, 0.5 mL/min).

(R)-N'-(1-(p-Tolyl)ethyl)benzohydrazide (3e):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (27% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.

All spectral data were consistent with the literature values [21].

'H NMR (400 MHz, CDCl3) § 7.64-7.61 (m, 2H), 7.51-7.47 (m, 1H), 7.41-7.38 (m,
3H), 7.30 (d, J = 8.0 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 5.09 (b rs, 1H), 4.23 (q, J =

6.8 Hz, 1H), 2.36 (s, 3H), 1.42 (d, J = 6.8 Hz, 3H).
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ee =57 %; [a] 2 p=+8.5 (¢ = 0.00067, CH,Cl»); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [21]: 7z (major) =
17.27 min; tz (minor) = 31.13 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 90:10, 0.5 mL/min).

(R)-N'-(1-(m-Tolyl)ethyl)benzohydrazide (3f):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (49% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.

All spectral data were consistent with the literature values [21].

'H NMR (400 MHz, CDCls) & 7.63 (d, J = 7.2 Hz, 2H), 7.51-7.38 (m, 4H), 7.26-
7.19 (m, 3H), 7.11 (d, J = 7.2 Hz, 1H), 5.10 (br s, 1H), 4.22 (q, J = 6.8 Hz, 1H),

2.36 (s, 3H), 1.43 (d, J = 6.8 Hz, 3H).
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ee =41 %; [a] 22 p=+29.0 (c = 0.0013, CH,Cl»); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [21]: tz (major) =
25.65 min; tz (minor) = 29.36 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 95:5, 0.5 mL/min).

(R)-N'-(1-(4-Methoxyphenyl)ethyl)benzohydrazide (3h):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (12% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.

All spectral data were consistent with the literature values [21].

'H NMR (400 MHz, CDCls) & 7.64-7.61 (m, 2H), 7.51-7.47 (m, 1H), 7.42-7.38 (m,
3H), 7.34-7.31 (m, 2H), 6.91-6.88 (m, 2H), 5.08 (b rs, 1H), 4.22 (q, J = 6.8 Hz,

1H), 3.82 (s, 3H), 1.42 (d, J = 6.8 Hz, 3H).
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ee = 58 %; [a] 2 p =+23.8 (¢ = 0.0013, CH,Cl,); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [21]: 7z (major) =
35.59 min; z (minor) = 59.24 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 90:10, 0.5 mL/min).

(R)-N'-(1-(4-Fluorophenyl)ethyl)benzohydrazide (3i):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (28% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.

All spectral data were consistent with the literature values [21].

'H NMR (400 MHz, CDCl3) § 7.63-7.61 (m, 2H), 7.52-7.35 (m, 6H), 7.04 (dd, J=

8.4, 8.4 Hz, 2H), 5.06 (br s, 1H), 4.26 (q, J = 6.8 Hz, 1H), 1.41 (d, J = 6.8 Hz, 3H).
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ee =37 %; [a] 2 p=+3.4 (¢ = 0.00067, CH,Cl»); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [21]: tz (major) =
21.37 min; g (minor) = 27.53 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 90:10, 0.5 mL/min).

(R)-N'-(1-(4-Chlorophenyl)ethyl)benzohydrazide (3j):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (22% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.

All spectral data were consistent with the literature values [21].

'H NMR (400 MHz, CDCls) & 7.62 (d, J = 7.2 Hz, 2H), 7.52-7.48 (m, 1H), 7.42-
7.29 (m, 7H), 5.05 (br d, J = 4.8 Hz, 1H), 4.27-4.23 (m, 1H), 1.41 (d,J= 6.4 Hz,

3H).
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ee =43 %; [a] 2 p=+50.4 (c = 0.00067, CH,Cl»); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [21]: tz (major) =
20.97 min; g (minor) = 26.49 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 90:10, 0.5 mL/min).

(R)-N'-(1-(4-Bromophenyl)ethyl)benzohydrazide (3k):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (27% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.

All spectral data were consistent with the literature values [21].

'H NMR (400 MHz, CDCL3) & 7.62 (d, J = 7.6 Hz, 2H), 7.52-7.39 (m, 6H), 7.29 (d,

J= 8.4 Hz, 2H), 5.06 (br s, 1H), 4.24 (q, J = 6.4 Hz, 1H), 1.40 (d, J = 6.4 Hz, 3H).
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ee =44 %; [a] 2 p=+50.7 (c = 0.002, CH,Cl,); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [21]: tz (major) =
23.36 min; z (minor) = 29.21 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 90:10, 0.5 mL/min).

(R)-N'-(1-(4-(Trifluoromethyl)phenyl)ethyl)benzohydrazide (31):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (37% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.

All spectral data were consistent with the literature values [21].

'H NMR (400 MHz, CDCLs) § 7.63-7.61 (m, 4H), 7.53 (d, J = 8.0 Hz, 2H), 7.51-
7.48 (m, 1H), 7.42-7.38 (m, 3H), 5.07 (br d, J = 6.8 Hz, 1H), 4.37-4.32 (m, 1H),
1.44 (d, J= 6.8 Hz, 3H).
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ee =35 %; [a] 2 p=+56.1 (c = 0.00067, CH,Cl»); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [18]: zz (major) =
28.48 min; g (minor) = 25.77 min (Daicel Chiralcel® AS-H with an AS-H guard

column, hexane/2-propanol = 80:20, 0.5 mL/min).

(R)-N'-(1-(Naphthalen-2-yl)ethyl)benzohydrazide (3m):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (38% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.

All spectral data were consistent with the literature values [15].

'H NMR (400 MHz, CDCl3) § 7.87-7.81 (m, 4H), 7.61-7.56 (m, 3H), 7.50-7.44 (m,
4H), 7.37-7.34 (m, 2H), 5.19 (br d, J= 5.2 Hz, 1H), 4.43 (q, J = 6.8 Hz, 1H), 1.51

(d, J = 6.8 Hz, 3H).
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ee =43 %; [a] 2 p=+82.4 (¢ = 0.00067, CH,Cl»); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [15]: tz (major) =
36.05 min; zz (minor) = 43.91 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 85:15, 0.5 mL/min).

(R)-N'-(1-(Thiophen-2-yl)ethyl)benzohydrazide (3n):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (33% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.

All spectral data were consistent with the literature values [21].

'H NMR (400 MHz, CDCl3) § 7.67 (d, J = 7.2 Hz, 2H), 7.53-7.49 (m, 2H), 7.44-
7.40 (m, 2H), 7.28-7.26 (m, 1H), 7.00-6.97 (m, 2H), 5.14 (br d, J = 4.8 Hz, 1H),

4.60-4.56 (m, 1H), 1.53 (d, J= 6.8 Hz, 3H).
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ee =38 %; [a] 2 p=+32.5 (¢ =0.001, CH,Cl,); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [21]: tz (major) =
26.72 min; tz (minor) = 32.39 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 90:10, 0.5 mL/min).

(R)-N'-(1-Phenylpropyl)benzohydrazide (30):

e

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (44% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.
All spectral data were consistent with the literature values [18].

"H NMR (400 MHz, CDCls) & 7.60-7.58 (m, 2H), 7.49-7.46 (m, 1H), 7.40-7.33 (m,
7H), 7.32-7.27 (m, 1H), 5.18 (br d, /= 5.6 Hz, 1H), 4.00 (br dd, /= 6.8, 7.2 Hz,

1H), 1.94-1.83 (m, 1H), 1.77-1.66 (m, 1H), 0.87 (t, J= 7.6 Hz, 3H).

48



ee =34 %; [a] 2 p=+37.2 (¢ = 0.0013, CH,Cl,); The enantiomeric excess and the
absolute stereochemistry were determined by HPLC analysis [18]: zz (major) =
16.28 min; 7z (minor) = 19.15 min (Daicel Chiralcel® OJ-H with an OJ-H guard

column, hexane/2-propanol = 90:10, 0.5 mL/min).

(S)-N'-(1-Cyclohexylethyl)benzohydrazide (3p):

e

NH
HN

O

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (33% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.
All spectral data were consistent with the literature values [19].

'H NMR (400 MHz, CDCls) & 7.76-7.74 (m, 2H), 7.54-7.43 (m, 4H), 4.89 (brs,
1H), 2.94-2.88 (m, 1H), 1.78-1.67 (m, 6H), 1.47-1.40 (m, 1H), 1.31-1.09 (m, 4H),

1.06 (d, J = 6.4 Hz, 3H).
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ee = approximately 52 %; [a] 2! p=+4.1 (c = 0.001, CH,CL,); The enantiomeric
excess was estimated by HPLC analysis as both enantiomers were not fully
separated at the baseline. The absolute stereochemistry was determined by HPLC
analysis[19]: tz (major) = 41.11 min; fg (minor) = 46.12 min (Daicel Chiralcel® OJ-

H with an OJ-H guard column, hexane/2-propanol = 99:1, 0.5 mL/min).

(+)-N'-(4-Phenylbutan-2-yl)benzohydrazide (3q):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (48% NMR yield). A fraction of the crude
mixture was purified by prep TLC using 20% EtOAc in CH2Cl; as an eluent for

characterization purposes.

'H NMR (400 MHz, CDCl3) § 7.74-7.72 (m, 2H), 7.55-7.43 (m, 4H), 7.31-7.17 (m,
5H), 4.91 (brs, 1H), 3.17-3.12 (m, 1H), 2.80-2.65 (m, 2H), 1.94-1.85 (m, 1H),

1.73-1.61 (m, 1H), 1.18 (d, J= 6.4 Hz, 3H).
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3C NMR (100 MHz, CDCl3) § 167.5, 142.1, 132.9, 131.8, 128.7, 128.4, 128.3,

126.8, 125.8, 55.6, 36.7, 32.1, 18.6.
IR (thin film): 3315, 1640, 1539, 1472, 1456, 1377, 905, 894, 854, 729, 696 cm™!

HRMS (ESI): Exact mass calculated for C17H21N20" [M+H]" expected: 269.1648,

found: 269.1652.

ee = 14 %; [o] 2! p =+4.7 (c = 0.002, CH>Cl,); The enantiomeric excess was
determined by HPLC analysis: & (major) = 37.17 min; ¢z (minor) = 30.40 min
(Daicel Chiralcel® OD-H with an OD-H guard column, hexane/2-propanol = 90:10,

0.5 mL/min).

(R)-N'-(4-Phenyl-3-buten-2-yl)benzohydrazide (3r):

A "H NMR spectrum of the crude reaction mixture was taken with 1,1,2,2-
tetrachloroethane as an internal standard (3r: 4% NMR yield; 3q: 19% NMR

yield). A fraction of the crude mixture was purified by prep TLC using 20% EtOAc
51



in CH2Cl> as an eluent for characterization purposes. Compounds 3r and 3q were

isolated as an inseparable mixture.

The mixture of 3r and 3q was analyzed by LC/MS (ES-APCI): tz (3r) =31.567
min, calculated for C17H19N>,O" [M+H]" expected: 267.1, found: 267.2; tr (3q) =
31.344 min, calculated for Ci17H21N>O" [M+H]" expected: 269.2, found: 269.2 (LC
column: Poroshell120-EC-C18 43.0*50 mm, 2.7 um; 24 °C; HoO/Methanol=90:10;

0.5 ml/min).

3r : ee = 15 %; The enantiomeric excess and the absolute stereochemistry were
determined by HPLC analysis [51]: tz (major) = 40.47 min; tz (minor) = 36.56 min
(Daicel Chiralcel® AD-H with an AD-H guard column, hexane/2-propanol = 92:8,

0.5 mL/min)

3q : ee = 7 %; The enantiomeric excess was determined by HPLC analysis: z
(major) = 45.25 min; fg (minor) = 48.99 min (Daicel Chiralcel® AD-H with an AD-

H guard column, hexane/2-propanol = 92:8, 0.5 mL/min).
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1.5.3 Computational Procedures

All calculations have been performed with the Q-Chem 4 quantum chemistry code
[52], using the PBEh-3c¢ density functional theory composite procedure [53].
Solvent effects have been included using the C-PCM method with the dielectric
constant of DCM (g = 9.08). Minima are converged within a threshold of 10" Ep,
and have been confirmed minima using frequency calculations [54,55]. Molecular
symmetry was not used because of the necessity of the C-PCM method. The C:
symmetry expected for the two main minima (complex 1 and complex 2) is
respected in an approximate manner. The initial structures for the geometry
optimizations have been obtained via a molecular mechanics based conformational
search algorithm, developed in-house. Given the fact that the molecules in this
project and the nature of their interaction are well within the limits of recent
validation studies of the method that we used, we expect geometries to be
converged within 0.05 A accuracy [56], and energies to be converged within 2

kcal/mol accuracy [57].
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Chapter 2
Evaluation of Helicene-Derived 2,2’-Bipyridine N-
Monoxide Catalyst for the Enantioselective
Propargylation of N-Acylhydrazones with
Allenyltrichlorosilane

2.1 Introduction

2.1.1 Helicene-Derived Catalysts

As asymmetric catalysis has become a powerful approach for synthetic organic
chemistry, it is essential to create innovative chiral ligands and catalysts capable of
efficiently inducing asymmetry in reactions [58—61]. In recent years, there has been
significant advancement in the creation of innovative chiral ligands and catalysts.
Among these, helicenes went under the spotlight due to their unique properties,
such as the highly distorted screw-shaped structures that can enable

multidimensional intermolecular interactions (Figure 7) [62,63].
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Figure 7. 3-D demonstration of helicene’s unique shape with hexahelicene and

how helical structure’s mirror images embody chiral characteristics.

Despite not having any stereo-genic center, the steric repulsive interaction that
exists between the two terminal aromatic rings can still induce chirality. This

makes helicene a good candidate for building an enantioselective catalyst.

The history of helicene can be traced all the way back to the beginning of the 20"
century when Meisenheimer and Witte synthesized the first two azahelicenes in
1903 (Figure 8, A and B; [64]). After that, the advancement of helicene chemistry
was slowed down for many years until the work of Newman and Lednicer, who
reported the first synthesis and resolution of hexahelicene (Figure 8, C and D;
[65]). In 1968, Wynberg successfully synthesized the first enantioenriched
heterohelicene when he used an oxidative photocyclization reaction to make the
corresponding hexa- and heptahelicenes [66]. These milestones sparked great
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interest in making various enantioenriched helicenes and their potential

applications[67,68].

CO. O, O
o S

A B C D

Figure 8. Important examples in the history of helicene chemistry. A and B: first
aza[5]helicenes [64]. C and D: first enantioenriched (M)- and (P)-
carbo|6]helicene, respectively [65].

Since the boom of helicene chemistry, many kinds of helicene molecules have been
developed since the 1950s, with their functionality heavily investigated. With
helicene’s intriguing properties, it has already seen many applications in the
organocatalysis field as chiral ligands or organocatalysts [69-73]. Among the
plethora of examples of helicenes, 1-aza[6]helicene was particularly interesting to
our group. As shown in Figure 9, the nitrogen atom in blue is sterically and stereo-
electronically hard to access due to its surrounding conjugated n-system. Because
this crowded space is formed by a continuously chiral framework, it is an ideal

choice to implement the “chiral pocket” design principle for developing chiral
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Lewis base catalysts [70,74—76]. With that in mind, our group has been working on
crafting a range of chiral catalysts utilizing this azahelicene framework [46,74,76—

80].

Figure 9. Structure of (p)-1-aza|6]helicene in 3-D with its nitrogen atom(blue)

screened by its surroundings.

One feasible method to provide enantioselectivity to the reaction using this concept
is to entrap reacting substrates near the continuously chiral region with a bidentate
motif. By designing catalysts that have two electron donating sites spatially not too
far away from each other (Figure 10, left side), it is possible to form the hexa-
coordinated silicon complex (Figure 10, right side) that dictates the enantioselective

process. We have demonstrated this approach in our earlier studies (including
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Chapter 1) with two catalyst classes with different binding mechanisms: the Lewis

base catalysts [46,77] and the hydrogen-bond donor catalysts [78,79].

Figure 10. The solid-state structure of helicene-derived 2,2’-bipyridine N-
monoxide catalyst (left) [77] and its expected complex with
allenyltrichlorosilane (right). Blue: nitrogen; red: oxygen; yellow: silicon; green:

chlorine or allene.

2.1.2 Enantioselective Propargylation of Imines

Asymmetric propargylation of imines allows for direct access to chiral
homopropargylic amines, which are important building blocks used in the synthesis
of natural products and medically relevant compounds. Therefore, the development

of enantioselective catalytic variants of such motif has been an important goal in
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synthetic chemistry. Since the first report of propargylation reaction of carbonyl
compounds utilizing organometallic reagents back in 1950s, there have been a
plethora of examples of reagents derived from all different kinds of metals.
However, due to the nature of propargyl organometallic reagents, they are very
likely to rearrange to their corresponding allenic counterpart before the reactions
take part, which resulting in a mixture of propargylic and allenic products
undergoing either Sg2 or Sg2” mechanism (Scheme 7). Along with other factors
such as steric hindrance on the reaction site, nature of the different metals and
electrophilicity of the electrophile, the selectivity of propargylation reaction is a

difficult challenge [81-89].

NP M Sg2' NHP

y _9 - g
+ . Z
R H R/VVG
Sg2
NP
M Sg2 NHP
+ a _ Y E - by =
R)J\H = RM./V

P = protecting group ; M = metal/metalloid

Scheme 7. Selectivity issue with a mixture of propargyl and allenic reagents.

With the advancement of asymmetric catalysis nowadays, many recent studies

started to use catalytic approaches on asymmetric propargylation for its efficiency
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and economic potential. Several notable transition metal-catalyzed methods for the

enantioselective catalytic propargylation of imines have been reported (Scheme 8).

R2 Chiral transition _R2 5
N _ metal catalyst HN R
Jj\ + Nucleophile > =

R H R™

Metal = Cu, Ag, Rh

Scheme 8. Demonstration of chiral transition metal-catalyzed enantioselective

propargylation of imines.

One approach utilized a silver-phosphine complex to catalyze the addition of
allenylboronic acid pinacol ester to N-tosyl imines [83]. Another utilized a Cu-N-
heterocyclic carbene complex to catalyze the addition of allenylboronic acid
pinacol ester to N-phosphinoyl imines [84]. A third used a copper-phosphine
complex to catalyze the addition of propargyl borolane to cyclic aldimines [85].
Other work explored three-reagent reactions consist of N-arylimines catalyzed by
Rh2(OAc)s and a chiral phosphoric acid [87], as well as N-phosphinoyl coupling
reactions catalyzed by copper and a phosphine complex [88]. Last but not least,
there was one organocatalytic method employing a glyoxylate-derived
acylhydrazone catalyzed by (S)-BINOL that has also been published [90]. As
shown in Scheme 9, when N-acylhydrazones is used as the substrate,

propargylhydrazine is obtained. With the aforementioned benefits of hydrazine in
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the last project, such a method became particularly interesting to us and served as

an inspiration to this work.

_NH R2 B(OH), )
N , . (S)-BINOL W e
EtO\[HJ\H R2 R’ EtO M
O o) RZ RZ

Scheme 9. Organocatalyst catalyst catalyzed propargylation of glyoxylate-

derived acylhydrazone with allenylboronic acids [90].

While important discoveries had been made, the number of catalytic methods
described in the literature that achieve high enantioselectivity was still somewhat
limited as of that point. Considering this, we were interested in evaluating our
previous observations that a helicene-derived 2,2’-bipyridine N-monoxide catalyst
could efficiently catalyze the propargylation of N-acylhydrazones with

allenyltrichlorosilane (Scheme 10; [77,80]).

(@) Ar (@) A
Y Chiral Lewis Y r

N’NH SiCl, base catalyst _NH
—/

Scheme 10. Preliminary experiment of chiral Lewis base-catalyzed

propargylation of N-acylhydrazones with allenyltrichlorosilane [77,80].
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The selectivity of this reaction is proposed to be as shown in Scheme 11, where
reaction site is captured in the helicene catalyst’s chiral pocket, favoring binding

from one side of the electrophile than another.

Re face addition Si face addition
Favored Disfavored

Scheme 11. Purposed enantioselective intermediate complexes of the

investigating catalysis.

Like trichlorosilane used in our previous project, allenyltrichlorosilane appears as a
liquid at room temperature that is readily available and produces non-toxic

byproducts like NaCl and SiO2 upon quenching with NaOH or NaHCOs. The
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hydrazone used, N-acylhydrazones, also served as a good starting material for

being a C=N electrophile that is easy to handle and bench-stable [91,92].

2.2 Reaction Condition Optimization

2.2.1 Synthesis of Optically Pure Helicene Catalyst

Our research team had previously designed a modular strategy for synthesizing
racemic 1-azahelicene derivatives. The enantiomers of these compounds can be
separated by semi-preparative chiral high-performance liquid chromatography
(HPLC) [76,78]. When preparing this catalyst in its optically pure form for this
experiment, we also explored different diastereomeric salts for the resolution
process. Through systematic evaluation of various optically pure acids, solvents,
and crystallization environments, we determined that (-)-O,O’-dibenzoyl- -tartaric
acid in a 15-equivalent ratio with acetonitrile as solvent provided the optimal

conditions for resolving helicene 5 via salt-mediated crystallization [93].
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(15 equiv) recrystalization

OOQ CH3CN, rt, 90 min. 40% CH,Cl, in hexane

under N, atmosphere rt, 48 h, 31% yield

O 66% yield, 64% ee

(P)-4

Scheme 12. Improved optical resolution process of helicene 5 with salt-mediated

crystallization, with 2 more steps to get helicene catalyst (p)-4 [77].

The original optimized procedure involved evaporating acetonitrile under an open-
air fume hood to induce precipitation of the enantio-enriched salt. However, it was
difficult to reproduce the result using this method during catalyst preparation, for
which we speculated that the moisture absorption by acetonitrile during
evaporation may be the reason of inconsistency. With that in mind, we first tried to

perform the recrystallization under a positive atmosphere with N> environment, but
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we could not avoid suppressing the evaporation of acetonitrile and selectivity and
consistency did not improve. Fortunately, we discovered that simply allowing a
room-temperature acetonitrile solution containing (-)-O,O'-dibenzoyl-L -tartaric acid
and helicene 5 to stir vigorously under a N> environment for approximately 20
minutes will promote the precipitation of the enantio-enriched salt, which then led
to an effective preparation of optically pure (p)-5 (Scheme 12; [77]). We were
pleased to resolve this issue since preparing enantio-enriched 1-aza-helicene type
catalysts is known to be very challenging [94,95]. One study from Heller
demonstrated a method to prepare enantio-enriched tetrahydro[6]helicenes with up
to >99% yield and 64% ee through the enantioselective [2+2+2] cyclotrimerisation
of alkynes. However, they can only get 20% yield without any enantioselectivity

when applying the same method to the 1-aza[6]helicene counterpart [96].

2.2.2 Basic Reaction Parameters

As mentioned earlier, we had preliminary experiments that showed catalyst 4’s
efficiency when catalyzing enantioselective propargylation of N-acylhydrazones
with allenyltrichlorosilane. In our observations, we found that the N-3,5-

bis(trifluoromethyl)benzoylhydrazone (6a) is a superior substrate that was more
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selective and gave better yield compared to the N-benzoylhydrazone counterpart.
As the preliminary reaction with 6a provided 53% yield and 78% ee (entry 1), we

set it as the fundamental for the reaction condition optimization (Table 6).

CF;

CF4
(0]
CFs OY@CFa
N/NH + . S|C|3 (10 mol %) HN/NH
©)LH Pr;NE, CH,Cl, ©/\/
6a 7a

Entry Method® ProNEt (equiv) Temp (°C) Time (h) Yield (%) ee (%)

1¢ A 5 0 12 53¢ 78
2 A 2 0 12 45 42
3 A 10 0 12 43 48
4¢ B 5 0 20 24 N/D/
5 B 5 -40 20 13 N/D
6 B 5 -78 20 trace N/D
7 B 5 -78 20 trace -
8 B 5 -40 20 12 0
9 B 5 0 20 72 86

Table 6. Evaluation of the basic reaction parameters. a) Method A: neat
allenyltrichlorosilane was added to a solution of acylhydrazone, catalyst,

iPr2NEt in CH2Clz2 at 0 °C. Method B: allenyltrichlorosilane was added as a
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CH:Cl: solution to a solution of acylhydrazone, catalyst, and ‘Pr.NEt in CH2Cl
at -78 °C. b) NMR yield was determined using 1, 1, 2, 2-tetrachloroethane as

standard. c) obtained from previous work [77]. d) isolated yield. e) reactions ran

without catalyst. f) ee not determined for checking background reactions.

We first tested different amounts of ‘ProNEt for the reaction to see if that has any
effect on reaction yield and selectivity. As shown in entries 2 and 3, lower or higher
amount of 'ProNEt negatively affect the reaction outcome, giving 45% yield and
43% yield, respectively. The negative effect on selectivity was more significant,

with 42% ee and 48% ee, respectively, compared to 78% ee from entry 1.

We then proceeded to set up a list of trials to check if there was any background

reaction happening. We tested the reaction in 3 different temperatures, 0°C, -40°C
and -78°C, without the catalyst (entry 4, 5, 6, respectively). To avoid having neat

allenyltrichlorosilane from freezing in low temperature, we added it as a CH2Cl»

solution into a solution of N-acylhydrazone and 'ProNEt in CH,Cl, at -78°C (Table

6, method B). In addition, we also let the reactions run longer (from 12 to 20 hours)
to offset the presumable lower reactivity. The yields we got from entry 4, 5 and 6
were 24%, 13% and trace, respectively, showing a trend that indicates lower
reaction temperature suppressing background reactions. This drives us to also try

applying lower temperatures on the reactions that do use catalyst. Unfortunately,
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we found that having catalyst did not improve the reactivity of the reactions in -78°
C and -40°C, showing similar chemical yields (entry 7 vs. 6 and 8 vs. 5,

respectively). However, we were delighted to find out that the catalytic reaction ran

for 20 hours at 0°C using method B for allenyltrichlorosilane addition gave

improved yield and ee (entry 9).

2.2.3 Evaluation of Biisoquinoline-Based Catalysts

Even though we noticed a clear advantage from method B over method A in Table
6, the reason for improved reactivity and selectivity remained unclear to us. It is
worth noting that achieving substoichiometric enantioinduction remains a challenge
in the chiral Lewis base promoted addition of chlorosilanes (LSiCls;, L=H, Cl, allyl,
allenyl, propargyl, etc.) to acylhydrazones. The only other example we had was

from Chapter 1, which 3,3'-Triazolyl biisoquinoline N, N ~dioxide derived catalyst

being able to promote asymmetric reduction of acylhydrazones with HSiClz using
substoichiometric amount of catalyst [44,97]. To our knowledge, that was the
second class of Lewis base catalysts, after catalyst 4, capable of catalyzing
enantioselective reduction of acylhydrazones with chlorosilanes. Therefore, we

chose to compare it with catalyst 4 for the current reaction. Although catalyst 2a
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could catalyze the reaction with decent yield, its enantioselectivity was notably

lacking compared to catalyst 4 (Table 7).

CFs CF3
(@)
CF3 © CF3
_NH sicl catalyst (10 mol %)
N * =.=/ ® i HN/NH
H iPr,NEt (5 equiv) I oz
CH,Cl,, 0°C, 20 h
6a 7a

catalyst:
2a
Entry Catalyst Yield (%) ee (%)
1 2a 63 12
2 8 44 26

Table 7. Evaluation of biisoquinoline based catalysts with allenyltrichlorosilane

added as a CH2Cl: solution at -78°C.

Recently, there was a new worth noting biisoquinoline based catalyst reported by

Malkov, et al. Their 3,3°-(3,5-bis(trifluoromethyl)phenyl)-bipyridine N, N’-dioxide
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catalyst was able to effectively catalyze the addition of allenyltrichlorosilane to
aldehydes despite of the considerably lower reactivity of allenyltrichlorosilane
versus allyltrichlorosilane in Lewis base catalysis [92,98]. Thus, we chose to also
evaluate our catalyst 8 [50], which is analogous to Malkov’s catalyst, in this
reaction (entry 2). While catalyst 8 falls short of 4 in both reactivity and selectivity,
it did achieve better selectivity compared to 2a, with a less impressive reactivity.
Arguably, these observations emphasize the potential for 1-aza[6]helicene to serve
as a chiral catalytic scaffold that complements the widely applicable axial-chiral

motif.

2.3 Propargylation of N-Acylhydrazones

After establishing the fundamental reaction parameters with acylhydrazone 4a, we
then proceeded to assess the ability of the current catalytic system to selectively
catalyze the propargylation of different N-acylhydrazones (Table 8). The first three
substrates we tested were hydrazone 6b-d. Consider how ortho-methyl substituted
hydrazones are known to behave poorly and was showcased in Chapter 1°s
substrates scopes, we were surprised to see 7b getting very promising reactivity and

selectivity, affording 70% yield and 76% ee. Substrates 7c¢ and 7d are structurally
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similar to the model substrate 7a. While 7¢ was getting comparable yield of 73%
and 76% ee, 7d’s baring para-methyl substitution yielded a lower chemical yield
(45%) without significantly altering the enantioselectivity (76% ee). This finding
led us to speculate that the reactivity of hydrazones in our catalytic system could be
highly influenced by the electronic characteristics of the substrates. Therefore, we
further tested this hypothesis with substrates that bare electronically different para-
substitutions. The presence of an electron-donating methoxy group caused
detrimental impact on both reactivity and enantioselectivity, resulting in a yield of
14% and 28% ee for product 7e. Electron-withdrawing substitutions Br, Cl and CF3
(6f-h), however, performed just as good as the model substrate and provided
similar yield and ee. Heteroaromatic hydrazones with electron-rich properties
proved to be unsuitable substrates for the current method. They yielded products 5i
and 5j at 16% and 28% yields, respectively, with enantiomeric excess of 32 and 2.
Somewhat unexpectedly, the hydrazone derived from cinnamaldehyde exhibited
poor reactivity, resulting in product Sk at a yield of 21% with 32% ee. The aliphatic
substrate (41) produced only trace amount of product, with the crude reaction
mixture exhibiting significant impurities in TLC and 'H NMR analysis. Since this
did not happen to any other entries tested prior to this substrate, we speculated that
it is possible that 41 underwent tautomerization to its corresponding nucleophilic
enamine in the presence of 'ProNEt and caused background reactions with

allenyltrichlorosilane.
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NH : 0
. sicl (10 mol %) NH
JNL o ; N
'ProNEt (5 equiv) Z 2
R H o R/\/
CH,Cl,, 0°C, 20 h
6 7

Ar = 3,5-(CF3)2Ph

Entry® Hydrazine” Yield (%)° ee (%)
OYAr
1 7a HE‘/NH > 72 (68% 86
@) Ar
2 7b H“;'/NH > 70 76
Os_Ar
3 7e e _ 73 82
Os_Ar
4 7d N _ 45 76



28

14

Te

MeO

74

63

A\

7t

Br

78

65

AN

7g

Cl

78

74

7h

FsC

32

16

7i

28

7j

10

32

21

7k

11

73



OYAr
12 71 HN/NH trace -
/\M
Ph

Table 8. Propargylation of various acylhydrazones in 0.1 mmol scale with

allenyltrichlorosilane and catalyst (P)-4 under optimized reaction parameters.
a) all entries used method B from Table 6 for allenyltrichlorosilane addition. b)
the absolute stereochemistry of 7a was determined in previous work and others
were assigned by analogy. c) yields were determined by 'H NMR using 1,1,2,2-

tetrachloroethane as standard. d) isolated yield.

2.4 Conclusion

In this work, we demonstrated that catalyst 2, derived from helicene-based 2,2’-
bipyridine N-monoxide, exhibits potential as an efficient asymmetric catalyst for
propargylation reactions with allenyltrichlorosilane on various acylhydrazones. The
flexibility of our catalyst’s synthesis procedure means we can easily access a good
variety of helicene-derived 2,2’-bipyridine N-monoxides that have different steric
and electronic properties. This opens the possibility of identifying catalysts that

outperform the one highlighted here.
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2.5 Experimental Section

2.5.1 General Information

All reactions were carried out in oven- or flame-dried glassware under an
atmosphere of dry argon or nitrogen unless otherwise noted. Except as otherwise
indicated, all reactions were magnetically stirred and monitored by analytical thin-
layer chromatography using EMD Millipore pre-coated silica gel plates with Fs4
indicator. Visualization was accomplished by UV light (254 nm), with a
combination of potassium permanganate, p-anisaldehyde, and/or cerium molybdate
solution as an indicator. Flash column chromatography was performed according to
the method of Still [49] using silica gel 60 (mesh 230-400) supplied by SiliCycle®
Inc. Isolated yields refer to chromato-graphically and spectroscopically pure

compounds, unless otherwise stated.

Commercial grade reagents and solvents were purchased from Sigma-Aldrich,
Alfa-Aesar, Acros, Fisher, TCI, and VWR, and were used as received without
further purification except as indicated below. THF and Et,O were freshly distilled
over sodium/benzophenone under an atmosphere of dry nitrogen prior to use.

CH3CN, CH>Cly, and toluene were freshly distilled over CaH> under an atmosphere
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of dry nitrogen prior to use. N,N-Diisopropylethylamine and triethylamine were
distilled over KOH under an atmosphere of dry nitrogen, stored over NaOH in a
Schlenk flask, and used from there. Trichlorosilane (Sigma-Aldrich) was freshly

distilled over CaH> under an atmosphere of dry nitrogen prior to use.

Allenyltrichlorosilane was prepared according to the reported procedure [92] and
either freshly distilled over CaH> under an atmosphere of dry nitrogen prior to use
as neat (Method A) or distilled over CaH> under an atmosphere of dry nitrogen,
stored as a CH2Cl; solution (1.5 M) in a Schlenk flask, and used from there
(Method B). Catalysts 2, 2a, and 8 were prepared according to our published
procedures (vide infra), stored as a CH>Cl, solution (0.05 M) in a Schlenk flask,

and used from there (Method B).

All 'TH NMR and *C NMR spectra were obtained using a Bruker 400 Ultrashield or
an Oxford AS400 Spectrometer (‘H 400 MHz, '*C 100 MHz) at ambient
temperature in CDCI3 purchased from Cambridge Isotope Laboratories, Inc.
Chemical shifts in 'TH NMR spectra are reported in parts per million (ppm)
respective to tetramethylsilane (6 0.00 ppm) unless otherwise noted. The proton

spectra are reported as follows 6 (multiplicity, coupling constant J, number of
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protons). Multiplicities are indicated by s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), and br (broad). Chemical shifts in '*C NMR spectra are
reported in ppm respective to CDCl3 (8 77.0 ppm). All '*C NMR spectra were
recorded with complete proton decoupling. HRMS data were obtained at the USF
Mass Spec and Peptide Core Facility in the Department of Chemistry at the
University of South Florida. Optical rotations were measured using a Jasco P2000
Polarimeter at 589 nm and were reported as [a]°t -c, where C is reported in g/100

mL.

2.5.2 Experimental Procedures

(+)-11,12-Benzo-1-aza|6]helicene (5):

The title compound was prepared according to our published procedures [76,78].
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(P)-11,12-Benzo-1-aza|6]helicene (5):

The diastereomeric salt-mediated optical resolution of racemic 5. A round bottom
flask was charged with (£)-11,12-benzo-1-aza[6]helicene (500 mg, 1.32 mmol) and
a magnetic stir bar, flushed with nitrogen, and sealed by a septum with a nitrogen-
filled balloon. To this was added freshly distilled CH3CN (60 mL), and then the
resulting suspension was sonicated for 30 min. to make solid chunks into fine
powders. The suspension of fine powders was heated by a heat gun to completely
dissolve all solids, and then the resulting clear solution was stirred at room
temperature for 15 min. to cool down. To this stirring solution was added a solution
of (-)-0,0’-dibenzoyl-L-tartaric acid monohydrate (7.45 g, 19.80 mmol) in CH3CN
(14 mL) in a stream by a syringe. The resulting clear bright yellow solution was
stirred at room temperature under an atmosphere of nitrogen for 90 min. The
resulting precipitate was filtered and washed with CH3CN cooled to 0 °C to give
bright yellow solid (493 mg). The filtrates were combined and condensed in vacuo
to yield bright yellow solid (7.45 g). The precipitated solid (493 mg) was dissolved

in CH>Cl> (20 mL) and washed with aqueous 1 M NaOH solution (20 mL) to
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remove tartaric acid. The aqueous layer was back-extracted once with CH>Cl> (20
mL) and combined CH>Cl; layers were washed with brine, dried over Na>SOs4,
filtered, concentrated in vacuo to afford enantio-enriched 5 (164 mg, 33% or 66%

theoretical yield, 64% ee in (P)-enantiomer).

In the following procedure we crystalized 64% ee sample twice to get optically
pure 5. In our hands, samples with <80% ee usually precipitate small clear crystals
(mostly racemic), but on the other hand, samples with >80% ee form relatively

large yellow prisms (optically pure).

Enantio-enriched 5 (194 mg, 65% ee) was dissolved in a minimum amount of 40%
CH:Cl: in hexanes with gentle heating in a round bottom flask. The mouth of the
flask was covered loosely with aluminum foil, and left in the fume hood for
overnight, at which point, small clear crystals formed at the bottom of the flask.
The mother liquor was decanted into another round bottom flask, condensed in
vacuo to provide 5 (111 mg, 84% ee). The resulting 84% ee sample was
recrystallized in the same manner to afford optically pure yellow prisms (61 mg,
31% after two crystallizations), which was used without further purification in the

subsequent step.
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(P)-Helicene-derived 2,2’-bipyridine N-monoxide (4):

The title compound was prepared according to our published procedures [77].

(8)-3,3’-Bis-(1-benzyl-1H-1,2,3-triazole-4-yl)-1,1’-biisoquinoline N, N’-dioxide

(2a):

The title compound was prepared according to our published procedures [44].
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(8)-3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline V,N’-dioxide

®.

The title compound was prepared according to our published procedures [50].

General Procedure for the Preparation of N-Acylhydrazones (6a-1).

A round bottom flask was charged with 3,5-bis(trifluoromethyl)benzoylhydrazine
(500 mg, 1.84 mmol) and a magnetic stir bar, flushed with nitrogen, and then
sealed by a septum with a nitrogen-filled balloon. To this was added successively
commercial anhydrous MeOH (4.6 mL) and aldehyde (1.84 mmol). The resulting
solution was stirred overnight at room temperature. The precipitate was filtered,
washed with MeOH cooled to 0 °C, and dried further on the filter funnel for a few
min. The solid was transferred to a round bottom flask, to which freshly distilled

toluene was added and condensed in vacuo three times to remove residual MeOH
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(61%-96% yields for 6a-k). The resulting N-acylhydrazone was checked for any
residual MeOH by 'H NMR in CDCI; and then used in the propargylation reaction
without further purification. Hydrocinnamaldehyde-derived N-acylhydrazone 71 did
not precipitate under the reaction condition. As such, the reaction mixture was
condensed in vacuo, and purified by a flash chromatography on silica using 15%
EtOAc in hexanes as eluent to afford a white solid (356 mg, 50%). All N-
acylhydrazones (6a-1) produced broad uncharacterizable "H NMR spectra
presumably due to expected rotamers, and thus were used in the propargylation

reaction without further characterization.

Racemic Homopropargylic Hydrazide (7a-k)

Racemic products 7a-k used for the chiral HPLC analysis were prepared from 6a-k

by following the reported procedure [91].

General Procedure for the Enantioselective Catalytic Propargylation (Method

A).

The propargylation reaction was performed according to our published procedure

[77].
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General Procedure for the Enantioselective Catalytic Propargylation (Method

B).

A test tube was charged with a magnetic stir bar, flame-dried in vacuo, and cooled
to room temperature under an atmosphere of nitrogen. To this was added
acylhydrazone (0.1 mmol), a solution of (P)-4 in CH2Cl> (0.05 M, 200 mL), and
ProNEt (87 mL, 0.5 mmol). The resulting heterogeneous mixture was cooled to -
78 °C, treated with a solution of allenyltrichlorosilane in CH>Cl> (1.5 M, 100 mL)
drop-by-drop through the sidewall of the test tube, and stirred at the same
temperature for a further 30 min. The reaction test tube was transferred to the
isopropanol bath at 0 °C and kept therein for 20 h. The reaction mixture was cooled
back to —78 °C, quenched with 50% Et:N in MeOH (400 mL), allowed to warm up
to room temperature, and washed with saturated aqueous NaHCOs3 solution (1 mL).
The aqueous layer was extracted with CH2Clz (1 mL) three times, and the
combined organic layers were dried over Na>SOy, filtered, and concentrated in
vacuo to provide the crude reaction mixture. '"H NMR yield was determined with
the crude reaction mixture by using 1,1,2,2-tetrachloroethane as an internal
standard. Some portions of the crude reaction mixture were purified by preparative

TLC for characterization and chiral HPLC analysis.
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(R)-N’-(1-Phenylbut-3-ynyl)-3,5-bis(trifluoromethyl)benzohydrazide (7a):
CF3

0]
CF3

_NH
HIN

W

The general procedure was followed with 4a (36 mg, 0.1 mmol) to give the title
compound in 72% NMR yield. The crude reaction mixture was purified by a flash
chromatography on silica using 7% EtOAc in hexanes as eluent to afford a white

solid (27 mg, 68%). All spectral data were identical to the literature values [77].

'H NMR (400 MHz, CDCl3) 6 8.08 (s, 2H), 7.99 (s, 1H), 7.80 (br s, 1H), 7.43-7.34

(m, 5H), 5.47 (br's, 1H), 4.34 (t, J= 6.0 Hz, 1H), 2.73-2.61 (m, 2H), 2.14, (s, 1H).

13C NMR (100 MHz, CDCl;) 6 164.4, 139.8, 134.9, 132.4 (q, >Jcr = 33.8 Hz),
128.8, 128.5, 127.5, 127.3 (d, *Jcr = 3.0 Hz, ortho CH-Ar), 125.4 (t, *Jcr=3.5

Hz, para CH-Ar), 122.8 (q, 'Jcr=271.3 Hz), 80.7, 71.2, 63.2, 25.8.

The (R)-absolute stereochemistry was assigned by HPLC analysis [77]. er = 93:7;
fr (R) 13.57 min; (S) 17.00 min, (Daicel Chiralcel® OJ-H with an OJ-H guard
column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P21 =-2.9 (¢ = 0.13, CH,CL).
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(R)-N’-[1-(2-methylphenyl)but-3-ynyl]-3,5-bis(trifluoromethyl)benzohydrazide

(7b):

CF;

The general procedure was followed with 6b (37 mg, 0.1 mmol) to give the title

compound in 70% NMR yield.

'H NMR (400 MHz, CDCl3) 6 8.10 (s, 2H), 8.00 (s, 1H), 7.77 (d, J = 5.6 Hz, 1H),
7.55(d, J=17.2 Hz, 1H), 7.29-7.17 (m, 3H), 5.42 (d, J = 6 Hz, 1H), 4.67 (t, J= 6.4

Hz, 1H), 2.71-2.57 (m, 2H), 2.37 (s, 3H), 2.14 (t, J= 2.4 Hz, 1H).

13C NMR (100 MHz, CDCl3) 6 164.4, 137.9, 136.5, 134.9, 132.4 (q, 2Jc.r=33.8
Hz), 130.8, 128.0, 127.3 (d, *Jc.r = 2.9 Hz, ortho CH-Ar), 126.6, 126.0, 125.4 (m,
3Jcr= 3.8 Hz, para CH-Ar), 122.8 (q, 'Jor=271.2 Hz), 81.1, 70.9, 29.7, 25.2,

19.3.

HRMS (ESI): Exact mass calculated for C20H17F¢N>O [M+H]" expected: 415.1240,

found: 415.1223.
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The (R)-absolute stereochemistry was assigned by analogy. er = 88:12; HPLC
analysis: #r (R) 9.92 min; (S) 11.44 min, (Daicel Chiralcel® OD-H with an OD-H

guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P21 =-12.7 (¢ = 0.17, CHCl).

(R)-N’-[1-(3-methylphenyl)but-3-ynyl]-3,5-bis(trifluoromethyl)benzohydrazide

(7¢):

CF;

The general procedure was followed with 6¢ (37 mg, 0.1 mmol) to give the title

compound in 73% NMR yield.

'H NMR (400 MHz, CDCl3) 6 8.07 (s, 2H), 7.99 (s, 1H), 7.71 (br s, 1H), 7.29-7.21
(m, 3H), 7.15 (d, J= 7.3 Hz, 1H), 5.47 (d, J= 5.6 Hz, 1H), 4.30 (br s, 1H), 2.73-

2.59 (m, 2H), 2.36 (s, 3H), 2.15 (t, J = 2.4 Hz, 1H).
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13C NMR (100 MHz, CDCls) & 164.4, 139.8, 138.6, 135.0, 132.4 (q, YJc.r = 33.8
Hz), 129.3, 128.8, 128.2, 127.3 (d, *Jc.r = 2.9 Hz, ortho CH-Ar), 125.4 (m, *Je.r =
3.6 Hz, para CH-Ar), 124.5, 122.8 (q, "Je.r = 271.6 Hz), 80.9, 71.1, 63.3, 25.8,

21.4.

HRMS (ESI): Exact mass calculated for C20H17FsN2O [M+H]" expected: 415.1240,

found: 415.1229.

The (R)-absolute stereochemistry was assigned by analogy. er = 88:12; HPLC
analysis: #r (S) 9.40 min; (R) 10.71 min, (Daicel Chiralcel® OD-H with an OD-H

guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[0]%21 = -9.1 (¢ = 0.08, CHaCL).

(R)-N’-[1-(4-methylphenyl)but-3-ynyl]-3,5-bis(trifluoromethyl)benzohydrazide

(7d):

CF4
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The general procedure was followed with 6d (37 mg, 0.1 mmol) to give the title

compound in 45% NMR yield.

'H NMR (400 MHz, CDCl3) 6 8.06 (s, 2H), 7.99 (s, 1H), 7.66 (d, J = 4.0 Hz, 1H),
7.31(d, J= 8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 5.45 (d, J= 5.6 Hz, 1H), 4.32 (t,

J=6.0 Hz, 1H), 2.72-2.59 (m, 2H), 2.36 (s, 3H), 2.15 (1, /= 2.8 Hz, 1H).

13C NMR (100 MHz, CDCls) 6 164.3, 138.3, 136.8, 134.9, 132.3 (q, 2Jcr=33.7
Hz), 129.5, 127.4, 127.2 (d, *Jc.r = 2.6 Hz, ortho CH-Ar), 125.3 (m, *Jc.r = 3.7 Hz,

para CH-Ar), 122.8 (q, 'Jer=271.0 Hz), 80.9, 71.1, 62.9, 25.9, 21.1.

HRMS (ESI): Exact mass calculated for C20H17F¢N>O [M+H]" expected: 415.1240,

found: 415.1217.

The (R)-absolute stereochemistry was assigned by analogy. er = 88:12; HPLC
analysis: #r (S) 8.99 min; (R) 10.87 min, (Daicel Chiralcel® OD-H with an OD-H

guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P21 =-29.7 (¢ = 0.07, CH2Cly).
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(R)-N’-[1-(4-methoxyphenyl)but-3-ynyl]-3,5-

bis(trifluoromethyl)benzohydrazide (7e):

CF;

CF3

The general procedure was followed with 6e (36 mg, 0.1 mmol) to give the title

compound in 14% NMR yield.

'H NMR (400 MHz, CDCl3) 6 8.08 (s, 2H), 7.99 (s, 1H), 7.69 (brs, 1H), 7.34 (d, J
=8.6 Hz, 2H), 6.91 (d, J = 8.6 Hz, 2H), 5.42 (d, J = 5.6 Hz, 1H), 4.30 (t, J= 6.4

Hz, 1H), 3.81 (s, 3H), 2.72-2.58 (m, 2H), 2.14 (t, J= 2.4 Hz, 1H).

13C NMR (100 MHz, CDCl;) 6 164.4, 159.7, 135.0, 132.4 (q, >Jcr = 33.8 Hz),
131.8, 128.6, 127.3 (d, *Jc.r = 2.9 Hz, ortho CH-Ar), 125.4 (m, 3Jc.r = 3.6 Hz, para

CH-Ar), 122.8 (q, Jer = 271.5 Hz), 114.2, 80.9, 71.1, 62.7, 55.3, 25.9.

HRMS (ESI): Exact mass calculated for C20H;6FsN20O>Na [M+Na]" expected:

453.1008, found: 453.1005.
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The (R)-absolute stereochemistry was assigned by analogy. er = 64:36; HPLC
analysis: #r (S) 12.31 min; (R) 20.43 min, (Daicel Chiralcel® OD-H with an OD-H

guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P21 =-7.2 (¢ = 0.07, CH,CL).

(R)-N’-[1-(4-bromophenyl)but-3-ynyl]-3,5-bis(trifluoromethyl)benzohydrazide

(71):

CF,

N\

The general procedure was followed with 6f (44 mg, 0.1 mmol) to give the title

compound in 63% NMR yield.

'H NMR (400 MHz, CDCl3) 6 8.10 (s, 2H), 8.01 (s, 1H), 7.68 (br s, 1H), 7.51 (d, J
= 8.3 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 5.40 (d, J = 5.2 Hz, 1H), 4.32 (t, J = 6.0

Hz, 1H), 2.70-2.57 (m, 2H), 2.14 (t, J= 2.6 Hz, 1H).
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3C NMR (100 MHz, CDCl3) 6 164.6, 138.9, 134.7, 132.5 (q, 2Jcr = 33.7 Hz),
132.0, 129.2, 127.2 (d, *Jc-r = 2.9 Hz, ortho CH-Ar), 125.5 (m, *Jcr = 3.7 Hz, para

CH-Ar), 122.8 (q, Je.r = 271.1 Hz), 122.4, 80.2, 71.5, 62.6, 25.8.

HRMS (ESI): Exact mass calculated for Ci9H4BrFsN>O [M+H]" expected:

479.0188, found: 479.0157.

The (R)-absolute stereochemistry was assigned by analogy. er = 87:13; HPLC
analysis: fr (S) 24.07 min; (R) 36.49 min, (Daicel Chiralpak® AS-H with an AS-H

guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[0]%1 = -13.5 (¢ = 0.13, CH,CLy).

(R)-N’-[1-(4-chlorophenyl)but-3-ynyl]-3,5-bis(trifluoromethyl)benzohydrazide

(79):

CF3
.NH

Cl
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The general procedure was followed with 6g (40 mg, 0.1 mmol) to give the title

compound in 65% NMR yield.

'H NMR (400 MHz, CDCls) & 8.09 (s, 2H), 8.01 (s, 1H), 7.66 (br s, 1H), 7.39-7.34
(m, 4H), 5.40 (d, J = 5.3 Hz, 1H), 4.33 (t, J = 6.6 Hz, 1H), 2.70-2.57 (m, 2H), 2.14

(t, J=2.6 Hz, 1H).

13C NMR (100 MHz, CDCl3) 6 164.6, 138.4, 134.7, 134.3, 132.5 (q, 2Jcr = 34.0
Hz), 129.1, 128.9, 127.2 (d, *Jc.r = 3.0 Hz, ortho CH-Ar), 125.5 (m, *Jc.r = 3.6 Hz,

para CH-Ar), 122.8 (q, "Jer=271.5 Hz), 80.2, 71.5, 62.6, 25.9.

HRMS (ESI): Exact mass calculated for C19H4CIF¢N>O [M+H]" expected:

435.0693, found: 435.0667.

The (R)-absolute stereochemistry was assigned by analogy. er = 89:11; HPLC
analysis: #r (S) 23.00 min; (R) 34.20 min, (Daicel Chiralpak® AS-H with an AS-H

guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P21 =-37.3 (¢ = 0.07, CHCl).
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(R)-N’-[1-[4-(trifloromethy)phenyl]but-3-ynyl]-3,5-

bis(trifluoromethyl)benzohydrazide (7h):

CF3

CF;

The general procedure was followed with 6h (36 mg, 0.1 mmol) to give the title

compound in 74% NMR yield.

'H NMR (400 MHz, CDCl3) & 8.09 (s, 2H), 8.01 (s, 1H), 7.69 (brs, 1H), 7.65 (d, J
— 8 Hz, 2H), 7.58 (d, J = 8 Hz, 2H), 5.42 (dd, J= 4.4, 2 Hz, 1H), 4.43 (t, J= 5.6

Hz, 1H), 2.73-2.60 (m, 2H), 2.16 (t, J = 2.8 Hz, 1H).

3C NMR (100 MHz, CDCls) 6 164.8, 143.9, 134.6, 132.5 (q, 2Jc.r = 34.0 Hz),
130.8 (q, 2Jcr = 32.7 Hz), 127.9, 127.2 (q, *Jc.r = 2.9 Hz, ortho CH-Ar), 125.8 (q,
3Jcr=3.7Hz), 125.6 (m, *Jc.r = 3.3 Hz, para CH-Ar), 124.0 (q, 'Jcr=270.6 Hz),

122.7 (q, Jer=271.5 Hz), 79.9, 71.7, 62.8, 25.8.

HRMS (ESI): Exact mass calculated for C20H14FoN>O [M+H]" expected: 469.0957,

found: 469.0956.
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The (R)-absolute stereochemistry was assigned by analogy. er = 89:11; HPLC
analysis: #r (S) 16.11 min; (R) 19.76 min, (Daicel Chiralpak® AS-H with an AS-H

guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[0]%1 =-10.2 (c = 0.13, CH2CL).

(R)-N’-[1-(2-furan)but-3-ynyl|-3,5-bis(trifluoromethyl)benzohydrazide (7i):

CFs,

CF;

The general procedure was followed with 6i (30 mg, 0.1 mmol) to give the title

compound in 16% NMR yield.

'H NMR (400 MHz, CDCl3) & 8.15 (s, 2H), 8.02 (s, 1H), 7.83 (d, J = 6.8 Hz,1H),
7.42 (s, 1H), 6.37 (d,J = 0.8 Hz, 2H), 5.47 (dd, J = 6, 3.2 Hz , 1H), 4.43 (td, J =

6.4,3.2 Hz, 1H), 2.85-2.73 (m, 2H), 2.15 (t, J = 2.4 Hz, 1H).
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13C NMR (100 MHz, CDCls) & 164.5, 152.4, 142.7, 134.8, 132.5 (q, 2Jcr = 34.0
Hz), 127.3 (br s), 125.5 (m, *Jer = 3.1 Hz, para CH-Ar), 122.8 (q, Je.r = 270.9

Hz), 110.5, 108.3, 80.2, 71.3, 56.9, 22.8.

HRMS (ESI): Exact mass calculated for C17H2FsN>O>Na [M+Na]" expected:

413.0695, found: 413.0694.

The (R)-absolute stereochemistry was assigned by analogy. er = 66:34; HPLC
analysis: #r (R) 13.27 min; (S) 15.92 min, (Daicel Chiralcel® OJ-H with an OJ-H

guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P21 =25.7 (¢ = 0.03, CH,Cl,).

(R)-N’-[1-(2-thiophene)but-3-ynyl]-3,5-bis(trifluoromethyl)benzohydrazide

(7))

CF;
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The general procedure was followed with 6j (31 mg, 0.1 mmol) to give the title

compound in 28% NMR yield.

'H NMR (400 MHz, CDCl3) 6 8.11 (s, 2H), 8.01 (s, 1H), 7.73 (d, J = 6.8 Hz, 1H),
7.32(d,J=5.2 Hz, 1H), 7.08 (d, J= 3.2 Hz, 1H), 7.00 (dd, J = 4.8, 3.6 Hz, 1H),
5.52(dd, J= 6.6, 2.2 Hz, 1H), 4.68 (td, J = 6.6, 2 Hz, 1H), 2.80-2.69 (m, 2H), 2.19

(t,J=2.4 Hz, 1H).

13C NMR (100 MHz, CDCl3) & 164.6, 143.1, 134.8, 132.5 (q, 2Jc.r = 33.7 Hz),
127.3 (brs), 126.9, 126.2, 125.5 (br s), 122.8 (q, "Je.r = 271.5 Hz), 80.1, 71.7, 58.9,

26.6, (two signals overlap).

HRMS (ESI): Exact mass calculated for C17H12FsN.OSNa [M+Na]" expected:

429.0467, found: 429.0462.

The (R)-absolute stereochemistry was assigned by analogy. er = 51:49; HPLC
analysis: #r (S) 30.08 min; (R) 38.52 min, (Daicel Chiralpak® AS-H with an AS-H

guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P21 = N/D.
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(R)-N’-[(1E)-1-phenylhex-1-en-5-ynyl)]-3,5-

bis(trifluoromethyl)benzohydrazide (7k):

CF3

© CF;

.NH
HN

B g7z
/
The general procedure was followed with 6k (39 mg, 0.1 mmol) to give the title

compound in 21% NMR yield.

'H NMR (400 MHz, CDCl3) 6 8.17 (s, 2H), 8.00 (s, 1H), 7.86 (d, J= 5.2 Hz, 1H),
7.38 (d, J=7.2 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.28-7.26 (m, 1H), 6.65 (d, J= 16
Hz, 1H), 6.19 (dd, J = 15.6, 8.4 Hz, 1H), 5.25 (brs, 1H), 3.90 (br q, J = 6, 1H),

2.64-2.52 (m, 2H), 2.16 (t, J = 2.4, 1H).

13C NMR (100 MHz, CDCl3) 6, 164.5, 136.1, 134.9, 134.4, 132.5 (q, 2Jcr=33.9
Hz), 128.7, 128.2, 127.6, 127.3 (d, 3Jc.r = 3.4 Hz, ortho CH-Ar), 126.9, 125.4 (m,

3Jer=3.7 Hz, para CH-Ar), 122.8 (q, 'Jer=271.3 Hz), 80.4, 71.3, 61.6, 24.1.

HRMS (ESI): Exact mass calculated for C21H 6FsN.ONa [M+Na]" expected:

449.1059, found: 449.1057.
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The (R)-absolute stereochemistry was assigned by analogy. er = 66:34; HPLC
analysis: #r (S) 10.41 min; (R) 13.15 min, (Daicel Chiralcel® OD-H with an OD-H

guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P21 =-2.4 (¢ = 0.07, CH,CL).
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Chapter 3
Asymmetric Allenylation of N-Acylhydrazones with
Propargyltrichlorosilane Catalyzed by Helical Chiral
2,2’-Bipyridine N-Monoxide

3.1 Introduction

3.1.1 Allenes and a-allenylamines

Allenes are becoming increasingly important in modern synthetic methodologies,
serving as the basis of many widely adopted transformations because of their
distinctive chemical characteristics [99,100]. The higher reactivity of allenic
compounds, as opposed to their alkenyl and alkynyl counterparts, enables easy
control on selectivity under mild reaction conditions [101]. Their importance in
organic synthesis has generated significant interest in developing the asymmetric
synthesis of chiral compounds containing an allenyl group [102—104]. Among these
chiral compounds, a-allenylamines were particularly interesting for being
precursors of many bioactive molecules and can serve as pivots for synthesizing
selections of heterocycles (Scheme 13; [102]), while bearing highly versatile allene

functionality [99,100,105]. However, the synthetic pathways for obtaining optically
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pure allenic amines or their ketone derivatives remain lacking compared to their

corresponding allylic analog [102].

0
PG PG
e EG Ar,, N v A
o~ N D \\(0
KX ‘, Ar\
R

PG = protecting group

Scheme 13. Examples of diverse heterocycles synthesized from allenic amines

[102].

3.1.2 Enantioselective Allenylation of Imines

The enantioselective allenylation reactions have been an attractive topic for gaining
direct access to optically pure allenic molecules. Like the propargylation reactions
mentioned in Chapter 2, it also poses the challenge of needing both
enantioselectivity and regioselectivity controls [106,107]. These reactions are often
categorized into two types of mechanisms. It can be either a direct addition between
the organometallic reagent and the electrophile (Scheme 14A; [106]) or involve
transition-metal before the nucleophilic addition (Scheme 14B; [106]). Although
these two pathways can be distinguished from each other by tracing oxidatively

different carbon 1 and 3 from starting materials to products (Scheme 14, A vs. B;
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[106]), detailed mechanisms remain elusive, making regioselectivity a challenging

task.
ZH
m Z 5
A = + JJ\ - “—R
1 2 3 R' R2 — R’
3 2 1
1 2 3 [ML
_._/x L? ,[ML] z
1.2 3
B ML, “ R1JJ\R2
X
S p— I (VW
m =Sn, Si, B
X=Cl, Br, B
M = Cu, Ag, Zn; L, = ligand
Z=0,NR3

3 2 1

and/or
ZH

*JTRz
— R'l
2 3

Scheme 14. Regioselectivity of propargylation and allenylation addition

reactions. A: direct addition. B: transition-metal catalyzed isomerization

followed by addition [106].

With the recent boom in asymmetric catalysis, chiral catalysts that can provide not

only enantioselectivity but also regioselectivity are possible. Therefore, catalytic

approaches for allenylation additions became a good option for solving those said

challenges. Among those targeted molecules, a-allenylamines are particularly

attractive and asymmetric methods that can give direct access to these chiral amines

101



are highly sought-after. So far, there have been many examples of catalytic
enantioselective allenylation reported proving the potential of this approach
(Scheme 15; [108-117]).
2 .RZ R*
-R Chiral catalyst HN H

+  Nucleophile > VRS
R1 H R1 *

Scheme 15. Catalytic enantioselective allenylation of imines [108-117].

By utilizing N-acylhydrazones instead of imines in the asymmetric allenylation
reaction, it will generate chiral a-allenic hydrazines (Scheme 16). Enantio-enriched
chiral hydrazines not only act as pivotal synthetic precursors, but they can also be
readily converted into the corresponding a-allenylamines through N-N bond

cleavage [16,97,118].

© Ar chiral Lewis O Ar

; base catalyst
N,NH + SiCl; . HN’NH

- =
RJ\H R)M -

Scheme 16. Lewis base catalyzed allenylation of acylhydrazones with

propargyltrichlorosilane.
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At the time of writing, however, the scope of catalytic methods that enable access
to this set of chiral amines has been limited. Considering this, we became interested
in exploring propargyltrichlorosilane as the allenylation reagent for the allenylation
of acylhydrazones under chiral Lewis base catalysis conditions. The set of
acylhydrazones used in this work were also presented in Chapter 2’s study and are
tried and proven bench-stabled molecules that are easy to access.
Propargyltrichlorosilane, also like the allenyltrichlorosilane counterparts, upon
quenching with aqueous NaOH or NaHCO3 solutions only generates innocuous

NaCl and SiO; as byproducts.

3.2 Reaction Condition Optimization

3.2.1 Synthesis of Propargyltrichlorosilane

As described in Jarvo’s review, isomerization of the metal/metalloid
organometallic reagents in the allenylation reactions has always been an issue
[106]. It is worth mentioning that in 2014, Hoveyda, ef al. reported a few catalytic
methods that attempted to address this shortcoming. Their group was able to
achieve impressive results with an in-situ-generated boron-based catalyst (Scheme

17A; [111]), a copper complex formed by N-heterocyclic carbene and copper(I)
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chloride (Scheme 17B; [112]). Despite their breakthrough on this topic, it remains a

significant challenge to the date of writing.

NBoc e catalyst precursor l;lHBoc

S :
A .
N ) R
[

NHPOPh,

NPOPh, NHC-Cu complex R R

+ .
R” H (pin)B

Scheme 17. Hoveyda’s catalytic approaches for allenylation of aldimines. A:
using in situ-generated boron-based catalyst [111]. B: using copper complex

formed by N-heterocyclic carbene (NHC) and CuCl [112].

Inspired by Kobayashi’s work, our approach began with the selective synthesis of
the trichlorosilane-based nucleophile [91,118-120]. Their group showcased the
first selective formation of propargyltrichlorosilanes from propargyl halides, which
proceeded to react with aldehydes and underwent Sg2’ addition to afford allenic

alcohols (Scheme 18; [119]).
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Scheme 18. Regioselective synthesis of allenic alcohol from aldehyde and

propargyltrichlorosilane [119].

When preparing the propargyltrichlorosilane, they noticed significant isomerization
during distillation which changed the ratio of propargyl- and allenyltrichlorosilane
from 6:1 to 1:2. Therefore, they used the crude solution for the allenylation to avoid
the formation of allenyltrichlorosilane. Subsequently, in 2006, they enhanced this
nonstereoselective method of preparing propargyltrichlorosilane and included N-
acylhydrazones in their substrate scope, resulting in the regioselective production
of racemic a-allenic hydrazines [91,120]. These studies, although highlighted the
isomerization issue in forming propargyltrichlorosilane, but also proved its

capability in regioselective allenylation additions [91,98,120,121].

In our attempts, we chose ‘ProNEt as the amine since multiple reports indicated that
EtsN will result in a lower ratio of 10/11 (Scheme 19). We then proceeded to
follow Kobayashi’s procedure and were able to reproduce the result at the scale of

2 mmol of propargyl chloride [91]. However, we did not successfully reach the
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same level of selectivity when increasing the scale to anything greater than 10
mmol, for which we still do not have a clear answer. Moreover, we observed that
10 can further isomerize to 11 after distillation during our preliminary
investigation. This unexpected isomerization occurred during the storage without
any solvent presented but with small amount of 'Pr,NEt accompanied, which were
carried out from the reaction. Based on these observations, we hypothesized that
Pr,NEt may be the reason of the metallotropic rearrangement during distillation, in
addition to the increased temperature caused by vaporization. To test how 'ProNEt
affects the isomerization occurred during distillation, we added HCl to neutralize
the remaining 'ProNEt before distilling the crude mixture (Scheme 19).

1) HSIClg, 'Pr,NEt
CuCl (10 mol%)

/Cﬂ Etgo, rt, 12h distillation ///\S|C|3 + /‘/\SiCb
2) 2M HCl in Et,0 0.5 mmHg
9 o 10 1
rt, 5min 28°C
53% yield
10/11 = 10:1

Scheme 19. Regioselective synthesis of propargyltrichlorosilane.

We were pleased to discover that not only did we significantly suppress the
isomerization, but we also prevented 10 from further isomerizing to 11 during

storage in the absence of 'ProNEt.
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3.2.2 Evaluation of Lewis Base Catalysts

Based on the performance of the model reaction from the propargylation of
acylhydrazones (Chapter 2, Table 8) and Kobayashi’s work, we set our basic
reaction parameters accordingly [91,119,120]. We chose substrate 6a as the model
substrate, a mixture of allenyl- and propargyltrichlorosilane as the organometallic
nucleophile, 'ProNEt as the amine base, dichloromethane as the solvent, and decided
to run the reaction at 0 °C for 20 hours with a selection of catalysts (Table 9, entries
1-3). Regarding the catalysts, our team has pioneered various categories of Lewis-
base catalysts [44,77,97]. These catalyst types synergize well with each other on
various hydrocarbon trichlorosilanes. For instance, the helicene-based catalyst 4
outperforms others when handling allenyltrichlorosilane in Chapter 2; the triazole-
containing catalyst 2a is uniquely effective with HSiCls as shown in Chapter 1;
catalyst 8 exhibits significantly higher enantioselectivity compared to others for
allyltrichlorosilane [50]. It is worth mentioning that all three catalysts used in this
evaluation are the ones with the best overall performance in each of their respective

categories, based on our previous studies.
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OYAr HN/NH
_"sicl =
AH //10\ ; catalyst Ph)*\y
)i . (10 mol%) 12a
4 . i
Ph” H ~_7sicl iPr,NEt (5 equiv) *
CH,Cly, 20h OsAr
6a 1 2Ll Y
10/11 = 10:1 un- N
Ar = 3,5-(CF3),Ph (1.5 equiv) F
. 2
PhM
7a
catalyst:

(M)-4 2a

Entry Catalyst Temp (°C)  12a Yield (%)“ 7a Yield (%)" 12a er’

1 4 0 59 5 79:21
2 2a 0 53 4 49:51
3 8 0 60 6 43:57
4 4 -20 57 3 75:25
5 4 -40 30 0 58:42
6 None 0 34 3 N/D¢
7 None -20 33 Trace N/D¢
8 None -40 28 0 N/D¢
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Table 9. Evaluation of the Lewis base catalysts in allenylation of /N-
acylhydrazones with propargyltrichlorosilane. All entries were carried out with
0.1 mmol of acylhydrazones. a) yields were determined by 1H NMR using
1,1,2,2-tetrachloroethane as standard. b) enantiomeric ratio determined by

HPLC on a chiral stationary phase. ¢) not determined.

To our delight, helicene derived catalyst 4 effectively catalyzed the allenylation in
terms of reactivity and enantioselectivity, affording the corresponding a-
allenylamine 12a in 59% yield and 79:21 enantiomeric ratio (entry 1).
Biisoquinoline-derived catalysts 2a and 8, however, provided comparable reactivity
versus 4 with 53% and 60% yield, respectively, but almost did not catalyze the
reaction enantioselectively (entries 2 and 3). Subsequently, we proceeded to assess
the effectiveness of catalyst 4 at lower temperatures. Its reactivity and
enantioselectivity at -20°C were found to be nearly the same as those at 0°C (entry
4) but lower the temperature to -40°C adversely affected both the chemical yield
and the enantiomeric ratio (entry 5). We also tested the background reactions
without any catalyst at 0°C, -20°C and -40°C (entries 6-8). The chemical yield of
12a appeared to be very similar to entry 5, suggesting that catalyst 4 did not
catalyze the reaction very well at -40°C. It is worth noting that we only observed
minimal amount of propargylic product 7a produced in all entries (0-6% yield),
which was speculated to be distinctively coming from the allenyltrichlorosilane

presented in the propargyltrichlorosilane solution.
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3.3 Allenylation of N-Acylhydrazones

Considering the lower yield of the undesired homopropargylic amine 7a when
running model reactions in lower temperatures, we proceeded to evaluate the
capability of catalyst (M)-4 to selectively catalyze the allenylation of various N-
acylhydrazones at -20°C (Table 10). To our delight, sterically difficult ortho-
methyl substituted 6b was tolerated well in this catalytic system, affording similar
yield and enantiomeric ratio compared to model substrate. The meta- and para-
methyl substituted substrates, which are considered structurally similar to model
substrate 6a, perform better on enantioselectivity while affording yields within the
same range as 6a (6¢, d). We then tested the effect of electronically different para-
substitutions on benzene and found that they provided very close results to the
model substrate in terms of reactivity and enantioselectivity, regardless of being
electron-withdrawing or donating (12e-h). The furan-derived 6i exhibited
significantly greater enantioselectivity but lower reactivity compared to the model
substrate. In contrast, the thiophen-derived substrate 6j showed distinct behavior
from its furan counterpart, yielding 12j in only 26% yield with a 56:44
enantiomeric ratio. The cinnamaldehyde derived 6k and the aliphatic substrate 61

performed poorly on reactivity, giving 39% yield and 22% yield, respectively.
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While 6k also did not form 12k enantioselectively at all, 61 was a little bit better,

giving 121 with 63:38 er.

OYAr ///\SiCI3 O Ar
_NH 10 )
N N HN- N P
= . % “
R)J\H 7 sicl (10 mol%) R)*v
i .
6 1 ProNEt (5 equIV) 12
101 = 101 CH,Cl,, -20 °C, 20h
Ar = 3,5-(CF3),Ph (1.5 equiv)
Entry Hydrazine Yield® (%) er
OYAr
HN/NH
14 12a _— 57 (50°) 75:25
* /.
Os_Ar
_NH
2 12b e 63 78:22
* /.
OsAr
_NH
HN .
3 12¢ = 76 83:17
* N
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11 12k yn- N 39 (339) 51:49
7
Ph™ N+
(@) Ar
12 121 un- N 22 (199) 62:38
Z
Ph N

Table 10. Allenylation of various acylhydrazones in 0.1 mmol scale with
propargyltrichlorosilane and catalyst (M)-4 under optimized reaction
parameters. a) 2-3% of propargylic product formed. b) yields were determined
by 1H NMR using 1,1,2,2-tetrachloroethane as standard. c) isolated yield. d) an
estimated value as enantiomers were not fully separated at the baseline by chiral

HPLC; see Supporting Information for details.

It is worth noting that among all the entries, there were only four out of the twelve
substrates produced undesired propargylic products (6a, 6f-h). These results also
demonstrated that catalyst (M)-4 can effectively induce enantioselectivity in the
allenylation of a good variety of acylhydrazones while maintaining the

regioselectivity of the addition reactions.
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3.4 Conclusion

In this work, we showcased a regiospecific asymmetric allenylation reaction using
propargyltrichlorosilane under a helicene-derived Lewis base catalytic system. At
the time of writing, this study marks the first catalytic enantioselective allenylation
of N-acylhydrazones. The findings presented here indicate promising prospects for
the continued advancement of asymmetric Lewis base catalysis with

propargyltrichlorosilane.

114



3.5 Experimental Section

3.5.1 General Information

All reactions were carried out in oven- or flame-dried glassware under an
atmosphere of dry argon or nitrogen unless otherwise noted. Except as otherwise
indicated, all reactions were magnetically stirred and monitored by analytical thin-
layer chromatography using EMD Millipore pre-coated silica gel plates with Fs4
indicator. Visualization was accomplished by UV light (254 nm), with combination
of potassium permanganate, p-anisaldehyde, and/or cerium molybdate solution as
an indicator. Flash column chromatography was performed according to the
method of Still [49] using silica gel 60 (mesh 230-400) supplied by SiliCycle® Inc.
Isolated yields refer to chromato-graphically and spectroscopically pure

compounds, unless otherwise stated.

Commercial grade reagents and solvents were purchased from Sigma-Aldrich,
Alfa-Aesar, Acros, Fisher, TCI, and VWR, and were used as received without
further purification except as indicated below. THF and Et,O were freshly distilled
over sodium/benzophenone under an atmosphere of dry nitrogen prior to use.

CH3CN, CH>Cly, and toluene were freshly distilled over CaH> under an atmosphere
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of dry nitrogen prior to use. N,N-Diisopropylethylamine and triethylamine were
distilled over KOH under an atmosphere of dry nitrogen, stored over NaOH in a
Schlenk flask, and used from there. Propargyl chloride (Sigma-Aldrich) was
fractionally distilled over P2Os under an atmosphere of dry nitrogen prior to use.
Trichlorosilane (Sigma-Aldrich) was freshly distilled over CaH> under an
atmosphere of dry nitrogen prior to use. Propargyltrichlorosilane was prepared
according to the reported procedure [91] with some modifications (vide infra) and
then distilled under reduced pressure, stored as a CH>Cl solution (1.5 M) in a
Schlenk flask, and used from there. Catalysts 4, 2a, and 8 were prepared according
to our published procedures [44,50,76—78], stored as a CH>Cl> solution (0.05 M) in

a Schlenk flask, and used from there.

All 'TH NMR and *C NMR spectra were obtained using a Bruker 400 Ultrashield or
an Oxford AS400 Spectrometer (‘H 400 MHz, '*C 100 MHz) at ambient
temperature in CDCI3 purchased from Cambridge Isotope Laboratories, Inc.
Chemical shifts in 'TH NMR spectra are reported in parts per million (ppm)
respective to tetramethylsilane (6 0.00 ppm) unless otherwise noted. The proton
spectra are reported as follows & (multiplicity, coupling constant J, number of
protons). Multiplicities are indicated by s (singlet), d (doublet), t (triplet), q

uartet), m (multiplet), and br (broad). Chemical shifts in '3*C NMR spectra are
q p Y
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reported in ppm respective to CDCl3 (5 77.0 ppm). All 3C NMR spectra were
recorded with complete proton decoupling. HRMS data were obtained at USF Mass
Spec and Peptide Core Facility in the Department of Chemistry at University of
South Florida. Optical rotations were measured using a Jasco P2000 Polarimeter at

589 nm and were reported as [a]Pr o, where C is reported in g/100 mL.

3.5.2 Experimental Procedure

General Procedure for the Preparation of NV-Acylhydrazones (6a-1).

A round bottom flask was charged with 3,5-bis(trifluoromethyl)benzoylhydrazine
(500 mg, 1.84 mmol) and a magnetic stir bar, flushed with nitrogen, and then
sealed by a septum with a nitrogen-filled balloon. To this was added successively
commercial anhydrous MeOH (4.6 mL) and aldehyde (1.84 mmol). The resulting
solution was stirred overnight at room temperature. The precipitate was filtered,
washed with MeOH cooled to 0 °C, and dried further on the filter funnel for a few
min. The solid was transferred to a round bottom flask, to which freshly distilled
toluene was added and condensed in vacuo three times to remove residual MeOH
(61%-96% yields for 6a-k). The resulting N-acylhydrazone was checked for any

residual MeOH by 'H NMR in CDClI; and then used in the allenylation reaction
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without further purification. Hydrocinnamaldehyde-derived N-acylhydrazone 61 did
not precipitate under the reaction condition. As such, the reaction mixture was
condensed in vacuo, and purified by a flash chromatography on silica using 15%
EtOAc in hexanes as eluent to afford a white solid (356 mg, 50%). All N-
acylhydrazones (6a-1) produced broad uncharacterizable "H NMR spectra
presumably due to expected rotamers, and thus were used in the propargylation

reaction without further characterization.

Propargyltrichlorosilane (10)

We basically followed the procedure reported by Kobayashi ef al. [91]. While we
fully reproduced the reported result (propargyltrichlorosilane :
allenyltrichlorosilane > 49 : 1 in the crude reaction mixture) at the scale of 2.0
mmol of propargyl chloride, we always got the ratio of propargyltrichlorosilane :
allenyltrichlorosilane = 15 — 11 : 1 in the crude reaction mixture in a preparative

scale (> 10 mmol) as detailed below.

A round-bottom flask was charged with a magnetic stir bar, flame-dried in vacuo,
and cooled to room temperature under an atmosphere of nitrogen. This was charged
with CuCl (342 mg, 3.46 mmol) inside the dry box, sealed with a septum, and taken

out of the dry box. To this was added freshly distilled Et2O (69 mL), ‘ProNEt (12.10
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mL, 69.26 mmol), propargyl chloride (2.5 mL, 34.63 mmol) under an atmosphere
of nitrogen. The resulting heterogeneous reaction mixture was treated dropwise
with HSiCls (7.7 mL, 76.19 mmol), and then stirred for 12 h at ambient
temperature. (At this point, a small aliquot of the reaction mixture was removed by
a gas-tight syringe and diluted with anhydrous CDCI3 in a flame-dried NMR tube
for "H NMR analysis. The ratio of propargyltrichlorosilane : allenyltrichlorosilane
was found to be ~11 : 1.) A commercial solution of HCI in Et,O (2.0 M, 28.6 mL)
was added to the reaction mixture and stirred for 5 min. to precipitate residual
"ProNEt as a salt, at which point "H NMR of another small aliquot of the reaction
mixture was taken to confirm that no ‘ProNEt remained in the reaction mixture. The
reaction mixture was filtered via a short pad of oven-dried (140 °C, 12 h) Celite®
using a Schlenk filter tube to remove all solids. The resulting clear orange-brown
solution was distilled in an oil bath at 28 °C, first at 150 mmHg to remove all
volatiles, and then at 0.5 mmHg to take out propargyltrichlorosilane that was
collected in a round bottom flask cooled in a liquid nitrogen (3.2 g, 53% yield,
propargyltrichlorosilane : allenyltrichlorosilane = 10 : 1). We stored the distilled
silane mixture as a CH2Clz solution (1.5 M) in a Schlenk flask in a regular freezer
(— 20 °C) and the ratio remained unchanged when we took again 'H NMR of this

solution after 18 days.
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It is worthy of mention that the distillation of the crude silane mixture (~13 : 1)
containing ‘ProNEt not only significantly promoted the isomerization of
propargyltrichlorosilane to allenyltrichlorosilane (~6 : 1) but also could not remove
'ProNEt. The ratio of distilled propargyltrichlorosilane : allenyltrichlorosilane (~6 :

1) contaminated with ‘ProNEt became 4.5 : 1 after only 2 days in the freezer.

Racemic Allenic Hydrazides (12a-1) for the Chiral HPLC Analysis.

Racemic products 12a-h, 12j and 121 were prepared from 6a-h,6j and 61 by
following the reported procedure [91], which employs the supernatant solution of
in situ prepared propargyltrichlorosilane in Et2O. N-3,5-
bis(trifluoromethyl)benzoylhydrazones are found to be relatively unreactive
substrates for this procedure, affording the products in 7 — 13% yields. Hydrazides
12i and 12k formed only in trace amounts by this procedure and thus were prepared
by using a CH>Cl, solution of propargyltrichlorosilane (1.5 M) instead of the

supernatant Et20 solution, yielding in 31% and 32%, respectively (not optimized).
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General Procedure for the Enantioselective Catalytic Allenylation.

A test tube was charged with a magnetic stir bar, flame-dried in vacuo, and cooled
to room temperature under an atmosphere of nitrogen. To this was added
acylhydrazone (0.1 mmol), a solution of (M)-4 in CH>Cl> (0.05 M, 200 mL), and
'ProNEt (87 mL, 0.5 mmol). The resulting heterogeneous mixture was cooled to —
78 °C, treated with a solution of propargyltrichlorosilane in CH>Cl> (1.5 M, 100
mL) drop-by-drop through the sidewall of the test tube. The reaction test tube was
transferred to the isopropanol bath at —20 °C and kept therein for 20 h. The reaction
mixture was cooled back to —78 °C, quenched with 50% Et;N in MeOH (400 mL),
allowed to warm up to room temperature, and washed with saturated aqueous
NaHCOs solution (1 mL). The aqueous layer was extracted with CH>Cl, (1 mL)
three times, and the combined organic layers were dried over NaxSOg, filtered, and
concentrated in vacuo to provide the crude reaction mixture. 'H NMR yield was
determined with the crude reaction mixture by using 1,1,2,2-tetrachloroethane as an
internal standard. Some portions of the crude reaction mixture were purified by

preparative TLC for characterization and chiral HPLC analysis.
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(-)-N'-(1-phenylbuta-2,3-dien-1-yl)-3,5-bis(trifluoromethyl)benzohydrazide

(12a)

CF;

CF;

The general procedure was followed with 6a (36 mg, 0.1 mmol) to give the title
compound and corresponding homopropargylic hydrazide 7a [122] in 57% and 3%
NMR vyields, respectively. The crude reaction mixture was purified by preparative

TLC using 10% EtOAc in toluene as eluent to afford a white solid (20 mg, 50%).

'H NMR (400 MHz, CDCl3) 6 8.08 (s, 2H), 8.01 (s, 1H), 7.53 (d, /= 7.2 Hz, 1H),
7.45 (d, J=17.2 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.36 (d, J= 7.0 Hz, 1H), 5.41 (q,
J=7.0 Hz, 1H), 5.24-5.21 (m, 1H), 4.91(dd, J = 6.6 2.0 Hz, 2H), 4.77-4.75 (m,

1H).

13C NMR (100 MHz, CDCl;) 6 208.5, 164.5, 139.9, 135.1, 132.4 (q, 2Jc.r=33.8
Hz), 128.8, 128.3, 127.8, 127.2 (br s), 125.4 (t, *Jcr= 3.5 Hz), 122.8 (q, 'Jcr=

271.4 Hz), 91.8, 77.3, 63.8.
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HRMS (ESI): Exact mass calculated for C19HisFsN>O [M+H]" expected: 401.1083,

found: 401.1073.

er = 75:25; tr (+) 17.87 min; (-) 23.12 min, (Daicel Chiralcel® OJ-H with an OJ-H

guard column, hexane/2-propanol = 90/10, 0.5 mL/min).

[a]P2 = —72.8 (¢ = 0.33, CHCls).

(-)-N'-(1-(o-tolyl)buta-2,3-dien-1-yl)-3,5-bis(trifluoromethyl)benzohydrazide

(12b)

CF;

CF;

The general procedure was followed with 6b (37 mg, 0.1 mmol) to give the title
compound in 63% NMR yield. Only trace amount of the corresponding
homopropargylic hydrazide [122] was seen in '"H NMR of the crude reaction

mixture.
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'H NMR (400 MHz, CDCl3) 6 8.11 (s, 2H), 8.02 (s, 1H), 7.63 (brs, 1H), 7.55 (d, J
=7.2 Hz, 1H), 7.28-7.19 (m, 3H), 5.34 (q, J= 7.0 Hz, 1H), 5.18 (brs, 1H), 5.03 (d,

J=7.1Hz, 1H), 4.89 (d, J= 6.4 Hz, 2H), 2.41 (s, 3H).

13C NMR (100 MHz, CDCl3) 6 208.8, 164.5, 137.8, 136.6, 135.1, 132.5 (q, 2Jc.r =
33.8 Hz), 130.9, 127.9, 127.2 (brs), 126.7, 126.5, 125.4 (m), 122.8 (q, 'Jer = 270.9

Hz), 91.5,77.2, 60.1, 19.3.

HRMS (ESI): Exact mass calculated for C20H17FsN20 [M+H]" expected: 415.1240,

found: 415.1224.

er = 78:22; HPLC analysis: fr (+) 10.12 min; (-) 12.49 min, (Daicel Chiralcel®

OD-H with an OD-H guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P21 = ~15.2 (c = 0.27, CHCl3).
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(-)-N'-(1-(m-tolyl)buta-2,3-dien-1-yl)-3,5-bis(trifluoromethyl)benzohydrazide

(12¢)

CF3

CF;

The general procedure was followed with 6¢ (37 mg, 0.1 mmol) to give the title
compound in 76% NMR yield. Only trace amount of the corresponding
homopropargylic hydrazide [122] was seen in 'H NMR of the crude reaction

mixture.

'H NMR (400 MHz, CDCl;) & 8.08 (s, 2H), 8.01 (s, 1H), 7.53 (d, J = 6.6 Hz, 1H),
7.31-7.23 (m, 3H), 7.16 (d, J= 7.1 Hz, 1H), 5.40 (q, J = 7.0 Hz, 1H), 5.22 (d, J =

4.8 Hz, 1H), 4.91 (dd, J = 6.6, 1.8 Hz, 2H), 4.71 (d, J = 5.4 Hz, 1H), 2.38 (s, 3H).

13C NMR (100 MHz, CDCls) & 208.5, 164.5, 139.8, 138.6, 135.1, 132.4 (q, 2Jcr =
33.8 Hz), 129.1, 128.7, 128.5, 127.2 (br s), 125.4 (m), 124.8, 122.8 (q, 'Jer=271.5

Hz), 91.8,77.2, 63.8, 21.4.

HRMS (ESI): Exact mass calculated for C20H17F¢N2O [M+H]" expected: 415.1240,

found: 415.1220.
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er = 83:17; HPLC analysis: fr (-) 36.75 min; (+) 46.25 min, (Daicel Chiralpak®

AS-H with an AS-H guard column, hexane/2-propanol = 95/5, 0.5 mL/min).

[0]P22 = —13.7 (c = 0.67, CHCL).

(-)-N'-(1-(p-tolyl)buta-2,3-dien-1-yl)-3,5-bis(trifluoromethyl)benzohydrazide

(12d)

CF;

CF4

The general procedure was followed with 6d (37 mg, 0.1 mmol) to give the title
compound in 60% NMR yield. Only trace amount of the corresponding
homopropargylic hydrazide [122] was seen in 'H NMR of the crude reaction

mixture.

'H NMR (400 MHz, CDCl3) 6 8.07 (s, 2H), 8.01 (s, 1H), 7.51 (d, J = 4.6 Hz, 1H),
7.33 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 7.9 Hz, 2H), 5.39 (q, J = 6.9 Hz, 1H), 5.20 (d,
J=23.6Hz, 1H), 4.90 (dd, J = 6.6, 1.8 Hz, 2H), 4.72 (d, J = 6.32 Hz, 1H), 2.37 (s,

3H).
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13C NMR (100 MHz, CDCls) & 208.4, 164.5, 138.2, 136.9, 135.2, 132.4 (q, YJcr =
33.7 Hz), 129.5, 127.7, 127.3 (br s), 125.3 (m), 122.8 (q, "Je.r = 271.4 Hz), 91.9,

77.2,63.5,21.1.

HRMS (ESI): Exact mass calculated for C20H17F¢N2O [M+H]" expected: 415.1240,

found: 415.1232.

er = 83:17; HPLC analysis: fr () 10.00 min; (+) 11.23 min, (Daicel Chiralcel® OD-

H with an OD-H guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[0]%22 = 9.5 (¢ = 0.53, CHCL).

(-)-N'-(1-(4-methoxyphenyl)buta-2,3-dien-1-yl)-3,5-

bis(trifluoromethyl)benzohydrazide (12e)
CF3

© CF3

-NH
HN

Z
/@/;v
MeO

The general procedure was followed with 6e (39 mg, 0.1 mmol) to give the title

compound in 65% NMR yield. Only trace amount of the corresponding
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homopropargylic hydrazide [122] was seen in 'H NMR of the crude reaction

mixture.

'H NMR (400 MHz, CDCl3) & 8.09 (s, 2H), 8.01 (s, 1H), 7.57 (brs, 1H), 7.36 (d, J
= 8.5 Hz, 2H), 6.92 (d, J = 8.6 Hz, 2H), 5.39 (q, J = 6.8 Hz, 1H), 5.19 (br s, 1H),

4.90 (dd, J= 6.5, 1.7 Hz, 2H), 4.71 (d,J = 6.6 Hz, 1H), 3.82 (s, 3H).

13C NMR (100 MHz, CDCls) & 208.4, 164.4, 159.7, 135.1, 132.4 (q, 2Jcr = 34.0
Hz), 131.9, 129.0, 127.2 (br s), 125.4 (m), 122.8 (q, Jer=271.4 Hz), 114.2, 92.0,

77.2,63.1, 55.3.

HRMS (ESI): Exact mass calculated for C20H17F¢N2O, [M+H]" expected:

431.1189, found: 431.1195.

er = 71:29; HPLC analysis: fr (-) 15.03 min; (+) 20.92 min, (Daicel Chiralcel®

OD-H with an OD-H guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[0]P22 = —16.6 (c = 0.40, CHCL:).
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(-)-N'-(1-(4-bromophenyl)buta-2,3-dien-1-yl)-3,5-

bis(trifluoromethyl)benzohydrazide (12f).

CFs

CF;

The general procedure was followed with 6f (44 mg, 0.1 mmol) to give the title
compound and corresponding homopropargylic hydrazide 7f [122] in 59% and 2%

NMR yields, respectively.

'H NMR (400 MHz, CDCl3) 6 8.10 (s, 2H), 8.03 (s, 1H), 7.57 (d, J = 4.0 Hz, 1H),
7.52 (d, J= 8.3 Hz, 2H), 7.32 (d, J= 8.3 Hz, 2H), 5.34 (q, J= 6.9 Hz, 1H), 5.19 (br

s, 1H), 4.91 (dd, J = 6.6, 2.0 Hz, 2H), 4.72 (d, J= 6.7 Hz, 1H).

13C NMR (100 MHz, CDCl;) 6 208.5, 164.6, 139.0, 134.9, 132.5 (q, 2Jc.r=33.8
Hz), 132.0, 129.5, 127.2 (br s), 125.5 (m), 122.8 (q, 'Jc.r=272.0 Hz), 122.3, 91.5,

77.6, 63.2.

HRMS (ESI): Exact mass calculated for Ci9H14BrFsN2O [M+H]" expected:

479.0188, found: 479.0192.
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er = 72:28; HPLC analysis: fr (-) 21.29 min; (+) 29.20 min, (Daicel Chiralpak®

AS-H with an AS-H guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[0]%2 = -81.1 (c = 0.27, CHCl3).

(-)-N'-(1-(4-chlorophenyl)buta-2,3-dien-1-yl)-3,5-

bis(trifluoromethyl)benzohydrazide (12g).

CF;

CF;

The general procedure was followed with 6g (40 mg, 0.1 mmol) to give the title
compound and corresponding homopropargylic hydrazide 7g [122] in 57% and 3%

NMR yields, respectively.

'H NMR (400 MHz, CDCl3) 6 8.10 (s, 2H), 8.03 (s, 1H), 7.59 (br s, 1H), 7.40-7.35
(m, 4H), 5.35 (q, J= 6.8 Hz, 1H), 5.19 (br s, 1H), 4.91 (d, J= 6.6 Hz, 2H), 4.74 (d,

J=6.9 Hz, 1H).
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13C NMR (100 MHz, CDCls) & 208.5, 164.6, 138.5, 134.9, 134.2, 132.5 (q, YJcr =
34.0 Hz), 129.1, 129.0, 127.2 (br s), 125.5 (m), 122.8 (q, "Je.r = 271.5 Hz), 91.6,

77.6, 63.1.

HRMS (ESI): Exact mass calculated for C19H4CIF¢N>O [M+H]" expected:

435.0693, found: 435.0683.

er = 74:26; HPLC analysis: fr (-) 20.84 min; (+) 27.56 min, (Daicel Chiralpak®

AS-H with an AS-H guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[0]P22 =—78.5 (c = 0.27, CHCL).

(-)-3,5-bis(trifluoromethyl)-NV'-(1-(4-(trifluoromethyl)phenyl)buta-2,3-dien-1-

y)benzohydrazide (12h).
CF;

© CF3

-NH
HN

S
/©)*\/
FsC
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The general procedure was followed with 6h (43 mg, 0.1 mmol) to give the title
compound and corresponding homopropargylic hydrazide 7h [122] in 62% and 3%

NMR yields, respectively.

'H NMR (400 MHz, CDCl3) 6 8.10 (s, 2H), 8.03 (s, 1H), 7.65 (d, J = 8.2 Hz, 2H),
7.58-7.56 (m, 3H), 5.37 (q, J = 6.9 Hz, 1H), 5.21 (d, J = 3.8 Hz, 1H), 4.92 (dd, J =

6.6, 1.9 Hz, 2H), 4.83 (d, J = 6.9 Hz, 1H).

13C NMR (100 MHz, CDCls) & 208.6, 164.8, 144.1, 134.8, 132.5 (q, YJcr = 33.7
Hz), 130.6 (q, 2Jer=32.7 Hz), 128.1, 127.2 (br s), 125.8 (br s), 125.6 (m), 124.0

(q, Jer = 270.0 Hz), 122.8 (q, Jer = 271.4 Hz), 91.4, 77.7, 63 4.

HRMS (ESI): Exact mass calculated for C20H14FoN>O [M+H]" expected: 469.0957,

found: 469.0970.

The er was estimated to be 70:30 as enantiomers were not fully separated at the
base line.; HPLC analysis: fr (-) 37.21 min; (+) 45.36 min, (Daicel Chiralpak® AS-

H with an AS-H guard column, hexane/2-propanol = 95/5, 0.5 mL/min).

[0]P22 = —78.0 (c = 0.27, CHCL).
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(-)-N'-(1-(furan-2-yl)buta-2,3-dien-1-yl)-3,5-

bis(trifluoromethyl)benzohydrazide (12i).

CF3

CF;

The general procedure was followed with 6i (35 mg, 0.1 mmol) to give the title

compound in 41% NMR yield.

'H NMR (400 MHz, CDCl3) 6 8.15 (s, 2H), 8.03 (s, 1H), 7.81 (br s, 1H), 7.42 (s,
1H), 6.35 (dd, J=9.2, 1.6 Hz, 2H), 5.45 (q, J= 7.2 Hz, 1H), 5.3 (br s, 1H), 4.91

(brd, J=6.8 Hz, 2H), 4.84 (br d, J= 5.2 Hz, 1H).

13C NMR (100 MHz, CDCl3) 6 209.2, 164.5, 152.5, 142.7, 135.0, 132.5 (q, 2Jc.r =
33.8 Hz), 127.3 (brs), 125.5 (m), 122.8 (q, 'Jer=271.3 Hz), 110.4, 108.1, 88.7,

77.5, 57.6.

HRMS (ESI): Exact mass calculated for C17H13F¢N2O, [M+H]" expected:

391.0876, found: 391.0873.

er = 81:19; HPLC analysis: fr (+) 10.72 min; (-) 12.37 min, (Daicel Chiralcel®

OD-H with an OD-H guard column, hexane/2-propanol = 85/15, 0.5 mL/min).
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[a]P2 = —12.0 (c = 0.53, CHCls).

(-)-N'-(1-(thiophen-2-yl)buta-2,3-dien-1-yl)-3,5-

bis(trifluoromethyl)benzohydrazide (12j).

CF,

CF,

The general procedure was followed with 6j (37 mg, 0.1 mmol) to give the title
compound in 26% NMR yield. Only trace amount of the corresponding
homopropargylic hydrazide [122] was seen in 'H NMR of the crude reaction

mixture.

'H NMR (400 MHz, CDCL3) & 8.12 (s, 2H), 8.03 (s, 1H), 7.67 (brs, 1H), 7.32 (d, J
= 4.5 Hz, 1H), 7.08 (d, J = 3.1 Hz, 1H), 7.01 (dd, J= 4.9, 3.6 Hz, 1H), 5.43 (q,J =

7.0 Hz, 1H), 5.3 (brs, 1H), 5.06 (d, J = 6.3 Hz, 1H), 4.93 (dd, J = 6.6, 1.5 Hz, 2H).

13C NMR (100 MHz, CDCls) & 208.5, 164.6, 143.3, 134.9, 132.5 (q, YJc.r = 33.8
Hz), 127.2 (brs), 126.9, 125.9, 125.6, 125.5 (m), 122.8 (q, 'Jer = 271.2 Hz), 91.7,

77.7,59.5.
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HRMS (ESI): Exact mass calculated for C17H13F¢N>OS [M+H]" expected:

407.0647, found: 407.0657.

er = 56:44; HPLC analysis: fr (-) 11.41 min; (+) 13.23 min, (Daicel Chiralcel®

OD-H with an OD-H guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P2 = —10.8 (¢ = 0.20, CHCl3).

(-)-(E)-N'-(1-phenylhexa-1,4,5-trien-3-yl)-3,5-

bis(trifluoromethyl)benzohydrazide (12k).

CF3

CF3

The general procedure was followed with 6k (39 mg, 0.1 mmol) to give the title
compound in 39% NMR yield. The crude reaction mixture was purified by
preparative TLC using 10% EtOAc in toluene as eluent to afford a white solid (14

mg, 33%).

'H NMR (400 MHz, CDCl3) 6 8.16 (s, 2H), 8.01 (s, 1H), 7.83 (brs, 1H), 7.38 (d, J

=7.2 Hz, 2H), 7.31 (t,J = 7.2 Hz, 2H), 7.27-7.25 (m, 1H), 6.64 (d, /= 16.0 Hz,
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1H), 6.19 (dd, J=15.6, 8.4 Hz, 1H), 5.30 (q, J = 6.8 Hz, 1H), 5.13 (br s, 1H),

4.94-4.86 (m, 2H), 4.31 (brs, 1H).

13C NMR (100 MHz, CDCl3) 6 208.9, 164.5, 136.2, 135.1, 133.6, 132.5 (q, 2Jc.r =
33.8 Hz), 128.7, 128.1, 127.6, 127.2 (br s), 126.6, 125.4 (m), 122.8 (q, 'Jer=271.3

Hz), 90.4, 77.3, 62.4.

HRMS (ESI): Exact mass calculated for C21H17F¢N>O [M+H]" expected: 427.1240,

found: 427.1229.

er = 51:49; HPLC analysis: fr (+) 10.88 min; (-) 13.40 min, (Daicel Chiralcel®

OD-H with an OD-H guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[a]P2 = —17.9 (¢ = 0.67, CHCls).

(-)-N'-(1-phenylhexa-4,5-dien-3-yl)-3,5-bis(trifluoromethyl)benzohydrazide

(121)

CF3

CF3
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The general procedure was followed with 61 (39 mg, 0.1 mmol) to give the title
compound in 22% NMR yield. The crude reaction mixture was purified by
preparative TLC using 10% EtOAc in toluene as eluent to afford a white solid (8

mg, 19%).

'H NMR (400 MHz, CDCl3) 6 8.14 (s, 2H), 8.03 (s, 1H), 7.50 (br s, 1H), 7.32-7.18
(m, 5H), 5.15 (q, J= 7.6 Hz, 1H), 4.99 (br s, 1H), 4.88-4.78 (m, 2H), 3.60 (br d, J =

6.5 Hz, 1H), 2.86-2.69 (m, 2H), 2.03-1.83 (m, 2H).

13C NMR (100 MHz, CDCl3) § 209.3, 164.2, 141.5, 135.1, 132.5 (q, 2Jc.r = 33.9
Hz), 128.5, 128.4, 127.2 (br s), 126.1, 125.3 (m), 122.8 (q, "Jer = 271.2 Hz), 91.0,

76.3, 60.3, 35.0, 32.0.

HRMS (ESI): Exact mass calculated for C21Hi9F¢N>O [M+H]" expected: 429.1396,

found: 429.1393.

er = 62:38; HPLC analysis: 7z (-) 10.03 min; (+) 13.69 min, (Daicel Chiralcel®

OD-H with an OD-H guard column, hexane/2-propanol = 85/15, 0.5 mL/min).

[0]%21 = -21.5 (¢ = 0.53, CHCl3).
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