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CHAPTER 1
GENERAL INTRODUCTION

1.1 Introduction: Homoallylic amines

Homoallylic amines have been known as key precursors in the synthesis of natural
products and nitrogen heterocycles,!-* because amino allylic moiety is readily converted into
functionally useful compounds (Figure 1). For example, y—amino carboxylic acids were
synthesized from homoallylic amines as intermediates via hydroboration with BH3-SMe,
oxidation by the use of alkaline H,O,, protection with tert-butyl decarbonate, and oxidation
in final step.* Anti-Markovnikov hydroamination reaction of homoallylic amines gave
diamines in the presence of rhodium complex catalyst.’ In addition, treatment of homoallylic
amines with iodine afforded pyrrolidines via iodo cyclization, and palladium-catalyzed

aerobic oxidation of homoallyl amino compounds proceeded to yield ketones.®”’

OMe

Bz.

R2 RZ, RG’ R4, R5 =H
R3
Ketone
O,
PdCl,
Cu(OAc),
1) BH3-SMe,
NaOH/H,0
RS I .PG 3) Boc,0 2x2 N~ Bo°
I,/KoCOg HN 2 t
R R? RS 4) [0] R OH
N RS R2 AN > R2
R® Ts RS R* R O
R' R5=Ph Homoallylic amines RS, R4, R_5 - H
R2 R® Ré=H Carboxylic acid
Pyrrolidine 5 mol %

NH
O(\\) [(DPEphos)Rh(COD)|BF,

NH 0
RR?\;Y”O
R3 R4 RS

R', R2 = Ph
R3 R* R°=H
Diamine

Figure 1. Homoallylic amines for synthesis of nitrogen-containing compounds

1.2 Regioselective synthesis of homoallylic amines
Based on the utilities of homoallylic amino groups, regio- and stereoselective
homoallylic amine syntheses have been an important subject, and various methodologies

have been developed. Allylation reaction of imines and rearrangement reaction of ene-imine



are representative transformations and easily access substituted homoallylic amino

compounds.

1.2.1 Addition reaction of allyl metal reagents to imines

Addition reaction of allyl metal reagents to imines is a typical approach for synthesis
of homoallylic amino compounds recent years. During the past fifty years, a variety of allyl
metal reagents have been reported. For example, allyl boranes, allyl tins, and allyl silanes
have been available for the synthesis of 1,2-substituted homoallylic amines (Scheme 1).5-1
Due to their stability and less-toxicity, allyl silane is one of the most popular reagents for this

transformation; therefore, regioselective reactions using allyl silane reagents are focused in

following paragraph.
R2 MX
R D NHR
N RS
ﬂ > R1 X
R’ M: B, Sn, Si, etc R? RS

Scheme 1. Synthesis of 1,2-substituted homoallylic amines using allyl metal reagents

Leighton and co-workers developed methodology for highly stereoselective
synthesis of 1,2-substituted homoallylic amines by the use of chiral allyl silane reagents

(Scheme 2). An aromatic substituent on imine nitrogen provided syn homoallylic amines

while anti homoallylic amines were obtained from an aliphatic substituent.!!-!?
_Ar PaN
N N ar
- J Ph, o ./ Ph ) HN A
: Ph “ O, Ph :

AN Si. — . N

Ph T X CH,Cl, N Cl CH,Cl, Ph/Y\
Ph reflux Me \ reflux Ph
syn Me anti
68% yield, 96% ee 64% vyield, 96% ee

Ar = 2-hydroxyphenyl

Scheme 2. Stereoselective 1,2-substituted homoallylic amines by allylation of imines with

chiral allyl silanes

In 2003, Kobayashi and co-workers reported synthesis of homoallylic amines from
aldehyde-derived imines with allyl trichlorosilane. When ¢trans-crotyl silane was used, the syn
homoallylic amines were obtained; while cis-crotyl silane provided anti homoallylic amines

(Scheme 3).13



Q Q
S, s

R2 R2’ (S .
Ra R3
(3 equiv) (3 equiv)
SiCly .
pn-NHBZ K\/ ' NHBz  ~~SiCh v - NHB2
/k/\ (1.5 equiv) N (1.5 equiv)
R Y7 ° J 1 X
: CH,Cl,, -78 °C R CH,Cl,, -78 °C R
anti R2 = Me, R® = p-tolyl syn

Scheme 3. Synthesis of homoallylic amines by the reaction of aldehyde-derived imines with

allyl silane

Catalytic asymmetric reaction for synthesis of 1,2-substituted homoallylic amines was
first reported by Yamamoto.'* The reaction of aldehyde-derived imines with (Z)-crotyl
trimethoxysilane provided desired anti-1,2-substituted homoallylic amines with high

stereoselectivities in the presence of (R)-DIFLUOROPHOS-AgF complex (Scheme 4).

AgF (5 mol%)
N,R (R)-DIFLUOROPHOS ligand (5 mol%) NHR

)| + K\/Si(OMe)S MeOH (100 mol%) H
X
Ph THE Ph/Y\

Scheme 4. (R)-DIFLUOPHOS-AgF complex-catalyzed crotylation reaction to synthesized

1,2-substituted homoallylic amino compounds

Similarly, Momiyama, Terada, and co-workers developed chiral Brensted acid-
catalyzed allylation of imines with allyl trimethylsilane to control stereochemistry of
homoallylic amino compounds. The reaction of N-acyl imine and frans-crotyl trimethyl
silane gave 1,2-substituted homoallylic amino compounds in good yields with high

enantioselectivities (Scheme 5).!3

Ar
/’1 1) A (20 mol%)
N o) + \/\/S"Vles 2) B (80 mol%) H’?‘ (0]

I EtOAc, 30 °C, 48 h Ph/\{\
CeFs 2,6-Me,CgHg
CGF 2,6-Me,CgHg
Scheme 5. Chiral Bronsted acid-catalyzed crotylation reaction of imines with crotyl trimethyl

silanes



As an aforementioned series of allylation reactions, allyl silanes have been used to
provide regio- and stereoselective 1,2-substituted homoallylic amino compounds. On the
other hand, 1,4- or 1,4,4-substituted homoallylic amines have been rarely synthesized by allyl
silane reagents; therefore, other allyl metal reagents were used for 1,4- or 1,4,4-substituted
homoallylic amine syntheses.

In 1996, Yamamoto and co-workers developed allylation of benzyl-protected imine
with allyl barium reagent to synthesize either 1,2,2- or 1,4,4-substituted homoallylic amines
by simply changing reaction temperature. The allylation reaction at 0 °C gave 1,4,4-
sunstituted homoallylic amine as product. On the other hand, when the reaction was

conducted at -78 °C, 1,2,2-substituted homoallylic amine product was obtained (Scheme 6).'¢

.B .Bn
HN" - B

N
)I + Z BaCl
Ph A -78°c  Ph 0°C Ph =
74%

94%

Scheme 6. Synthesis of 1,2,2- and 1,4,4-substituted homoallylic amines by allylic barium

reagents

Zhao and co-workers developed prenylation reaction of imines and in situ-generated
allyl zinc reagent to synthesize 1,4,4-substituted homoallylic amines (Scheme 7). Two
possible pathways are proposed: in path A, 1,2- or a-addition occurred to give prenylation
product, in path B, [3,5]-rearrangement of nitrogen-zinc complex took place, and then de-

coordination provided 1,4,4-substituted homoallylic amino compound.'’
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Scheme 7. Synthesis of 1,4,4-substituted homoallylic amines by allyl zinc reagent

1.2.2 Sigmatropic rearrangement reaction of ene-imines

Allylation reactions of allyl metal reagents to imines have been successfully
developed for synthesis of substituted homoallylic amino compounds. However, due to
specific feature of each allyl metal reagents, there are still limitations of these approaches for
1,4- and 1,4,4-homoallylic amines; therefore, rearrangement reactions have been developed
to synthesize 1,4- or 1,4,4-substituted homoallylic amino compounds.'®

2-Azonia-[3,3]-Sigmatropic rearrangement and Aza-Cope rearrangement of ene-
imines have been recognized as useful and straightforward methods to access homoallyl
amines. Couty and co-workers developed 2-azonia-[3,3]-sigmatropic rearrangement of chiral
ene-iminium (Scheme 8).!° The reaction of this chiral ene-iminium substrate was performed
under aqueous medium condition to give [3,3]-rearrangement intermediate, the germinal
methyl groups sterically promoted the rearrangement reaction to iminium intermediate or
[3,3]-rearrangement intermediate with more stable of internal double bond. The intermediate

was hydrolyzed under water solution affording cyclic 1,4,4-substituted product.



P “oH Ph "OH Ph

+ NTZ
KLN Aza-Cope rearrangement H\N - H,0 KLNH

| >~ s ] —— s
o = rt,35h o] 0

OH OH OH  54% yield

Scheme 8. 2-Azonia-[3,3]-sigmatropic rearrangement of chiral ene-iminiums

Additionally, Gonzalez-Gomez and co-workers reported 2-azonia-[3,3]-sigmatropic
rearrangement reaction of acyclic ene-iminiums with o- and B-substituents (Scheme 9).2° 2-
Azonia-[3,3]-sigmatropic rearrangement of the chiral ene-iminium substrates underwent to
provide 1,4,4-substituted homoallylic amines in dichloromethane. Further treatment of the
desired products with NH,OH-AcOH gave acyclic 1,4,4-substituted homoallylic amine
derivatives.

Ph Ph
P

=
H(f|+ Aza-Cope rearrangement H. +//H NHZOH -AcOH
N CHCl,
b 40°C, 12h
R 30 ~ 87% vyield
62 ~ 88 % ee

Scheme 9. Bronsted acid-catalyzed Aza-Cope rearrangement of a.- and 3-substituted chiral

ene-imine

Similarly, chiral hydroxy amines were used to synthesize 1,4-substituted homoallylic
nitrones in the presence of Bronsted acid. Chiral nitrone was generated in sifu, and 2-azonia-
[3,3]-sigmatropic rearrangement proceeded to give 1,4-substituted homoallylic nitrones with
high stereoselectivities (Scheme 10).2! In the presence of (+)-10-camphor sulfonic acid
(CSA) catalyst, (R)-trans-1,4-substituted homoallylic nitrone was obtained from (1R,2S5)-
branched homoallylic hydroxyl amine as a reagent. On the other hand, (S)-cis-1,4-substituted
homoallylic nitrone product was obtained from (1R,2R)-branched homoallylic nitrone under
the same condition (when R group is the third priority). The reaction proceeded through
chair-like transition state when anti-substrates were used, in contrast, boat-like transition state

was proposed in the case of syn-substrates due to unfavorable 1,3-diaxial interaction.



OH Ph

o HN” R
. ™ CSA AN N. 0.+
NS il e Sl E e A O
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Scheme 10. 2-Azonia-[3,3]-sigmatropic rearrangement of branched homoallylic nitrones

1.2.3 Discovery of Brensted acid-initiated formal [1,3]-rearrangement reaction of ene-
aldimines

As mentioned above, to synthesize 1,4- or 1,4,4-substituted homoallylic amines, aza-
Cope rearrangement of imines and their analog have been preferred rather than allylation of
imines with allylic metal reagents. Chiral auxiliary next to imino- or nitrone nitrogen is
responsible to control stereoselectivity of the rearrangement products. To develop catalytic
asymmetric version of these synthesis, Bronsted acid-catalyzed aza-Cope rearrangement of [3-
substituted ene-aldimines would be a potential approach for the synthesis of optically active
1,4- or 1,4,4-homoallyl amines. Although chiral Brensted acid-catalyzed aza-Cope
rearrangement of ene-aldimines were successfully developed (Figure 2a),>>->* there has been
no report of catalytic asymmetric reaction for the synthesis of 1,4- or 1,4,4-substituted

homoallylic amines (Figure 2b).

R
) 6 Bronsted acid /i/) 3O+

= aliphatic, alicyclic, aromatic

b)
A H.
N
N R Brﬂnsted acid Né 3O+ NH2
A
Ar

Figure 2. Bronsted acid-catalyzed aza-cope rearrangement (a) a-substitued ene-imines, (b)

[-substitued ene-aldimines



At this point, Momiyama and co-workers designed -substitued ene-aldimines and
conducted the reaction in the presence of CSA as Bronsted acid catalyst. They discovered
that the reaction did not provide [3,3]-rearrangement products, instead, only [1,3]-

rearrangement products were obtained (Scheme 11).%°

(+)-CSA Hot oo+

N (10 mol%) °N °N H.O*

|dL —_— | + | L» NH2 |

Ph V ClCHZCHZC| Ph Ph =
60 °C, 24 h

[3,3]-rearrangement 1 3]-rearrangement
<1% yield 78% yield

Scheme 11. Discovery of Bronsted acid-initiated formal [1,3]-rearrangement reaction of ene-

aldimines

1.3 Scope of this thesis

On the basis of aforementioned background and the newly discovered formal [1,3]-
rearrangement of [-substituted ene-aldimine, it is envisioned that this formal [1,3]-
rearrangement reaction would be applicable to synthesize 2,4,4-substituted homoallylic
amines by further introducing the substituent at the terminal olefin. Importantly, although 1-
and other positions-substituted homoallylic amines have been synthesized by previously
developed methods, homoallylic amines containing substituents at the 2-position but not the
I-position cannot be easily synthesized. Therefore, this study for doctoral thesis is aimed to
develop the newly discovered formal [1,3]-rearrangement to synthesize 2,4,4-substituted

homoallylic amines and their derivatives.

In chapter 2, experimental results for reaction developments are summarized (Scheme
12). The investigation of electronic effects on aryl group, solvent, Brensted acid, and reaction
temperature were carried out in this study.

Brensted acids, such as trifluoro acetic acid (TFA), phosphoric acid diphenyl ester,
and CSA efficiently promoted the reaction in acetonitrile (MeCN) and 1,2-dichloroethane as
solvents under normal or microwave heating method. Importantly, 1 mol% catalyst loading
was realized when microwave heating method was used. After optimizing formal [1,3]-
rearrangement reaction, scope of substrate was evaluated. It was demonstrated that a variety
of substituents on ene-aldimine substrates were tolerated and gave corresponding

rearrangement products in good to excellent yields.



To establish the utilities of this rearrangement reaction, ene-imine products were
subjected into hydrolysis condition to afford 2,4,4-substituted homoallylic amines.
Furthermore, the obtained 2,4,4-homoallylic amines were used for the synthesis of a spiro
compound and a -amino acid precursor.

Details on reaction optimization, substrate scope, and derivatization will be described

in chapter 2.

R2

Rz H-os, OH N7 .
1o mol%) | s oo+ NHOHHCI R2
R R<__. o H2N W \\
CICHZCH2CI THF/H,0 (1:1 vAv) R R
150 °C, 2 h 46-95% yields rt.4h
up to 17 examples R2, R2 = c-Hexyl, R® = Me, 83%

R2, R2=Ph, R% = Me, 71%
Scheme 12. Development of formal [1,3]-rearrangement of (-substituted ene-aldimines to

synthesize 2,4,4-substituted homoallylic amines

In chapter 3, experimental results for the mechanistic studies are summarized.
Furthermore, details of reaction mechanism are proposed and discussed based on
experimental and computational studies.

This rearrangement reaction has not been reported so far, and the reaction mechanism
has been unclear. Therefore, the studies were conducted to clarify the mechanism of this
reaction. To think about the reaction pathway: either intra- or intermolecular, crossover
experiments of substrates was initially examined. It was revealed that two normal- and two
crossover rearrangement products were observed in a ratio of ca.1:1:1:1 (Scheme 13). When
the two normal rearrangement products were subjected in the presence of (+)-CSA under the
heating condition, the reaction did not give the crossover products. These results suggest that
C(a)-C(P) cleavage occurs during the irreversible rearrangement process, in other words,
C(a)-C(P) cleavage does not proceed after the product formation. Therefore, intermolecular

pathway is proposed for this formal [1,3]-rearrangement reaction.
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(x)-CSA
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d%(E)}-1a
C e -
/ X OH N N
OH N Ph MW OH INW \
I Ph
2bb 2ba
(2-1b

(b)

CICH,CH,Cl
150°C, 2h
MW

(+)-CSA
(10 mol%)

Scheme 13. Crossover experiments of (a) substrates and (b) products

To propose details of reaction mechanism, collaborative study was carried out with Dr.
Honda in HPC SYSTEMS and Prof. Suzuki in IMS, where enormous DFT calculations were
conducted.

Detailed reaction mechanism, chain reaction mechanism of 2-azaallenium cation as a
chain carrier, was proposed based on DFT calculations. Further discussions for the chain

reaction mechanism is also summarized in chapter 3.

In chapter 4, studies on asymmetric formal [1,3]-rearrangement of chiral ene-aldimine
substrates is summarized. According to the one of proposed mechanism in propagation step,
asymmetric formal [1,3]-rearrangement of chiral ene-aldimine substrates may proceed with
highly chirality transfer ratio. Furthermore, as far as we know, highly asymmetric formal
[1,3]-rearrangements of ene-aldimines have not been reported. Therefore, this study gives not
only a great insight into the reaction mechanism of propagation step but also opens the new
entry for asymmetric rearrangement reaction of ene-imines.

On the basis of the results in chapter 2, tetrahydronaphthalene was chosen as
substituent on chiral substrate, and this chiral substrate was synthesized from commercially
available 1-cyano-1,2,3,4-tetrahydronaphthalene. The chirality transfer experiments clearly
showed that chirality at 2-position was transferred, and good to excellent enantioselectivities

were obtained in the cases of both E- and Z-olefin substrates (Scheme 14).
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(+)-CSA R

(10 mol%) OH N N
CICH,CH,CI
Condition A: 96% yield, 99% ee
Condition B: 81% yield, 99% ee
(x)-CSA ~1,8
(10 mol%) OH N N
CICH,CH,CI

Condition A: 26% yield, 78% ee
Condition B: 24% yield, 86% ee

condition A : 80 °C, 20 h; condition B :150 °C, 2 h, Microwave reactor
Scheme 14. Asymmetric formal [1,3]-rearrangement of chiral ene-aldimines with

tetrahydronaphthalene unit at the B-position

Absolute configurations of the ene-aldimine substrates and products were determined
by single crystal X-ray diffraction analysis, derivatization, and crystal sponge method. These
results supported the reaction pathway that begins with C—N bond formation in the
propagation step. Moreover, DFT calculation by Prof. Suzuki showed good agreement with

the experimental results of stereochemistries.

In chapter 5, examinations of catalytic asymmetric formal [1,3]-rearrangement are
described. During the study on chapter 2, 3, and 4, development of the new rearrangement
was realized in the presence of racemic Brensted acid such as (£)-CSA. It is no doubt that
catalytic asymmetric version of this reaction by chiral catalyst is ultimate challenge during
the course of this study. According to the plausible mechanism in chapter 4, a well-designed
chiral counter anion as chiral catalysts may give the asymmetric induction.

At this point, chiral Brensted acids were selected as one of candidates for this study. It
was found that although (+)-CSA did not give any asymmetric induction at all, chiral
phosphoric acid with substituents at the 3,3’-position provided moderate enantioselectivities
of the ene-aldimine products (Scheme 15). Detailed studies on catalyst substituents and

solvent effects will be summarized in chapter 5.

Ph Ph G
OH N Ph cat. (20 mol%) OH {\IW OO
| - . = 0. 0
©) = toluene ©) Ph cat. = o ™ on
! ‘ G

up to 74% ee

Scheme 15. Catalytic asymmetric formal [1,3]-rearrangement of ene-aldimine promoted by

chiral Bronsted acid
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In chapter 6, studies for this thesis are summarized, and perspective of the formal

[1,3]-rearrangement of ene-aldimines is described.
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CHAPTER 2

BRONSTED ACID-INITIATED REARRANGEMENT REACTION OF
ENE-ALDIMINES FOR SYNTHESIS OF 2,4,4-SUBSTITUTED
HOMOALLYLIC AMINES

2.1 Introduction

As described in 1.2.3, the rearrangement reaction of [3-substituted ene-aldimines gave
the products by the formal [1,3]-rearrangement instead of those by 2-azonia-[3,3]-
sigmatropic rearrangement. This result was in contrast to previous reports.!* As far as we
know, this formal [1,3]-rearrangement of ene-aldimine has not been reported. Therefore, this
transformation has been studied in detail by exploring substituents, optimizing reaction
condition, and investigating substrate scope. Furthermore, to establish the utilities of this

reaction, derivatizations of rearrangement products were conducted.

2.2 Bronsted acid-initiated formal [1,3]-rearrangement reaction of ene-aldimines
2.2.1 Reaction optimization under normal heating method

To start this study, reproducibility and potential utilities were examined in the
rearrangement reaction of -dimethyl- and B-diphenyl-substituted ene-aldimine (Scheme 1).
It was found that the formal [1,3]-rearrangement was reproducible, and the reaction of [3-

diphenyl-substituted ene-aldimine also gave the formal [1,3]-rearrangement product in a good

yield.
R . R R
N R (+)-CSA (10 mol /o)‘ H‘ltl | ) H30+ NH2
Ph)l = CICH,CH,CI Ph
60°C, 24 h
[3,3]-rearrangement [ 3]- rearrangement
R=Me <1% yield 65% yield
R=Ph <1% yield 81% yield

Scheme 1. Reproducibility and potential utilities of the formal [1,3]-rearrangement reaction

of B-dimethyl- and B-diphenyl-substituted ene-aldimines

On the basis of these results, this formal [I1,3]-rearrangement was applied for
synthesis of 2,4,4-substituted homoallylic amines. For this purpose, (E)-tert-butyl (2,2-
dimethylpent-3-en-1-yl)carbamate was initially synthesized (Scheme 2a), and the

benzaldehyde-derived ene-aldimine (E)-la was prepared from tert-butoxycarbonyl (Boc)
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deprotection of carbamate followed by condensation of amine with benzaldehyde (Scheme
2b).

(a)
iPr,NH (2.75 eq)
"Buli (2.5 eq) Me-I (5.0 eq) LiAIH, (1.0 eq)
NC. X~ NCX\/ bl i N H2N/><\/
THF; DMPU -60°C ~-10°C,2h THF
-60 °C, 20 min 98% rt,3h 78%
-60 °C ~-30 °C
(Boc), O (2.0 eq)
1M NaOH agq. (3.0 eq) ﬂ\ j\
> X
THE o H/><\/
rt.,4h 89%
(b)

0 N
j\ U « _ TFA(5eq) . CeHsCHO (0.9 eq) [
H CH,Cl, MS 4 A

rt,1h 71% CH,Cl,

rt, 24 h (E)-1a, 74%

Scheme 2. Synthesis and preparation of ene-aldimine substrate; (a) synthesis of (E)-tert-butyl
(2,2-dimethylpent-3-en-1-yl)carbamate, and (b) preparation of benzaldehyde-derived ene-
aldimine (E)-1a

The reaction of (E)-la was initially conducted in the presence of (£)-10-
camphorsulfonic acid (CSA) at 40 °C for 20 h. It was revealed that the formal [1,3]-
rearrangement product was obtained in 24% yield (Table 1, entry 1), as same as in Scheme 1,
the reaction of (E)-la did not give [3,3]-rearrangement product. Next, the substituents on
benzylidene unit were investigated to evaluate electronic effect for reaction progress;
therefore, 4-Cl, 4-OMe, 2-OH, and 2-OMe as R' were chosen as representative substituents
on aryl group (Table 1). It was found that 2-hydroxyl substituent provided rearrangement
product in a similar yield to the case of no substituent (Table 1, entry 1 vs. 4). Chlorine
substituent could also allow to rearrangement product; however, yield was only in 7% (Table
1, entry 2). In the viewpoint of chemical yields and handling, 2-hydroxyl substituent was

used for next investigations.
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Table 1. Study of electronic effects on benzylidene unit

Ve
N X
| (+)-CSA (30 moi%) N
AN = > AN
| CICH,CH,CI
1/ =
R

40°C, 20h .
Entry R! Yield (%)“
1 H 24
2 4-Cl 7
3 4-OMe 0
4 2-OH 26
5 2-OMe <1

“Determined by 'H NMR using dibromomethane as an internal standard

Based on the results of investigation for substituents on benzylidene, the
salicylaldehyde-derived ene-aldimine (£)-2a was used for solvent screening. The reactions
were performed in 1,2-dichloroethane (CICH2CH2Cl), toluene, tetrahydrofuran (THF), ethyl
acetate (EtOAc), and acetronitrile (MeCN). The results showed that MeCN and CICH,CHCl

were available for this reaction (Table 2).

Table 2. Solvent screening

X
oH N P (+)-CSA (30 mol%) oH '}'W
©) 40°C, 20 h ©)

(E)-2a
Entry Solvent Yield (%)*
1 CICH2CH2Cl 26
2 toluene <1
3 THF <1
4 EtOAc <l
5 MeCN 76

“Determined by 'H NMR using dibromomethane as an internal standard

Next, reaction temperature was investigated in CICH>CH>Cl with 30 mol% of (%)-
CSA (Table 3, entries 1-3). At the 80 °C, reaction provided the formal [1,3]-rearrangement
product in the highest yield (entry 3). Moreover, catalyst loading was studied in the presence
of 10 mol% and 5 mol% (Table 3, entries 4 and 5). It was revealed that reaction provided the

desired product in good yield at 80 °C under 5 mol% of CSA, (Table 3, entry 5). These
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results indicated that low catalyst loading was possible when the reaction was performed at

higher temperature.

Table 3. Study on temperature and catalyst loading under normal heating

N
OH l?/L (£)-CSA OH lNW

CICH,CH,CI
528 20 h 3a
Entry Temperature (°C) Catalyst loading (mol%) Yield (%)*
1 40 30 26
2 60 30 62
3 80 30 81
4 80 10 74
5 80 5 60

“Determined by 'H NMR using dibromomethane as an internal standard

Finally, a variety of Brensted acid catalysts was evaluated at 60 °C. In this
investigation, the reaction proceeded in the case of Brensted acids having low pKa:
trifluoroacetic acid (TFA), phosphoric acid diphenyl ester, and (£)-CSA (Table 4, entries 1-3).
In contrast, higher pKa Brensted acids, such as benzoic acid (PhCO2H) and acetic acid
(MeCO2H), did not facilitate the reaction (entries 4 and 5). These results indicated that

acidity of Brensted acid was very important for this reaction.

Table 4. Screening of Brensted acid

OH ’\lj Bronsted acid (30 mol%) OH NW
= \
CICH,CH,CI
60 °C, 20 h

3a

(E)-2a
Entry Brensted acid Yield (%)*
1 TFA 80
2 Phosphoric acid diphenyl ester 48
3 ()-CSA 62
4 PhCO;H <1
5 MeCO2H <1

“Determined by 'H NMR using dibromomethane as an internal standard
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2.2.2 Reaction optimization by the use of microwave reactor

Higher reaction temperature in the presence of TFA and (£)-CSA improved the
chemical yields of the reactions. It was speculated that the microwave reactor was possible to
carry out the reaction at higher temperature and effective to increase the reaction yields.
Therefore, microwave reactor was used to conduct the reaction in the presence of TFA and
(¥)-CSA. It was found that the reactions afforded desired products in appropriate yields in
both cases (Table 5, entries 1 and 2).

Table 5. Reactions with (£)-CSA and TFA catalysts in microwave reactor

Bronsted Acid
OH N (10 mol%) OH lNW
=
CICH,CH,CI
150 °C, 1 h

3a

(E)-2a
Entry Brensted acid Yield (%)*
1 (£)-CSA 89
2 TFA 73

“Determined by 'H NMR using dibromomethane as an internal standard

According to the results of normal heating and microwave conditions, although TFA
and (£)-CSA showed good reaction efficiency, (+)-CSA was chosen to further studies due to
stability and handling. Reaction time and temperature were further optimized under
microwave condition. At 150 °C, for 2 h, and with 10 mol% of (£)-CSA, the reaction gave
superior results compared to all other conditions in CICH,CHCl (Table 6, entry 4). Since
reaction gave the great yield in MeCN under normal heating condition (Table 2, entry 5), the
reaction was performed in MeCN as solvent under microwave condition; however, the yield
was lower than that in CICH,CH,Cl (Table 6, entry 5).

As mentioned earlier, low catalyst loading was possible when the reaction was
conducted at high temperature. Therefore, the reactions were evaluated with 10 to 5, 3, 2, and
1 mol% of CSA, prolonging the reaction time for 3, 4, and 12 h (Table 6, entries 7-10). It was
revealed that 1 mol% of catalyst loading was possible without deterioration of the yield
(Table 6, entry 10).
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Table 6. Optimization of reaction condition under microwave reactor

o F'?L (+)-CSA oH NN
— |
©) solvent (j)

3a

Entry Temperature "I(‘?nzlz Catalyst loading Solvent Yield (%)*
°C) (h) (mol%)
1 100 1 10 CICH,CH:Cl 72
2 120 1 10 CICH,CH:Cl 87
3 150 1 10 CICH,CH:Cl 89
4 150 2 10 CICH,CH:Cl 92
5 150 2 10 MeCN 81
6 150 3 5 CICHCH:Cl 92
7 150 3 3 CICH,CH:Cl 92
8 150 4 2 CICH,CH:Cl 91
9 150 12 1 CICH,CH:Cl 89

“Determined by 'H NMR using dibromomethane as an internal standard

Under the optimized reaction condition using microwave reactor, applicability of
Brensted acid catalysts was examined (Table 7). Among various Brensted acid catalysts, (+)-

CSA gave the best yield (Table 7, entry 1), although all other Bronsted acid catalysts also

provided rearrangement products in good to high yields (Table 7, entries 2-5).

Table 7. Applicability of Brensted acid under microwave condition

Brensted Acid
(10 mol%) OH ‘NW
CICH,CH,CI
150 °C, 2 h 3a

(E) -2a
Entry Brensted acid Yield (%)*
1 ()-CSA 92
2 TFA 91
3 MeCOH 74
4 Diphenyl phosphoric acid 75
5 p-TsOH-H>O 90

“Determined by 'H NMR using dibromomethane as an internal standard
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2.2.3 Reaction scope

With optimized condition in hands, the scope of ene-aldimine substrates was
investigated. The dialkyl substituted product 3a was obtained from (E)-2a and (Z)-2a in
excellent yields. Even though cyclobutyl and cyclopentyl substituted ene-aldimines ((£)-2b
and (E)-2c¢) yielded rearrangement product 3b and 3¢ in moderate yields under 10 mol%
catalyst loading, the cyclohexyl substituted R? ((E)-2d and (Z)-2d) smoothly proceeded to
formal [1,3]-rearrangement product 3d in excellent yields by the used of 2 mol% (£)-CSA.
Moreover, acyclic and aromatic substituted substrates R? ((E)-2e - 2h and (Z)-2h) could also
give corresponding rearrangement product in excellent yields under 2 mol% of catalyst
loading. Although (+)-CSA 10 mol% was necessary to obtain good yields for ethyl and
isopropyl substituted R* ((Z)-2i - 2m), the (£)-CSA 2 mol% was also applicable in some
cases, for example (£)-2k and (E)-2m.

(#)-CSA R2
(2 or 10 mol%) OH NW

I Rpe g
CICH20HZCI
150 ° 3

(E)- 2
OH INW OH N m m
o ' FTP o
3a ©)
from (E)-2a  from (2)-2a from E)2b from E) -2c frogsf(’/f) 2d from8(92)%2d
92% 82% 46%2 70%" (150 °C, 4 h) (150 °C, 4 h)
(150 °C, 4 h) (150 °C, 4 h) (150 °C, 2 h) (150 °C, 2 h) ' '

- n Ph
OH NW'B” OH NWB” OH N/Y\/Pr OH lNW
| By | Bn | Py i ! Ph

3e

3f 3g 3h
from (E)-2e from (E)-2f from (E)-2g from (E)-2h from (2-2h
78% 90% 88% 91% 90%
(150 °C, 4 h) (150 °C, 4 h) (150 °C, 4 h) (150 °C, 4 h) (150 °C, 4 h)
Ph
OH N X OH N X OH N A
| | | | W
Et ipr Et Ph
3i f 2) o 3k 3l 3m
from (2)-2i rom j from (2)-2k from (2)-21 from (2)-2a
77%"2 67%? 79% (150 °C, 4 h) 55«5/? 51% (150 °C, 4 h)
(150 °C, 2 h) (150 °C, 12 h) 90%2 (150 °C, 2 h) (150 °C, 2 h) 95%2 (150 °C, 2 h)

Figure 1. Substrate scope of (E)- and (Z)-ene-aldimine. Reaction was conducted in the

presence of (£)-CSA 2 mol % under microwave heating, (£)-CSA 10 mol % was used.

2.2.4 Utilities of formal [1,3]-rearrangement products
The rearrangement products (3a-3m) are important synthetic intermediates that could
be converted to the previously inaccessible 2,4,4-homoallylic primary amines. Therefore, to

establish the synthetic utility of such compounds, products 3d and 3h were subjected into
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hydrolysis condition. The treatment of 3d and 3h with hydroxylamine hydrochloride
(NH2OH-HCI) provided 2,4,4-substituted homoallylic primary amines in good yields
(Scheme 3).* In addition, 2,4,4-substituted homoallylic primary amine 4d was protected with
p-nosylchloride to form the p-nosylate 5d before intramolecular hydroamination with
substoichiometric amounts of triflic acid affording spiropyrrolidine 6d (Scheme 4).>7 In
addition, the homoallylic primary amine 4h was transformed into the fert-butoxycarbonyl
(Boc) protected amine 5h in excellent yield by the treatment with (Boc)>O, which is an useful

intermediate for B-amino acid synthesis (Scheme 5).%

R2
OH N7y NH,OH-HCI (3 eq) HoN o R?

| RS R2 > /\(\(
THF-H,0 (1:1 v/v) RS R2?
rt.,4h
4d: R% R? = ¢c-Hex, R® = Me, 83%

4h: R? R? = Ph, Ph, R% = Me, 71%

Scheme 3. Synthesis of 2,4,4-substituted homoallylic amines

o)
\S//O
\
e
O,N
N
(1.5 eq) Ns TfOH (20 mol® N
Hsz Et3N (1.5 eq) p- ‘N/\(\O (20 mol%)
_— H — >
CH.Cl, toluene
X 0°C,2h
4d 25°C,24h 5d, 58% 6d, 79%
Scheme 4. Synthesis of aza-spiro compound
(Boc),0
Ph TEA Boc. Ph f 8
HzNW HW ____r_e_____> HzN/\rCOOH
Ph CH,Cl, Ph
4h rt,4h 5h, 89% B-amino acid

Scheme 5. Synthesis of B-amino acid precursor

2.3 Conclusion

The formal [1,3]-rearrangement reaction was developed by optimizing reaction
condition in both normal and microwave condition. The CICH2CH2Cl and MeCN solvents
and a variety of Bronsted acids were used for this new transformation, and the broadened
substrates were available under these conditions. The 2,4,4-substituted homoallylic primary
amines, which were inaccessible by previous reports, were successfully synthesized.
Moreover, our rearrangement products were applicable to synthesize aza-spiro compounds

and a B-amino acid precursor.
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2.4 Experimental sections
2.4.1 General method

All reactions were carried out under an atmosphere of standard grade nitrogen gas
(oxygen <10 ppm) in flame-dried glassware with magnetic stirring. Toluene and
tetrahydrofuran were used as anhydrous in solvent line system KANTO. Benzene and 1,2-
dichloroethane (CICH,CH>Cl) were purchased from commercial supplier as anhydrous
solvents. Benzaldehyde, 4-methoxybenzaldehyde, 2-methoxybenzaldehyde, 4-
chlorobenzaldehyde, and 2-hydroxybenzaldehyde were distilled before use. Other reagents
were purchased from commercial suppliers and used without further purification. Purification
of reaction products was carried out by flash column chromatography on silica gel 60
(spherical, neutral, 100-210 um; Merck). Analytical thin layer chromatography (TLC) was
performed on E. Merck precoated (0.25 mm) silica gel 60-F254 plates. Visualization was
accomplished with UV light, potassium permanganate solution in water, and
phosphomolybdic acid solution in ethanol by heating. Microwave reaction was performed in
a CEM Discover or Biotage Initiator Microwave system. 'H NMR spectra were recorded on a
ECA-400 (400 MHz) spectrometer at ambient temperature. CDCl3 NMR solvents were
purchased from CIL, and it was dried over activated MS 4A before used. Data are reported as
follows: chemical shifts are reported in ppm from tetramethylsilane on the 6 scale, with
solvent resonance employed as internal standard (CDCl3 7.26 ppm, DMSO-ds 2.49 ppm),
multiplicity (b = broad, s = singlet, d = doublet, dd = doublet of doublet, t = triplet, q =
quartet, and m = multiplet), integration, coupling constant (Hz) and assignment. '*C NMR
spectra were recorded on a JEOL ECA-400 (100 MHz), spectrometer at ambient temperature.
Chemical shifts are reported in ppm from tetramethylsilane on the & scale, with solvent
resonance employed as internal standard (CDCls 77.0 ppm). Mass spectra were obtained on

Applied Biosystem Voyager DE-STR in Instrument center of IMS.

2.4.2 Procedure of rearrangement reaction of ene-aldimines

Normal heating condition: To a (+)-10-camphorsulfonic acid (10 mol%) was added
the solution of ene-imine in CICH2CH2Cl (0.1 M) at room temperature. Then, the reaction
was stirred at an indicated temperature for an indicated time. After cooled to room
temperature, the reaction was quenched with NEt;. After stirred at room temperature for 15
min, the resulting mixture was extracted with CH>Cl, (5 mL x 3). The organic layer was

washed with brine (10 mL x 3), and aqueous layer was extracted with CH>Cl, (20 mL x 3).
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The combined organic extracts were dried over Na;SO4 and concentrated under reduced

pressure after filtration to give the ene-imine as product.

Microwave condition: A test tube for microwave reaction apparatus (0.2-0.5 mL) should be
used. To a (£)-10-camphorsulfonic acid (10 mol%) was added the solution of ene-imine in 1
CICH>CH2CI (0.5 M) at room temperature with sealed reaction vessel, and then the resulting
solution was stirred at an indicated temperature in a microwave reactor with 600 rpm (75-400
W.) for an indicated time. The reaction was quenched with NEt;. After stirred for 15 min, the
resulting mixture was extracted with CH2Clz (5 mL x 3). The organic layer was washed with
brine (10 mL x 3), and aqueous layer was extracted with CH>Cl> (20 mL x 3). The combined
organic extracts were dried over Na>SO4 and concentrated under reduced pressure after

filtration to give the ene-imine as product.

2.4.3 Characterization of rearrangement products
Because of stability of rearrangement products, the characterization data are only

provided by 'H NMR.

Y

Ph
(E)-N-benzylidene-4-methylpent-3-en-1-amine

TLC R¢=0.30 (4:1 hexane:ethyl acetate).

'"H NMR (CDCIs, 400 MHz) 6 8.26 (s, 1H, N=CH), 7.78-7.63 (m, 3H, Ar-H), 7.46-7.36 (m,
2H, Ar-H), 4.92 (t, 2H, J= 7.1 Hz, CH=C), 3.62 (t, 2H, J= 7.0 Hz , N-CH>) 2.37 (q, 2H, J =
7.1 Hz, N-CH»-CH>), 1.72 (s, 3H, CH3), 1.65 (s, 3H, CHs).

Y
o

(E)-2-(((4-methylpent-3-en-1-yl)imino)methyl)phenol

TLC R¢=0.54 (10:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 8.30 (s, 1H, CH=N), 7.32-7.22 (m, 3H, Ar-H), 6.95 (d, 1H, J
= 8.2 Hz, Ar-H), 6.86 (td, 1H, J = 7.4, 1.1 Hz, Ar-H), 5.17-5.13 (m, 1H, CH>-CH=C), 3.58

23



(td, 2H, J= 7.0, 1.1 Hz, N-CH>), 2.38 (q, 2H, J = 7.0 Hz, CHo-CH,-CH), 1.70 (s, 3H, C-CH5),
1.61 (s, 3H, C-CHs)

(E)-N-(4,4-diphenylbut-3-en-1-yl)-1-phenylmethanimine

TLC R¢=0.45 (10:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 7.73-7.69 (m, 2H, Ar-H), 7.39-7.17 (m, 13H, Ar-H),), 6.14 (t,
1H, J=7.6 Hz, CH=C), 3.73-3.69 (m, 2H, NH-CH>), 2.58-2.51 (m, 2H, CH2-CH>).

Py
.y

(E)-2-(((2,4-dimethylpent-3-en-1-yl)imino)methyl)phenol

TLC R¢=0.55 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 8.26 (s, 1H, N=CH), 7.26-7.22 (m, 2H, Ar-H), 6.9 (d, 1H, J =
8.2 Hz, Ar-H), 6.85 (t, 1H, J = 7.4 Hz, Ar-H), 4.95 (d, 1H, J = 9.4 Hz, CH=C), 3.48-3.40 (m,
1H, N-CH»-CH), 2.76-2.73 (m, 1H, CH-CH3), 1.68 (s, 3H, C-CH3), 1.60 (d, 3H, J= 0.9 Hz,
C-CHs).

OH Nan
@)l Bn

(E)-2-(((4-benzyl-2-methyl-5-phenylpent-3-en-1-yl)imino)methyl)phenol

TLC R¢=0.55 (3:1 hexane:ethyl acetate).

'"H NMR (CDCls, 600 MHz) & 8.36 (s, 1H, N=CH), 7.36 (t, 1H, J = 10.0 Hz, Ar-H), 7.32-
7.29 (m, 1H, Ar-H), 7.26 (d, 1H, J=10.0 Hz, Ar-H), 7.22 (t, 1H, J=10.0 Hz, Ar-H), 5.22 (d,
IH, J = 9.6 Hz, CH=C), 3.73-3.45 (m, 2H, N-CH>), 3.35 (dd, 4H, CH>-Ph), 3.05-2.95 (m,
1H), 1.13 (d, 3H, J= 5.1 Hz).

OH N/W n-Pr
i /“ n-Pr

(E)-2-(((2-methyl-4-propylhept-3-en-1-yl)imino)methyl)phenol
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TLC R¢= 0.55 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 600 MHz) & 8.26 (s, 1H, N=CH), 7.31-7.21 (m, 2H, Ar-H), 6.90 (d, 1H, J
=10.0 Hz, Ar-H), 6.85 (t, 1H, J = 10.0 Hz, Ar-H), 4.94 (d, 1H, J = 10.0 Hz, CH=C), 3.51-
3.41 (m, 2H, N-CH>), 2.81-2.74 (m, 1H, N-CH»-CH), 2.04-1.87 (m, 4H), 1.41-1.30 (m, 4H),
1.02 (d, 3H, J= 6.4 Hz, CH3), 0.90-0.81 (m, 6H).

(E)-2-(((4-isobutyl-2,6-dimethylhept-3-en-1-yl)imino)methyl)phenol

TLC R¢=0.55 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) § 8.26 (s, IH, N=CH), 7.30-7.26 (m, 1H, Ar-H), 7.22 (dd, 1H, J
= 7.7, 1.7 Hz, Ar-H), 6.94 (d, 1H, J = 8.2 Hz, Ar-H), 6.85 (td, 1H, J = 7.4, 0.9 Hz, Ar-H),
4.97 (d, 1H, J = 9.6 Hz, CH=C), 4.94-4.90 (m, 2H, N-CH>), 2.86-2.79 (m, 1H, N-CH»-CH),
1.61-1.95 (m, 6H, C-CH>-CH(CH3)2), 0.87-0.81 (m, 9H, CH-CHs), 0.87-0.81 (m, 9H), 0.76
(d, 3H, J= 6.6 Hz, CH»-CH-CH>).

SRR
of

(E)-2-(((3-cyclobutylidene-2-methylpropyl)imino)methyl)phenol

TLC R¢=0.55 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 600 MHz) & 8.32 (s, 1H, N=CH), 7.32-7.25 (m, 2H, Ar-H), 6.90 (d, 1H, J
=10.0 Hz, Ar-H), 7.87 (t, IH, J = 10.0 Hz, Ar-H), 4.92 (dt, 1H, J = 10.0 Hz, CH=C), 3.73-
3.41 (m, 2H, N-CH>), 2.64-2.57 (m, 1H, N-CH»-CH), 1.83 (d, 2H, J=9.6 Hz,), 1.02 (d, 3H, J
= 6.6 Hz, CH»).

SRR®
o

(E)-2-(((3-cyclopentylidene-2-methylpropyl)imino)methyl)phenol
TLC R¢= 0.55 (3:1 hexane:ethyl acetate).
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'H NMR (CDCL, 600 MHz) & 8.26 (s, 1H, N=CH), 7.31-7.21 (m, 2H, Ar-H), 7.94 (d, 1H, J
=10.0 Hz, Ar-H), 7.85 (t, 1H, J = 10.0 Hz, Ar-H), 5.08 (d, 1H, J= 9.6 Hz, CH=C), 3.52-3.40
(m, 2H, N-CH.), 2.64-2.57 (m, 1H, N-CH,-CH), 2.22-2.10 (m, 4H), 1.64-1.52 (m, 4H), 1.03
(d, 3H, J = 6.8 Hz, CH3).

&Tm

(E)-2-(((3-cyclohexylidene-2-methylpropyl)imino)methyl)phenol

TLC R¢=0.55 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 8.25 (s, 1H, N=CH), 7.31-7.21 (m, 2H, Ar-H), 6.90 (d, 1H, J
=10.0 Hz, Ar-H), 6.85 (t, 1H, J=10.0 Hz, Ar-H), 4.88 (d, 1H, J=9.2 Hz, CH=C), 3.73-3.37
(m, 2H, N-CH>), 2.82-2.75 (m, 1H, N-CH»-CH), 2.09 (dt, 4H), 1.48-1.30 (m, 6H), 1.02 (d,
3H, J=9.2 Hz, CH»).

OH N/\(\/Ph
i J Ph

(E)-2-(((2-methyl-4,4-diphenylbut-3-en-1-yl)imino)methyl)phenol

TLC R¢=0.18 (10:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 8.26 (s, 1H, N=CH), 7.30-7.10 (m, 12H, Ar-H), 6.97-6.93 (m,
1H, Ar-H), 6.88-6.84 (m, 1H, Ar-H), 5.93 (d, 1H, J = 10.3 Hz, CH=C), 3.57-3.54 (m, 2H, N-
CH>), 2.76-2.67 (m, 1H, N-CH»-CH), 1.12 (d, 3H, J = 6.9 Hz, CH;).

OH NW
o -

(E)-2-(((2-ethyl-4-methylpent-3-en-1-yl)imino)methyl)phenol

TLC R¢=0.50 (10:1 hexane:ethyl acetate).

'"H NMR (CDCls, 400 MHz) & 8.25 (d, 1H, J = 3.9 Hz, N=CH), 7.31-7.21 (m, 2H, Ar-H),
6.95 (dd, 1H, J = 8.0, 3.2 Hz, Ar-H), 6.87-6.82 (m, 1H, Ar-H), 4.89 (dt, IH, J=9.8, 1.3 Hz,
CH-CH=C), 3.59-3.54 (m, 1H, NH-CH>), 3.43-3.38 (m, 1H, NH-CH>), 2.56-2.46 (m, 1H,
CH»-CH-CH), 1.71-1.69 (m, 3H, CH-CH5), 1.58 (d, 3H, J = 1.1 Hz, 2H, CH-CH3), 1.32-1.22
(m, 1H, CH-CH>-CH3), 0.99-0.94 (m, 1H, CH-CH>-CH3), 0.85-0.90 (m, 3H, CH2-CH3).
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(E)-2-(((2-isopropyl-4-methylpent-3-en-1-yl)imino)methyl)phenol

TLC R¢=0.50 (10:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) 8 8.27 (d, 1H, J = 24.0 Hz, N=CH), 7.32-7.21 (m, 2H, Ar-H),
6.95 (dd, 1H, J = 8.2, 5.5 Hz, Ar-H), 6.89-6.83 (m, 1H, Ar-H), 4.978-4.946 (m, 1H, CH-
CH=C), 4.495-4.493 (d, 2H, J = 9.6 Hz, NH-CH>-CH), 1.56 (s, 3H, C-CH3), 1.56-1.53 (m,
1H, CH-CH-CH3), 0.94 (d, 3H, J= 6.9 Hz, CH2-CH5).

OH N Y™

(E)-2-(((2-(cyclohexylidenemethyl)butyl)imino)methyl)phenol

TLC R¢=0.45 (10:1 hexane:ethyl acetate).

'"H NMR (CDCls, 400 MHz) & 8.24 (s, 1H, N=CH), 7.30-7.26 (m, 1H, Ar-H), 7.24-7.29 (m,
1H, Ar-H), 6.96-6.92 (m, 1H, Ar-H), 6.86-6.82 (m, 1H, Ar-H), 4.80 (d, 1H, J = 10.0 Hz,
CH=C), 3.58-3.52 (m, 1H, N-CH»), 3.42-3.37 (m, 1H, N-CH>), 2.59-2.52 (m, 1H, N-CHz-
CH), 2.16-2.00 (m, 4H), 1.67-1.34 (m. 7H), 1.29-1.19 (m, 1H), 0.89 (t, 3H, J = 7.6 Hz, CH»-
CH3).

OH N A

(E)-2-(((2~(cyclohexylidenemethyl)-3-methylbutyl)imino)methyl)phenol

TLC R¢=0.50 (10:1 hexane:ethyl acetate).

'"H NMR (CDCls, 400 MHz) & 8.26-8.19 (m, 1H, N=CH), 7.31-7.21 (m, 2H, Ar-H), 6.97 (d,
1H, J = 8.5 Hz, Ar-H), 6.87-6.83 (m, 1H, Ar-H), 5.22-5.16 (m, 1H), 5.04 (dd, 1H, J = 22.2
Hz, 12.1 Hz, CH(CH3)-CH=C), 3.73 (s, 1H, NH-CH>), 3.57 (s, 1H, NH-CH>), 2.71-2.81 (m,
1H, CH2-CH-CH(CH3)z2), 2.17-1.98 (m, 4H, C-CH>-CH2), 1.55-1.35 (m, 5H, CH>-CH>-CH>),
1.01-0.84 (m, 6H, CH-(CH3)z2).
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(E)-2-(((2-ethyl-4,4-diphenylbut-3-en-1-yl)imino)methyl)phenol

TLC R¢=0.55 (10:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) § 8.23 (s, IH, N=CH), 7.33-7.17 (m, 11H, Ar-H), 6.95 (d, 1H, J
= 8.0 Hz, Ar-H), 6.83 (td, 1H, J= 7.4, 1.0 Hz, Ar-H), 5.89 (d, 1H, J=10.3 Hz, CH=C), 3.63-
3.50 (m, 2H, N-CH>), 1.62-1.36 (m, 2H, CH-CH>-CH3), 1.12 (t, 3H, J = 7.4 Hz, CH3).

2.4.4 Procedure and characterization of derivatives

R2

R? (+)-CSA xR? 1) NH,0H-HCI
OH N (10 mol%) OH '\fﬁj\( 2)BzCl, IMNaOH ag.  Bz. R2
P _ RS R2 N
CICH,CH,CI H m g
RB

benzamide products
rearrangement products

Scheme 6. Reaction of new rearrangement and derivatization

Due to the stability of ene-imine rearrangement products, the characterization data are
provided by '"H NMR, *C NMR, and HRMS of derived benzamides. And because some of
rearrangement products were low boiling point and instable, derivatization is performed. The
rearrangement products are subjected into hydrolysis condition by the use of hydroxylamine
hydrochloride (NH2OH-HCI) to cleave salicylaldehyde to afford amine products. And then
the amine products are protected by benzoyl chloride in the basic condition providing

benzamide products (Scheme 6). The characterization data are shown below.

BZ\H/\/Y
N-(4-methylpent-3-en-1-yl)benzamide

TLC R¢=0.21 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 600 MHz) & 7.76-7.71 (m, 2H, Ar-H), 7.51-7.46 (m, 1H, Ar-H), 7.44-7.40
(m, 2H, Ar-H), 6.26-6.17 (br, 1H, NH), 5.18-5.13 (m, 1H, CH=C), 3.55 (m, 2H, N-CH>),
2.32 (td, 2H, J= 6.9 Hz, J = 6.9 Hz, N-CH,-CH>), 1.73 (s, 3H, CH5), 1.65 (s, 3H, CH3).

3C NMR (CDCl3, 151 MHz) § 167.5, 135.0, 134.9, 131.4, 128.6, 126.9, 120.8, 39.9, 28.2,
25.9, 18.0.
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HRMS (ESI) Exact Mass Calcd. for C13Hi7NO ([M+Na]*): 226.1202. Found: 226.1202.

BZ\HWPh

Ph

N-(4,4-diphenylbut-3-en-1-yl)benzamide

TLC R¢= 0.53 (4:1 hexane:ethyl acetate).

'"H NMR (CDCls, 400 MHz) & 7.73-7.69 (m, 2H, Ar-H), 7.20-7.50 (m, 11H, Ar-H), 7.13-7.16
(m, 2H, Ar-H), 6.11 (t, J= 7.6 Hz, 2H, NH, CH=C), 3.56 (dd, 2H, J = 12.7, 6.8 Hz, NH-CH>),
2.49-2.41 (m, 2H, CH,-CH>).

3C NMR (CDCl3, 100 MHz) & 168.0, 144.7, 142.3, 139.8, 134.8, 131.5, 129.9, 128.7, 128.5,
128.3, 127.4, 126.9, 125.8, 40.0, 30.1.

HRMS (FAB) Exact Mass Calcd. for C23H2iNO ([M+H]"): 328.1696. Found: 328.1716.

N-(2,4-dimethylpent-3-en-1-yl)benzamide

TLC R¢=0.30 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 600 MHz) & 7.72-7.69 (m, 2H, Ar-H), 7.50-7.46 (m, 1H, Ar-H), 7.44-7.39
(m, 2H, Ar-H), 6.14-6.06 (br, 1H, NH), 4.97-4.92 (m, 1H, CH=C), 3.63-3.57 (m, 1H, N-CH>),
3.03-2.97 (m, 1H, N-CH»), 2.75-2.66 (m, 1H, N-CH:-CH), 1.74 (d, 3H, J = 1.4 Hz, C=C-
CHs), 1.65 (d, 3H, J = 1.4 Hz, C=C-CHs), 1.01 (d, 3H, J = 6.5 Hz, CH-CH;).

3C NMR (CDCl3, 151 MHz) 8 167.4, 135.1, 133.6, 131.3, 128.6, 128.0, 126.8, 45.9, 32.9,
25.9,18.8, 18.3.

HRMS (ESI) Exact Mass Calcd. for C14HioNO ([M+Na]*): 240.1359. Found: 240.1359.

Bz\HmBn

N-(4-benzyl-2-methyl-5-phenylpent-3-en-1-yl)benzamide

TLC R¢=0.32 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 600 MHz) & 7.59-7.56 (m, 2H, Ar-H), 7.50-7.46 (m, 1H, Ar-H), 7.39-7.34
(m, 2H, Ar-H), 7.26-7.15 (m, 6H, Ar-H), 7.14-7.08 (m, 4H, Ar-H), 6.11-6.05 (br, 1H, NH),
5.30 (d, 1H, J = 10.0 Hz, CH=C), 3.74-3.68 (m, 1H, N-CH,), 3.42 (d, 1H, J = 14.8 Hz, C-
CH>-Ph), 3.27 (d, 1H, J = 14.4 Hz, C-CH»-Ph), 3.20 (d, 1H, J = 14.4 Hz, C-CH>-Ph), 3.16 (d,
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1H, J = 14.8 Hz, C-CH>-Ph), 3.13-3.08 (m, 1H, N-CH>), 2.96-2.88 (m, 1H, N-CH»-CH), 1.13
(d, 3H, J = 6.5 Hz, N-CH>-CH-CH).

BC NMR (CDCls, 151 MHz) 8 167.3, 140.1, 139.9, 139.4, 134.6, 131.8, 131.4, 129.0, 128.7,
128.6, 128.6, 128.5, 126.9, 126.3, 126.2, 45.9, 43.2, 35.9, 33.2, 19.0.

HRMS (ESI) Exact Mass Calcd. for C2sH27NO ([M+Na]*): 392.1985. Found: 392.1984.

Bz. N N n-Pr
H

n-Pr
N-(2-methyl-4-propylhept-3-en-1-yl)benzamide

TLC R¢=0.37 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 600 MHz) & 7.71-7.67 (m, 2H, Ar-H), 7.49-7.45 (m, 1H, Ar-H), 7.43-7.38
(m, 2H, Ar-H), 6.13-6.05 (br, 1H, NH), 4.94 (d, 1H, J = 10.0 Hz, CH=C), 3.66-3.60 (m, 1H,
N-CH>), 3.00-2.94 (m, 1H, N-CH>), 2.77-2.68 (m, 1H, N-CH2-CH), 2.10-1.90 (m, 4H), 1.48-
1.32 (m, 4H), 1.02 (d, 3H, J = 6.9 Hz, N-CH,-CH-CH3), 0.88 (t, 3H, J = 7.2 Hz, C=C-CH>-
CH»-CHs), 0.86 (t, 3H, J = 7.2 Hz, C=C-CH:-CH2-CH:).

3C NMR (CDCls, 151 MHz) 8 167.4, 141.6, 135.0, 131.3, 128.6, 128.3, 126.8, 45.9, 39.0,
32.5,32.3,21.9,21.5,19.1, 14.2, 13.9.

HRMS (ESI) Exact Mass Calcd. for C1sH27NO ([M+Na]*): 296.1985. Found: 296.1984.

Bz . N /\(\( i-Bu
H -Bu

N-(4-isobutyl-2,6-dimethylhept-3-en-1-yl)benzamide

TLC R¢=0.43 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 7.71-7.69 (m, 2H, Ar-H), 7.48-7.46 (m, 1H, Ar-H), 7.43-7.37
(m, 2H, Ar-H), 6.09 (br, 1H, NH), 4.98 (d, 1H, J = 9.9 Hz, CH=C), 3.67-3.60 (m, 1H, N-
CH>), 3.04-2.95 (m, 1H, N-CH>), 2.82-2.69 (m, 1H, N-CH>-CH), 2.00-1.64 (m, 6H), 1.01 (d,
3H, J = 6.6 Hz, N-CH»-CH-CH3), 0.92-0.76 (m, 12H).

13C NMR (CDCl3, 100 MHz) § 167.3, 139.6, 134.8, 131.3, 130.4, 128.5, 126.7, 77.3, 77.0,
76.7, 46.6, 45.9, 38.9, 32.4, 26.5, 26.1, 23.0, 22.6, 22.3, 22.2, 19.0.

HRMS (ESI) Exact Mass Calcd. for C2oH31NO ([M+Na]*): 324.2298. Found: 324.2298.

Bz.

o
N-(3-cyclobutylidene-2-methylpropyl)benzamide
TLC R¢=0.28 (3:1 hexane:ethyl acetate).
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'"H NMR (CDCls, 600 MHz) & 7.76-7.73 (m, 2H, Ar-H), 7.52-7.48 (m, 1H, Ar-H), 7.46-7.42
(m, 2H, Ar-H), 6.24-6.10 (br, 1H, NH), 4.92-4.88 (m, 1H, CH=C), 3.63-3.58 (m, 1H, N-CH>),
3.02-2.97 (m, 1H, N-CH>), 2.72-2.57 (m, 4H), 2.47-2.39 (m, 1H, N-CH»-CH), 1.99-1.87 (m,
2H), 1.03 (d, 3H, J = 6.5 Hz, CHs).

3C NMR (CDCls, 151 MHz) 8 167.4, 142.1, 135.1, 131.4, 128.7, 126.8, 123.3, 45.6, 33.4,
31.2,29.8,18.6, 17.2.

HRMS (ESI) Exact Mass Calcd. for C1sHioNO ([M+Na]*): 252.1359. Found: 252.1359.

N-(3-cyclopentylidene-2-methylpropyl)benzamide

TLC R¢=0.32 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 600 MHz) & 7.73-7.70 (m, 2H, Ar-H), 7.50-7.46 (m, 1H, Ar-H), 7.43-7.39
(m, 2H, Ar-H), 6.29-6.21 (br, 1H, NH), 5.09-5.05 (m, 1H, CH=C), 3.62-3.56 (m, 1H, N-CH>),
3.05-2.99 (m, 1H, N-CH>), 2.62-2.53 (m, 1H, N-CH>-CH), 2.31-2.14 (m, 4H), 1.75-1.52 (m,
4H), 1.01 (d, 3H, J = 6.5 Hz, CH-CHs).

3C NMR (CDCl3, 151 MHz) 8 167.4, 145.3, 135.1, 131.3, 128.6, 126.8, 123.2, 45.7, 34.8,
33.8,29.0, 26.4, 26.3, 18.5.

HRMS (ESI) Exact Mass Calcd. for C1sH21NO ([M+Na]*): 266.1515. Found: 266.1516.

BZ\N/ X
H

N-(3-cyclohexylidene-2-methylpropyl)benzamide

TLC R¢=0.31 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 600 MHz) & 7.73-7.69 (m, 2H, Ar-H), 7.49-7.45 (m, 1H, Ar-H), 7.43-7.39
(m, 2H, Ar-H), 6.16-6.09 (br, 1H, NH), 4.88 (d, 1H, J = 9.6 Hz, CH=C), 3.61-3.56 (m, 1H,
N-CH>), 3.00-2.94 (m, 1H, N-CH>), 2.77-2.69 (m, 1H, N-CH>-CH), 2.18-2.05 (m, 4H), 1.58-
1.35 (m, 6H), 1.01 (d, 3H, J=6.9 Hz, CH3).

3C NMR (CDCls, 151 MHz) 8 167.4, 141.9, 135.0, 131.3, 128.6, 126.8, 124.7, 46.0, 37.4,
31.9,29.3,28.9, 28.2, 26.9, 19.2.

HRMS (ESI) Exact Mass Calcd. for C17H23NO ([M+Na]*): 280.1672. Found: 280.1671.
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Bz. Ph

T
N-(2-methyl-4,4-diphenylbut-3-en-1-yl)benzamide
TLC R¢=0.22 (4:1 hexane:ethyl acetate).
'"H NMR (CDCl3, 400 MHz) 6 8.18-8.11 (m, 1H, Ar-H), 7.67-7.66 (m, 2H, Ar-H), 7.49-7.45
(m, 2H, Ar-H), 7.41-7.30 (m, 4H, Ar-H), 7.26-7.20 (m, 4H, Ar-H), 7.11-7.08 (m, 2H, Ar-H),
6.02 (br, 1H, NH), 5.92 (d, 1H, J=10.3 Hz, CH=C), 3.51-3.45 (m, 1H, N-CH>), 3.38-3.31 (m,
1H, N-CH>), 2.72-2.60 (m, 1H, N-CH»-CH), 1.14 (d, 3H, J = 6.9 Hz, CH5).
3C NMR (CDCl3, 100 MHz) 8 167.5, 143.0, 139.9, 133.6, 132.4, 131.3, 130.1, 129.6, 128.5,
128.4, 128.2, 127.3, 127.2, 126.8, 77.3, 77.0, 76.7, 45.8, 34.6, 18.7.
HRMS (ESI) Exact Mass Calcd. for C24H23NO ([M+Na]*): 364.1672. Found: 364.1672.

Bz. .

N-(2-ethyl-4-methylpent-3-en-1-yl)benzamide

TLC R¢= 0.46 (3:1 hexane:ethyl acetate).

'"H NMR (CDCls, 400 MHz) 6 7.71- 7.69 (m, 2H, Ar-H), 7.51-7.41 (m, 3H, Ar-H), 6.12 (br,
1H, NH), 4.88 (d, 1H, J = 9.8 Hz, CH=C), 3.75-3.67 (m, 1H, N-CH>), 2.99-2.93 (m, 1H, N-
CHa), 2.48 (tt, 1H, J = 14.3 Hz, 4.8 Hz, N-CH»-CH), 1.77 (s, 3H, C-CH3), 1.65 (s, 3H, C-
CH;), 1.56-1.45 (m, 1H, CH-CH>-CH3), 1.30-1.19 (m, 1H, CH-CH>-CH3), 0.89 (t, 3H, J =
7.4 Hz, CH2-CH?»).

3C NMR (CDCl;, 100 MHz) § 167.5, 135.1, 135.0, 131.4, 128.7, 126.9, 77.5, 77.2, 76.9,
44.5,40.2, 26.5,26.1, 18.6, 11.8.

HRMS (FAB) Exact Mass Calcd. for CisH2i1NO ([M+H]"): 232.1696. Found: 232.1708.

Bz . N /W
H i-Pr

N-(2-isopropyl-4-methylpent-3-en-1-yl)benzamide

TLC R¢=0.37 (4:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 7.76-7.74 (m, 2H, Ar-H), 7.52-7.42 (m, 3H, Ar-H), 6.16 (br,
1H, NH), 5.24-5.13 (m, 2H, CH=C, CH-CH-(CH3)2, 3.43 (d, 2H, J = 6.0 Hz, N-CH), 2.88-
2.77 (m, 1H, CH2-CH-CH(CHa)2), 1.19 (s, 6H, CH=C(CHs)2), 0.96 (d, 6H, J = 6.4 Hz, CH-
CH-(CH>)2.
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3C NMR (CDCls, 100 MHz) & 140.3, 135.0, 132.6, 131.5, 128.7, 126.9, 50.7, 37.7, 27.7,
27.5,23.5.
HRMS (FAB) Exact Mass Calcd. for CisH23NO ([M+H]"): 246.1852. Found: 246.1854.

ZNENP N
Ho g

N-(2-(cyclohexylidenemethyl)butyl)benzamide

TLC R¢= 0.34 (3:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 600 MHz) & 7.73-7.70 (m, 2H, Ar-H), 7.50-7.46 (m, 1H, Ar-H), 7.44-7.40

(m, 2H, Ar-H), 6.17-6.08 (br, 1H, NH), 4.81 (d, 1H, J = 10.0 Hz, CH=C), 3.73-3.67 (m, 1H,

N-CH>), 3.00-2.94 (m, 1H, N-CH>), 2.55-2.48 (m, 1H, N-CH»-CH), 2.22-2.07 (m, 4H), 1.59-

1.38 (m, 7H), 1.29-1.19 (m 1H), 0.90 (t, 3H, J= 7.6 Hz, CH>-CH3).

3C NMR (CDCls, 151 MHz) & 167.4, 143.4, 135.1, 131.3, 128.6, 126.8, 123.4, 44.6, 39.1,

37.6,29.5,29.1, 28.2, 26.9, 26.4, 11.8.

HRMS (ESI) Exact Mass Calcd. for C1sH2sNO ([M+Na]*): 294.1828. Found: 294.1828.

Bz N Pe
H i-Pr

N-(2-(cyclohexylidenemethyl)-3-methylbutyl)benzamide

TLC R¢= 0.33 (4:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 7.76-7.74 (m, 2H, Ar-H), 7.46-7.42 (m, 3H, Ar-H), 6.18 (br,
1H, NH), 5.36-5.30 (m, 1H, CH-CH(CHs)2), 5.09 (d, 1H, J = 12.1 Hz, CH=C), 3.54 (d, 2H, J
= 6.0 Hz, N-CH»), 2.82-2.79 (m, 1H, N-CH»-CH), 1.64-1.27 (m, 10H, C-(CH>)s), 0.96 (d, 6H,
J=6.6 Hz, CH-(CHz)>).

3C NMR (CDCl3, 100 MHz) § 167.7, 141.1, 135.2, 131.5, 131.0, 128.7, 126.9, 49.0, 41.2,
36.2,28.2,26.2,23.2,22.4.

HRMS (FAB) Exact Mass Calcd. for Ci9H27NO ([M+H]"): 268.2165. Found: 268.2167.

Bz .- Ph
\
H Y\(

Et Ph
N-(2-ethyl-4,4-diphenylbut-3-en-1-yl)benzamide

TLC R¢=0.55 (3:1 hexane:ethyl acetate).

'"H NMR (CDCls, 400 MHz) & 7.67-7.65 (m, 2H, Ar-H), 7.41-7.39 (m, 1H, Ar-H), 7.39 (t, 2H,
J=1.4, Ar-H), 7.31-7.20 (m, 8, H, Ar-H), 7.09-7.06 (m, 2H, Ar-H), 6.01 (br, 3H, NH), 5.87
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(d, 1H, J=10.5, CH=C), 3.56-3.53 (m, 1H, N-CH,), 3.34-3.28 (m, 1H, N-CH), 2.50-2.43 (m,
1H, N-CH2-CH), 1.62-1.39 (m, 2H, CH,-CHz), 0.96 (t, 3H, J=7.6 Hz, CH3).

3C NMR (CDCls, 100 MHz) & 167.5, 135.1, 135.0, 131.4, 128.7, 126.9, 44.5, 40.2, 26.5,
26.1, 11.8.

HRMS (FAB) Exact Mass Calcd. for C25sH26NO ([M+H]"): 356.2009. Found: 356.2019.

2.4.5 Synthesis and characterization of starting materials
Synthesis of (E)-tert-butyl(2,2-alkyl or 2-cycloalkyl pent-3-en-1-yl)carbamate:

The (E)-olefin starting materials are synthesized from commercially available 3-
pentenenitrile and alkyl halide (Scheme 7). The alkylation reaction of 3-pentenenitrile with
alkyl halide in the presence of diisopropylamine and #n-buthyl lithium bases provides (E)-2,2-
dialkyl pent-3-enenitrile product (S1). After that the alkylation product is subjected into
reduction condition to change nitrile moiety compound to be (E)-2,2-dialkyl or 2-cycloalkyl
pent-3-en-1-amine (S2) as a single product. Finally, (£)-2,2-dialkyl or 2-cycloalkyl pent-3-
en-1-amine is protected by di-tert-butyl decarbonate (Boc) to afford (E)-tert-butyl (2,2-alkyl

or 2-cycloalkyl pent-3-en-1-yl)carbamate (S3)as stocked starting materials.’

PryNH (2.75 eq)

"Buli(25eq)  R2X (2.0 0r5.0 eq) LiAIH, (1.0 eq)
CN _
et ~ SFSENH
THF; DMPU -60°C~-10°C,2h 32 R2 ;I'H;h 32 R2

-60 °C, 20 min rt,

-60 °C ~-30 °C a b

(Boc), O (2.0 eq)
1M NaOH agq. (3.0 eq) _ _Boc
THF R2 R2 H
rt,4h NP

c

Scheme 7. Synthesis of (E)-tert-butyl (2,2-alkyl or 2-cycloalkyl pent-3-en-1-yl)carbamate

starting material

Characterization of (E)-tert-butyl (2,2-alkyl or 2-cycloalkyl pent-3-en-1-yl) carbamate:

oS

tert-butyl (2,2-dimethylbut-3-en-1-yl)carbamate

"H NMR (CDCls, 400 MHz) 6 5.73 (dd, 1H, J = 7.2 Hz, 10.8 Hz, CH=CH>), 5.01 (dd, 2H, J
=14.4 Hz, 10.8 Hz, CH=CH>), 4.51 (br, 1H, NH-CH>), 3.01 (d, 2H, J = 6.0 Hz, NH-CH>),
1.43 (s, 9H, C-(CH3)3) 1.00 (s, 6H, (CH3)y).

3C NMR (CDCl3;, 100 MHz) 8 156.1, 145.6, 112.7, 79.0, 50.2, 37.9, 28.3, 24.3.
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HRMS (FAB) Exact Mass Calcd. for C11H21NO2 ([M+H]"): 200.1645. Found: 200.1654.

Boc\HW

(E)-tert-butyl (2,2-dimethylpent-3-en-1-yl)carbamate

"H NMR (CDCls, 400 MHz) & 5.45-5.30 (m, 2H, CH=CH-CH3), 4.48 (br, 1H, NH), 4.51 (br,
1H, NH-CH>), 2.96 (d, 2H, J = 6.2 Hz, NH-CH>), 1.68-1.64 (m, 3H, CH-CH3), 1.44 (s, 9H,
C-(CH3)3) 0.97 (s, 6H, C-(CHa)2).

3C NMR (CDCls, 100 MHz) 6 147.1, 138.7, 123.4, 85.5, 51.0, 28.7, 27.4, 25.3, 18.5.
HRMS (FAB) Exact Mass Calcd. for C12H23NOz ([M+H]"): 214.1802. Found: 214.1815.

Boc..
N X
HBn Bn

(E)-tert-butyl (2,2-dibenzylpent-3-en-1-yl)carbamate

"H NMR (CDCls, 600 MHz) & 7.26 (t, 4H, J = 7.2 Hz, Ar-H), 7.21 (t, 2H, J = 7.2 Hz, Ar-H),
7.21 (d, 4H, J= 7.2 Hz, Ar-H), 5.37 (d, 1H, J = 15.6 Hz, CH=C), 5.30-5.26 (m, 1H, CH3-
CH=C), 4.46 (br, 1H, NH), 3.07 (d, 2H, J=4.8 Hz, N-CH>), 2.74 (d, 2H, J = 13.2 Hz, CH>-
Ph), 2.66 (d, 2H, J = 13.2 Hz, CH>-Ph), 1.71 (dd, 3H, J=6.0 Hz, 1.2 Hz , CH3), 1.46 (s, 9H,
C-(CH3)3).

BC NMR (CDCls, 151 MHz) 6 155.9, 137.4, 134.9, 130.8, 127.8, 126.2, 124.9, 79.1, 44.5,
43.8,43.3,28.4, 18.3.

HRMS (FAB) Exact Mass Calcd. for C24H31NO> ((M+H]"): 366.2428. Found: 366.2437.

Boc\Nw

Hn-Pr “n-Pr

(E)-tert-butyl (2,2-dipropylpent-3-en-1-yl)carbamate

"H NMR (CDCls, 600 MHz) 6 5.38-5.34 (m, 1H, CH»-CH=C), 5.21 (d, 1H, J=16.2 Hz,
CH=C), 4.39 (br, 1H, NH) 3.02 (d, 2H, J = 6.0 Hz, N-CH>), 1.69 (d, 3H, J= 6.0 Hz, CH:-
CH=C), 1.44 (s, 9H, C-(CH;)3) 1.26-1.17 (8H), 0.87 (t, 6H, J = 6.6 Hz, CH2-CH;).

BC NMR (CDCls, 151 MHz) 6 156.0, 137.4, 123.9, 78.9, 46.3, 42.4, 37.1, 28 .4, 18.4, 16.5,
14.8.

HRMS (FAB) Exact Mass Calcd. for C1sH31NO2 ([M+H]"): 270.2428. Found: 270.2423.
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Boc.
0oC HW

i-Bu “i-Bu

(E)-tert-butyl (2,2-diisobutylpent-3-en-1-yl)carbamate

"H NMR (CDCls, 400 MHz) 6 5.37-5.24 (m, 2H, CH3-CH=CH), 5.28 (br, 1H, NH), 3.11 (d,
2H, J =5.7 Hz, N-CH>), 1.68 (d, 3H, J = 5.3 Hz, CH3-CH=C), 1.43 (s, 9H, C-(CH3)3) 1.23
(ddd, 4H, J=25.6 Hz, 14.2 Hz, 5.5 Hz, CH>-CH-(CH3)2), 0.88 (q, 12H, J= 12.00 Hz, 3.20
Hz , CH,-CH-(CHz)»).

3C NMR (CDCl3, 100 MHz) & 138.4, 122.6, 79.0, 45.7, 45.0, 42.9, 40.8, 28.4, 25.2, 23.6,
18.4.

HRMS (FAB) Exact Mass Calcd. for C1sH3sNO2 ([M]"): 297.2668. Found: 2297.2661.

Boc\N XN
H

(E)-tert-butyl ((1-(prop-1-en-1-yl)cyclobutyl)methyl)carbamate

"H NMR (CDCls, 400 MHz) 6 5.49-5.38 (m, 2H, CH3-CH=CH, ), 4.41 (br, 1H, NH) 3.21 (d,
2H, J=5.7 Hz, N-CH>), 1.95-1-91 (m, 2H, C-CH>), 1.82-1.79 (m, 2H, C-CH>), 1.71 (d, 2H, J
= 2.1 Hz, CH-CHs), 1.44 (S, 9H, C-(CH3)s.

3C NMR (CDCls, 100 MHz) 6 156.3, 136.5, 123.4, 78.9, 47.9, 44.0, 29.2, 28.3, 17.9, 15.3.
HRMS (FAB) Exact Mass Calcd. for Ci13H23NO; ([M+H]"): 226.1802. Found: 226.18009.

Boc\N/ AN
H

(E)-tert-butyl ((1-(prop-1-en-1-yl)cyclopentyl)methyl)carbamate

"H NMR (CDCls, 400 MHz) & 5.44-5.36 (m, 2H, CH3-CH=CH, ), 3.20 (d, 2H, J = 15.8 Hz,
N-CH>), 2.83 (d, 3H, J = 16.9 Hz, CH3-CH=C), 1.68-1.66 (m, 2H, C-CH>), 1.62-1.57 (m, 4H,
CH>-CH>), 1.44 (s, 9H, C-(CH3)3).

3C NMR (CDCls, 100 MHz) 8 156.1, 146.6, 137.1, 123.1, 85.0, 77.3, 77.0, 76.7, 49.0, 48.0,
35.0,28.3,27.3,23.8, 18.1.

HRMS (FAB) Exact Mass Calcd. for Ci14H2sNO2 ([M]*): 225.1729. Found: 225.1727.

Boc.
0Cs N e
H

(E)-tert-butyl ((1-(prop-1-en-1-yl)cyclohexyl)methyl)carbamate
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"H NMR (CDCls, 400 MHz) 6 5.45-5.41 (m, 1H, CH3-CH=C), 5.19 (d, 1H, J=15.6 Hz,
CH=C), 4.45 (br, 1H, NH) 2.99 (d, 2H, J = 6.0 Hz, N-CH>), 1.72 (d, 3H, J= 5.4 Hz, CH:>-
CH=C), 1.43 (s, 9H, C-(CHs3)3) 1.50-1.27 (10H).

3C NMR (CDCls, 100 MHz) 8 156.2, 137.0, 124.8, 78.8, 49.3, 40.0, 33.8, 28.4, 26.3, 21.9,
18.4.

HRMS (FAB) Exact Mass Calcd. for CisH27NO:2 ([M]*): 253.2042. Found: 253.2045.

Synthesis of (E)-tert-Butyl (2,2-Phenyl Pent-3-en-1-yl)carbamate:

The (E)-tert-Butyl (2,2-Phenyl Pent-3-en-1-yl)carbamate (S8) was synthesized from aldol
reaction of commercially available diphenyl acetronitrile with propylene oxide to give 5-
methyl-3,3-diphenyldihydrofuran-2(3H)-imine hydrogen chloride salt (S4). And then the
reaction of S4 in the presence of phosphorous tribromide gave 4-bromo-2,2-diphenyl
pentanenitrile (S5) before elimination to (£)-2,2-Diphenyl Pent-3-enenitrile (S6), and then
reduction and protection with di-tert-butyl decarbonate (Boc) to afford tert-Butyl (E)-(2,2-
Diphenylpent-3-en-1-yl)Carbamate (S8) in final step (Scheme 8).1%-!!

0] - HCI

(0]
j\N NaNH, . HClinmeoH ™ PBrs NCW
Ph Ph benzene rt.~85°C Ph neat Ph” Phpg,
45 °C Ph 4 reflux e
(1eq)

reflux Ph” Ph Et,O Ph” "Ph CH,Cl,

°C ~ 25°C
f 0°C ~r.t. g h

Ph

idi Boc Ph
pyrrolidine NG~ LiAIH N Boc,0 °N
IR NN A SN o

Scheme 8. Synthesis of (E)-tert-butyl (2,2-phenyl pent-3-en-1-yl)carbamate starting material

Characterization of (E)-tert-Butyl (2,2-Phenyl Pent-3-en-1-yl)carbamate:

BOC\N/W

HpPh” "Ph

tert-butyl (E)-(2,2-diphenylpent-3-en-1-yl)carbamate

TLC R¢=0.35 (10:1 hexane:ethyl acetate).

'"H NMR (CDCls, 400 MHz) & 7.31-7.18 (m, 10H, Ar-H), 5.98 (dd, 1H, J=15.6, 1.4 Hz, C-
CH=CH), 5.32-5.24 (m, 1H, C-CH=CH), 4.37 (br, 1H, NH), 3.97 (d, 2H, J= 5.7 Hz, NH-
CH>), 1.75 (dd, 3H, J= 6.4, 1.6 Hz, CH-CHs), 1.38 (s, 9H, C-(CH3)3).

3C NMR (CDCls, 100 MHz) & 155.8, 145.0, 135.5, 128.4, 128.2, 126.6, 126.4, 79.2, 53.7,
47.7,31.6, 28.3, 18.4.

HRMS (FAB) Exact Mass Calcd. for C22H27NO2 ([M]%): 338.2115. Found: 338.2124.
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Synthesis of (Z)-tert-butyl-(2,2-dialkyl or 2-cycloalkyl alk-3-en-1-yl) carbamate:

The (Z)-olefin starting materials are synthesized from alkylation of commercially
available methyl-2-cyanoethanoate with 1,5-dibromopentane in the presence of potassium
carbonate to give S9 product. And then subjected S9 into reduction condition by the use of
LiAlH4 in THF solution followed by protection of free amine (S10) with di-fert-butyl
decarbonate (Boc) to afford N-Boc amino alcohol (S11). The Swern oxidation of N-Boc
amino alcohol gave N-Boc-amino-2-alkyl alkanal product (S12) before Wittig reaction in the
final step to provide (Z)-tert-butyl-(2,2-dialkyl or 2-cycloalkyl alk-3-en-1-yl)carbamate (S13)

as stocked starting materials (Scheme 9).!2-1?

K>CO3 (2.2 eq) 0
0 Br™ oy O Br i
NC LiAlH3 (2.0 e
NCQkOMe - (deq 7 OMe L, HoN" > OH
DMF THF R2 R2
rt,20h rt,4h j R2,R2 = c-hexyl
i reduction
(COCl), (1.1 eq)
(Boc),0 (2.0 eq) Dl\’l\AEStO( E(;260 e()q) o P}:::AR;SBr( (2é0 e(;|) 5
NaOH (aq) Boc. 3 (0.0 eq 1.8 eq oC . N
N">ToH > " | Boc. TR TN
H R? R2 CHCI N H R® R? R
THF CHxCl H Re Re THF R
rt.,5h k -50 C~(.t.,‘2h ] rt,1h R2=M
R2 = Me swern oxidation R = Me w;'ttig m2 E{Z —ec-h |
R2,R2 = c-hexyl R2,R2 = c-hexyl = onexy

Scheme 9. Synthesis of (Z)-fert-butyl-(2,2-dialkyl or 2-cycloalkyl alk-3-en-1-yl)carbamate

Characterization of (Z)-tert-butyl-(2,2-dialkyl or 2-cycloalkyl alk-3-en-1-yl)carbamate

starting material:

(Z)-tert-butyl (2,2-dimethylpent-3-en-1-yl)carbamate

"H NMR (CDCls, 400 MHz) & 5.48-5.42 (m, 1H, CH3-CH=C), 5.20 (d, 1H, J = 12 Hz,
CH=C), 4.58 (br, 1H, NH) 3.09 (d, 2H, J = 6.0 Hz, N-CH>), 1.74 (dd, 3H, J=7.2 Hz, 1.8 Hz,
CH;3-CH=C), 1.44 (s, 9H, C-(CH3)3), 1.11 (s, 6H).

BC NMR (CDCl3;, 100 MHz) 8 156.3, 136.7, 125.3, 79.0, 51.1, 37.6, 28.4, 26.5, 14.3.

HRMS (FAB) Exact Mass Calcd. for Ci12H23NO2 ([M]%): 213.1729. Found: 213.1724.

Boc\N N
H

(Z£)-tert-butyl ((1-(prop-1-en-1-yl)cyclohexyl)methyl)carbamate
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"H NMR (CDCls, 400 MHz) 8 5.57-5.54 (m, 1H, CH3-CH=C), 5.10 (d, 1H, J = 12 Hz,
CH=C), 4.57 (br, 1H, NH) 3.14 (d, 2H, J = 6.6 Hz, N-CH>), 1.73 (dd, 3H, /= 7.2 Hz, 1.§ Hz,
CH3-CH=C), 1.43 (s, 9H, C-(CHs)3), 1.56-1.22 (10H).

3C NMR (CDCls, 100 MHz) 8 156.2, 135.0, 126.3, 78.8, 49.4, 41.7, 35.3, 28 4, 26.1, 22.2,
14.4.

HRMS (FAB) Exact Mass Calcd. for CisH27NO, ([M+H]"): 254.2115. Found: 254.2130.

(Z)-tert-butyl (2,2-diphenylpent-3-en-1-yl)carbamate

'"H NMR (CDCls, 400 MHz) & 7.31-7.27(m, 4H, Ar-H), 7.23-7.14 (m, 6H, Ar-H), 5.98 (d, 1H,
J=15.5 Hz, CH3-CH=CH), 5.33-5.18 (m, 1H, CH3-CH=CH), 4.37 (br, 1H, NH) 3.95 (d, 2H,
J=6.5Hz, N-CH>), 1.75 (dd, 3H, J = 6.5 Hz, 1.4 Hz, CH3-CH), 1.38 (s, 9H, C-(CH3)3).

3C NMR (CDCl3, 100 MHz) 8 156.0, 144.5, 134.3, 128.7, 128.4, 128.3, 128.2, 126.4, 79.3,
77.3,717.0,76.7, 53.6, 49.6, 28.3, 18.4, 15.0.

HRMS (FAB) Exact Mass Calcd. for C22H27NO2 ([M+H]"): 338.2115. Found:338.2126.

BOC\H%

Et
(Z)-tert-butyl (2,2-dimethylhex-3-en-1-yl)carbamate
"H NMR (CDCls, 400 MHz) & 5.33-5.29 (m, 1H, CH3-CH=C), 5.15 (d, 1H, J = 12 Hz,
CH=C), 4.58 (br, 1H, NH) 3.07 (d, 2H, J = 6.0 Hz, N-CH>), 1.74 (quin, 2H, J = 7.2 Hz, CH3-
CH»-CH=C), 1.44 (s, 9H, C-(CH3)3), 1.1 (s, 6H), 0.98 (t, 3H, J= 7.8 Hz, CH2-CHs).
3C NMR (CDCl3, 100 MHz) 8 156.1, 144.8, 136.6, 132.8, 128.5, 128.4, 128.3, 126.5, 79.4,
53.9,49.8, 28.4, 22.6, 13.3.
HRMS (FAB) Exact Mass Calcd. for Ci3H2sNO, ([M+H]"): 228.1958. Found: 228.1966.

Boc.
0C H/><\g

i-Pr
(Z)-tert-butyl (2,2,5-trimethylhex-3-en-1-yl)carbamate
"H NMR (CDCls, 400 MHz) & 5.12 (dd, 1H, CH(CH3)-CH=C), 5.05 (d, 1H, J= 12 Hz,
CH(CHs):-CH=CH), 4.58 (br, 1H, NH) 3.06 (d, 2H, J = 6.6 Hz, N-CH>), 2.80-2.76 (m, 1H,
CH(CHs):-CH=C), 1.44 (s, 9H, C-(CHz)3), 1.1 (s, 6H), 0.953 (d, 3H, J = 6.6 Hz, CH3), 0.950
(d, 3H, J= 6.6 Hz, CH3).
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13C NMR (CDCls, 100 MHz) § 156.6, 139.9, 132.0, 79.3, 51.7, 37.9, 28.7, 27.9, 27.3, 23.7.
HRMS (FAB) Exact Mass Calcd. for C14H27NO, ((M+H]"): 242.2115. Found: 242.2115.

Boc.. N X
H Et

(Z£)-tert-butyl ((1-(but-1-en-1-yl)cyclohexyl)methyl)carbamate

"H NMR (CDCls, 400 MHz) 6 5.42-5.39 (m, 1H, CH»-CH=C), 5.03 (d, 1H, J=12.6 Hz,
CH=C), 4.55 (br, 1H, NH) 3.12 (d, 2H, J = 6.0 Hz, N-CH>), 2.16 (quin, 2H, J= 7.8 Hz, CHs-
CH>-CH=C), 1.70 (2H) 1.54 (s, 9H, C-(CH5)3), 1.53-1.22 (8H) 0.98 (t, 3H, J = 7.2 Hz, CH3-
CH>).

3C NMR (CDCls, 100 MHz) 8 156.2, 134.5, 133.3, 78.8, 49.6, 41.7, 35.5, 28 .4, 26.2, 22.3,
22.0, 14.4.

HRMS (FAB) Exact Mass Calcd. for C1sH20NO2 ([M+H]"): 268.2271. Found: 268.2280.

Boc. X
H i-Pr

(Z£)-tert-butyl ((1-(3-methylbut-1-en-1-yl)cyclohexyl)methyl)carbamate

"H NMR (CDCls, 400 MHz) 8 5.25-5.15 (m, 1H, CH-CH=C), 4.93 (d, 1H, J=12.1 Hz,
CH=C), 4.55 (br, 1H, NH) 3.11 (d, 2H, J = 6.4 Hz, N-CH>), 2.77-2.65 (m, 1H, CH3-CH-CH3),
1.67 (2H) 1.42 (s, 9H, C-(CH3)3), 1.53-1.18 (8H) 0.93 (d, 6H, J = 6.4 Hz, CH3-CH).

3C NMR (CDCls, 100 MHz) 8 156.6, 140.8, 131.3, 79.0, 50.3, 41.8, 36.1, 28.8, 28.2, 26.5,
23.4,22.7.

HRMS (FAB) Exact Mass Calcd. for C17H31NO2 ([M+H]"): 282.2428. Found: 282.2441.

BOC\N/ N

HPh” Ph g,

(Z)-tert-butyl (2,2-diphenylhex-3-en-1-yl)carbamate

"H NMR (CDCls, 400 MHz) & 7.30-7.19 (m, 10H, Ar-H), 5.92 (d, 1H, J = 11.7 Hz, (Ph),C-
CH=CH), 5.57-5.64 (m, 1H, CH=CH-CH>), 4.38 (s, 1H, NH), 3.93 (d, 2H, J = 6.0 Hz, NH-
CH>), 0.66 (t, 3H, J = 7.4 Hz, CH2-CH»).

3BC NMR (CDCls, 100 MHz) & 144.6, 137.1, 133.3, 128.8, 128.6, 126.7, 54.3, 49.8, 28.7,
23.2,13.3.

HRMS (FAB) Exact Mass Calcd. for C23H20NO> ([M+H]"): 352.2271. Found: 352.2286.
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CHAPTER 3

MECHANISTIC STUDIES ON BRONSTED ACID-INITIATED
REARRANGEMENT REACTION OF ENE-ALDIMINES

3.1 Introduction

According to the previous reports, the reaction of ene-imines typically proceeds
through [3,3]-rearrangement, which is called 2-azonia-[3,3]-Cope rearrangement as
mentioned earlier. On the other hand, as described in chapter 2, Breonsted acid-initiated
formal [1,3]-rearrangement reaction of ene-aldimines was discovered and developed, which
bond formation is in contrast to previous reports. The reaction mechanism of this formal
[1,3]-rearrangement is totally unclear. Therefore, detailed mechanistic studies were

conducted and the results are summarized in this chapter.

3.2 Crossover experiment studies
Crossover experiments were initially examined to gain insight into reaction pathways

either intermolecular- or intramolecular ones.

3.2.1 Crossover experiment study of substrates

An isotopic labelled ene-aldimine substrate was used to clearly evaluate the stage of
C(a)-C(P) bond cleavage without considering the imine exchange. Furthermore, in the point
of similar reactivities, cyclohexyl- and diphenyl groups were selected as substituents at the [3-
position.! Therefore, the deuterium-labeled substrate d>-(E)-1a was synthesized according to
the developed procedure by the use of deuterated lithium aluminum hydride.> Then, a 1:1
mixture of deuterium-labeled substrate d>-(E)-1a and normal substrate (Z)-1h were subjected
into optimized rearrangement reaction condition. It was found that two normal rearrangement
products (2aa and 2bb) and crossover rearrangement products (2ab and 2ba) were observed

in a ratio of ca. 1:1:1:1 (Scheme 1).
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Scheme 1. Crossover experiment of substrates

3.2.2 Crossover experiment study of products

In order to demonstrate that cleavage of C(a)-C(B) bond occurs during the
rearrangement process or not, the crossover experiment of products was carried out. When a
1:1 mixture of deuterated product 2aa and normal product 2bb was treated with 10 mol% of
(£)-CSA under rearrangement condition, no crossover products 2ab and 2ba were generated,
and 2aa and 2bb were recovered (Scheme 2). These results suggested that reaction involves

C(a)-C(P) cleavage during the rearrangement process, and this reaction is irreversible.

D D
Ph
OH N AN (x)-CSA
OH {\1% . | /\q (10 mol%) X
CICH,CHCI
2aa 2bb 150 °C, 2 h
MW

Scheme 2. Crossover experiment of products

3.3 Speculation of reaction mechanism

The results of crossover experiments indicated that this rearrangement proceeded
through intermolecular pathway. According to deep considerations based on the results of
crossover experiments, 2-azaallenium?®-mediated chain reaction* mechanism was speculated
(Figure 1). To propose details of reaction mechanism, DFT calculations were carried out by

Dr. Honda in HPC SYSTEMS and Dr. Suzuki in IMS as collaborative studies.
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uy)
g
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=
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Figure 1. Intermolecular reaction via generation of 2-azaallenium cation
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3.4 Experimental and computational study for generation of 2-azaallenium cation
2-Azaallenium cation was initially considered as a chain carrier in proposed chain
reaction mechanism. To simplify the reaction system, experimental studies were conducted
by use of ene-aldimine substrates possessing no methyl group at the terminal olefin.
Furthermore, to support the proposed reaction mechanism based on the experimental results,

the computational results were partially summarized.’

3.4.1 Experimental study on the effect of the 2-OH of aryl group on benzylidene

On the basis of results in chapter 2,° the 2-OH of aryl group on benzylidene seemed
not to significantly affect the reaction progress. To confirm about this point, benzaldehyde
and salicylaldehyde-derived ene-aldimines R1 and R1-OH were prepared and subjected to
reaction at 60 °C in dichloroethane. It was revealed that reaction of both R1 and R1-OH
smoothly proceeded to formal [1,3]-rearrangement products in high yields without any events,
and salicylaldehyde-derived ene-aldimines (R1-OH) gave desired product in slightly higher
yield. It was hypothesized that 2-hydroxy group may have little electronic effect to stabilize
2-azaallenium intermediate. However, 2-hydroxy group on ene-aldimine substrate did not

influence the reaction yield according to these results.

N| (+)-CSA (10 mol%) N/\/Y R1, 78%
Ar) = Pl R1-OH, 82%

CICH,CH,CI Ar
60 °C, 20 h

Ar = Ph (R1)

Ar = 2-OHC3H, (R1-OH)

Scheme 3. Formal [1,3]-rearrangement reaction of ene-aldimine possessing no methyl group

at the terminal olefin

3.4.2 Computational study for the structure of 2-azaallenium cation

To demonstrate the conformational stability of 2-azaallenium cation, o-quinonoid as
the resonance structure of 2-azaallenium cation was selected and considered (Figure 2). DFT
calculations indicated that the Gibbs free energy of 2-azaallenium was lower than another one.
The o-quinonoid lose aromaticity resulting in higher Gibbs free energy and instability.

Therefore, 2-azaallenium is a key intermediate for mediating the reaction.
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Figure 2. Conformational stability of 2-azaallenium and o-quinonoid. Optimized geometries
and the Gibbs free energies in parentheses (AG, in kcal/mol) were calculated at the

SMD(DCE)/M06-2X-D3/6-311+G(d,p) level at 333 K.

3.4.3 Conformation and stability of ene-aldimine substrate

As described in section 3.4.1 and 3.4.2, the 2-OH of aryl group on benzylidene does
not significantly affect the reaction progress. Therefore, benzaldehyde-derived ene-aldimine
with dimethyl group R1 (Ar = Ph; R,R = Me,Me; R’ = H) was used as a model substrate for
DFT calculation.

Six conformers of substrate R1 were considered, and their conformational stability
were investigated (Figure 3(a)). The DFT calculations revealed that the conformation 75, /a
and 2a were more energetically stabilized than the other three conformations 3a, 2b, and 3b.
The energy differences between /b, /a and 2a were within 1 kcal/mol, and conformation /b
is the most stable among these three conformers. This result suggests that these three
conformations (/b, /a, and 2a) are favorable to involve protonation in the chain reaction. In
contrast, once ene-aldimines were protonated to become ene-aldiminiums, the Gibbs free
energies of /a and /b were approximately 1 kcal/mol, and conformation /a is energetically
more stable than conformer /b (Figure 3b). It is speculated that the differences in the
energetically stable conformers under protonation affect the conformation of the
rearrangement products, and protonated conformation /a plays a key role to facilitate the

newly discovered formal [1,3]-rearrangement at the state of initiation.

(a) Conformation of R1

N
Ho N H N7 N
v I H
H H
R1 (1a) R1 (2a) R1 (3a) R1 (1b) R1 (2b) R1 (3b)
(0.6) (0.8) (1.3) (0.0) (1.5) (1.1)
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(b) Conformation of R1-H*

/©:£j©y Hzﬁééh;: ©]+H

: N Tyl
H H
H
R1-H* (1a) R1-H* (2 R1-H* (3a) R1-H* (1b) R1-H* (2b) R1-H* (3b)
(0.0) (1. ) (1.2) (0.4) (1.3) (1.4)

Figure 3. DFT calculations for conformational stabilities of (a) ene-aldimine substrate (R1),
(b) protonated ene-aldimine substrate (R1-H*). Optimized geometries and the Gibbs free
energies in parentheses (AG, in kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-
311+G(d,p) level at 333 K.

3.4.4 DFT calculation of 2-azonia-[3,3]-sigmatropic rearrangement

The energetical differences between conformation /a and /b are less than 1 kcal/mol,
and conformation /b is favorable conformation for 2-azonia-[3,3]-sigmatropic
rearrangement.” Therefore, to further support formal [1,3]-rearrangement reaction of -
substituted ene-aldimines, DFT calculations of 2-azonia-[3,3]-sigmatropic rearrangement of
1b were conducted in the cases for both a- and B-substituted ene-aldimines.

In the case of the a-substituted ene-aldimine substrate, DFT calculation indicated
exothermic reaction (AG = —-4.3 kcal/mol) (Figure 4(a)); 2-azonia-[3,3]-Sigmatropic
rearrangement easily undergoes to give [3,3]-rearrangement product. This is because the
resonance form of [3,3]-rearrangement product of a-substituted ene-aldimine is tertiary
carbocation, which is expected to be energetically more favorable than the benzylic
carbocation of substrate. In contrast, DFT calculation shows positive Gibbs free energy (AG
= 5.2 kcal/mol) in the case of B-substituted ene-aldimine substrate (Figure 4(b)). This result
supports that 2-azonia-[3,3]-sigmatropic rearrangement of [-substituted ene-aldimine is an
endothermic reaction and does not proceed. This reason is understood from the resonance
form of [3,3]-rearrangement product: which is primary carbocation and energetically less

stabilized than the benzylic carbocation of substrate.

(a) 2-azonia-[3,3]-sigmatropic rearrangement of o-substituted ene-imine

H H H * H H
Ph\{\NﬁL L Ph\irllﬂL Ph\(,@%é] Ph\@ <_»Ph\LN/k
N N K = =
(0.0) TS (-4.3)
(20.5)
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(b) 2-azonia-[3,3]-sigmatropic rearrangement of B-substituted R1

H H H ¥ H

Ph_ N H
PhYN ~~1 ) Ph\(,’)‘\\l Ph\ENjL Ph N,
% X ST - \R/L
R1-H* (1b) TS (5.2)
(0.0) (19.1)

Figure 4. Concerted chair transition state in 2-azonia-[3,3]-sigmatropic rearrangement under
protonation, (a) o-substituted ene-imine, (b) B-substituted ene-aldimine (R1). Optimized
geometries and the Gibbs free energies in parentheses (AG, in kcal/mol) were calculated at

the SMD(DCE)/M06-2X-D3/6-311+G(d,p) level at 333 K.

3.5 Proposed chain reaction mechanism
3.5.1 Proposed mechanism in initiation step

Referring to the results in section 3.4, initiation step in chain reaction mechanism is
proposed as follows: The proton on imine nitrogen of R1-H" transfers to allylic carbon to
yield secondary carbocation C1, then a 1,2-shift of C1 leads to give the tertiary carbocation
C2 as an intermediate. The C—C bond cleavage takes place to form a 2-azaallenium cation N1

which further reacts with R1 in the propagation step (Figure 5).
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N
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R3
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A CN‘/ R?
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R3 N1
C-C bond
+ cleavage, R2
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R 2 R2
c1 2 Are NQ)\( R
—r Y+
\' C2 R2

[1,2]-shift

Figure 5. Proposed mechanism in initiation step in chain reaction mechanism

3.5.2 Proposed mechanism in propagation step
In propagation step, two possible pathways (Path A and Path B) were proposed due
to different nucleophilic sites on R1. Path A (left half in Figure 6), Imino nitrogen

nucleophile of R1 makes C-N bond formation with N1 to afford an iminium cation N2. The
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ring closure leads to the formation of a 1,3-diazetidinium cation N3.%° The C-N bond
cleavage of N3 is taken place to yield an iminium cation N4, and then N4 undergoes 2-
azonia-[3,3]-sigmatropic rearrangement to afford an iminium cation N5.!1° A formal [1,3]-
imine shift of N5 to N7 takes place through a 1,3-diazetidinium intermediate N6. The C-N
bond cleavage of N7 provides the product P1 in the final step, and the newly generated N1
reacts again with R1 for the next propagation step.

In Path B (right half in Figure 6), DFT calculations indicate the electrophilic allylic
rearrangement, which is a stepwise electrophilic substitution rather than a concerted Sg2’
process.! 12 First, allyl moiety nucleophile of R1 attacks N1 to form a secondary carbocation
C3. Then, the 1,2-shift provides tertiary carbocation C4 as an intermediate. Finally, the C—C
bond cleavage of C4 occurs to afford P1, and the regenerated N1 reacts again with R1 for the
next propagation step.
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Figure 6. Proposed mechanism in propagation step

3.5.3 Experimental study using model ene-aldimine substrate

To decide the model substrate for DFT calculations, formal [1,3]-rearrangement
reaction was examined under normal heating conditions (60 °C, 20 h). It is found that
salicylaldehyde-derived ene-aldimine (£)-4h having cyclohexyl group at the B-position gave
better reactivity than dimethyl substituent on B-position ((£)-4b) (Scheme 4(a)). According to
these results, benzaldehyde-derived B-cyclohexyl ene-aldimine 4g was prepared and applied

to the rearrangement reaction at the same conditions (Scheme 4(b)). It is revealed that the

48



reaction proceeded smoothly to give the formal [1,3]-rearrangement in 85% yield. Therefore,

ene-aldimine 4g was decided to use as model substrate for further computational studies.

(a)

R2 ,
OH |N R2 OH NWR
P (#)-CSA (10 mol%) | R2
CICH,CH,CI
(E)-4 60 °C, 20 h
(E)-4b: R2,R? = Me,Me 5b: 41 Z/o yield
(E)-4h: R2,R2 = cyclohexyl 5h: 71% yield
(b)
UO (+)-CSA (10 mol%) ij
CICH,CH,CI
60 °C, 20 h 5, 85%
, o

Scheme 4. Experlmental studles on P-substituents of ene-aldimine substrate under normal
heating condition. (a) Comparison of cyclohexyl with methyl group, (b) examination of

benzaldehyde-derived -cyclohexyl ene-aldimine

3.5.4 Computation and discussion for initiation step

Free energy diagram for initiation step is summarized (Figure 7), and the structure of
intermediates and transition states are described (Figure 8). The initiation step starts with R1-
H* (la) (Figure 8(a)) with the shortest NH-C6 distance among all conformers (2.79 A in
Figure 8(b)). The proton transfer firstly takes place from N to C6 in the transition state TS1
with AG* = 32.8 kcal/mol in Figure 7 (H-C6: 1.18 A in Figure 8(b)). The distance between
C3-C4 is extended in TS1 (1.60 A in Figure 8(b)), and then the 1,2-shift occurs to give
tertiary carbocation C2 as an intermediate. The C3—C6 bond cleavage takes place in TS2
(AG* = 15.8 kcal/mol in Figure 7; C3—C5: 2.28 A in Figure 8(b)) to form a complex of 2-
azaallenium (N1) and E1 (N1---E1: C3-C5, 3.03 A in Figure 8(b)). Then, N1 separates from
E1 and further reacts with R1 in the propagation step. Even though the formation of 2-
azaallenium is highly endothermic (N1: AG = 27.4 kcal/mol in Figure 7), the exothermic
rearrangement in the propagation step provides thermodynamic driving force to the chain

reaction.
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AG (kcal mol?)

R1-H*
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Figure 7. Free energy diagram for the initiation steps. The Gibbs free energies (AG in
kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-311+G(d,p) level at 333 K.
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Figure 8. DFT Calculation of reaction pathway of initiation step. (a) Initiation step, (b)

optimized geometries for the initiation step; the Gibbs free energies of activation in
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parentheses (AG* in kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-311+G(d,p)

level at 333 K. The atomic distances are given in A.

3.5.5 Computation and discussion for propagation step

The B-cyclohexyl substituted ene-aldimine gave better reactivity than B-dimethyl
substituted ene-aldimine in experimental results. Therefore, R1 (B-cyclohexyl substituted
ene-aldimine) was used as representative substrate in computational calculation for
mechanistic studies in both Path A and B referring to the speculated mechanism in 3.5.2.
DFT calculations were conducted at the SMD(dichloroethane)/M06-2X-D3/6-311+G(d,p)
level at 333 degrees kelvin. The Gibbs free energy diagrams (Figure 9), the structure of

intermediates, and transition states are summarized in each pathway (Figures 10, 11, and 12).
(a)

152 1S4 TS5 TS7  71s8
39.3
328 TS3 37.0 36.2 345 Ts9
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(b)
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44.3 )38 y
151 g N1 Ts11-5yn e
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Figure 9. Free energy diagram for the initiation and propagation steps. (a) Path A; (b) Path
B. The Gibbs free energies (AG in kcal/mol) were calculated at the SMD(DCE)/M06-2X-
D3/6-311+G(d,p) level at 333 K.
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Propagation Path A: N1 generated from the initiation step forms a complex of
N1---R1 (Ia) and then imino nucleophile of R1 attacks 2-azaallenium in TS3 (AG*= 7.0
kcal/mol in Figure 10a) to form an iminium cation N2. The ring closure of N2 takes place in
TS4 (AG* = 28.6 kcal/mol in Figure 10a; N2-C1°: 2.00 A in Figure 10b) to give a 1,3-
diazetidinium cation N3 after that an iminium cation N4 is formed by ring opening of 1,3-
diazetidinium cation N3 in TS5 (AG*= 23.3 kcal/mol in Figure 10a; N2-C3: 1.97 A in Figure
10b). N4 undergoes 2-azonia-[3,3]-sigmatropic rearrangement via a concerted chair transition
state TS6 (AG*= 7.4 kcal/mol in Figure 10a; C3-C6’: 1.88 A, C3°~C4’: 1.69 A in Figure
10b) leading to afford a more stable iminium cation NS. The formation of formal [1,3]-
rearrangement product proceeds through ring closure in TS7 (AG* = 35.0 kcal/mol in Figure
10a; C3—C6’: 1.95 A in Figure 10b), ring opening in TS8 (AG* = 20.4 kcal/mol in Figure 10a;
C3-C6’: 2.02 A in Figure 10b), and followed by C-N bond cleavage in the final step (TS9)
(AG*= 22.1 kcal/mol in Figure 10a; C3—C6’: 2.21 A in Figure 10b) to afford the complex of
desired product P1 and new generation of 2-azaallemium (N1---P1 ((/a)). N1 separates from
P1 (/a) and reacts again with R1 (/a) in the next cycle of propagation. The Gibbs free energy
of starting point for the second propagation cycle is 19.1 kcal/mol, which is 3.3 kcal/mol
lower than the first cycle of propagation (AG = 22.4) corresponding to the exothermic

conversion from R1 to P1 (Figure 9).
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187

v v
TS9 N1---P1 (10-1)

Figure 10. DFT calculation of reaction pathway for propagation step in Path A. (a)
Propagation step; (b) optimized geometries; the Gibbs free energies of activation in
parentheses (AG*in kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-311+G(d,p)

level at 333 K. The atomic distances are given in A

Propagation Path B: the DFT calculation suggests that the electrophilic allylic
rearrangement is a stepwise electrophilic substitution rather than a concerted Sg2’ process. In
the first step, 2-azaallenium N1 is attacked by allyl nucleophile which is two possible
directions; syn and anti. Therefore, the propagation B is further studied in both syn- and anti-
additions. The syn-propagation path B (Figure 11), the lowest Gibbs free energies are
observed when R1 (7b) attacks N1; thus, R1 (/b) is a representative structure to propose this
pathway. Firstly, N1 forms a syn-complex with R1 (/) (syn-N1---R1, (/b)) (C3— C6’: 3.04
A in Figure 11b). And then, allyl nucleophile of R1 attacks N1 by syn-direction in TS10-syn
(AGQt = 19.0 kcal/mol in Figure 11a; C3—C6’: 2.12 A in Figure 11b) to give a secondary
carbocation C3. Next, the 1,2-shift leads to form tertiary carbocation C4 before undergoing
to afford a complex of desired product P1 and new generated N1 (syn-N1---P1) (C3’-C5’:

3.15 A in Figure 11b) via C-C bond cleavage in TS11-syn (AGQt = 12.4 kcal/mol in Figure
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11a; C3°—C5’: 2.29 A in Figure 11b). N1 finally separates from P1 and reacts again with R1
(1b) in the next propagations.
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Figure 11. DFT calculation of the syn-pathway in Path B. (a) The syn-pathway of the
propagation step from R1 (/b); (b) optimized geometries for the propagation steps of the syn-
pathway; the Gibbs free energies of activation in parentheses (AG* in kcal/mol) were

calculated at the SMD(DCE)/M06-2X-D3/6-311+G(d,p) level at 333 K.

The anti-propagation Path B (Figure 12), the reaction mechanism is similar to syn-
propagation at beginning step. The coordination between N1 and R1 gives the lowest Gibbs
free energy when N1 approaches R1 (/a), thus, the coordination between N1 and R1 (/a)
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occurs (anti-N1---R1, C3-C6’: 3.14 A in Figure 11b), and then N1 is attacked by allyl
nucleophile R1 (/a) by anti-direction in TS10-anti (AG;t = 22.4 kcal/mol in Figure 12a; C3—
C6’: 2.12 A in Figure 12b), which is less stable compared to TS10-syn (Figures 11 and 9b).
Similar to syn-propagation path B, 1,2-shift takes place after the C-C bond formation to give
tertiary carbocation followed by C-N bond formation in the next step leading to spiro N8
intermediate that is more stable than C4 intermediate in syn-propagation B. Due to high
stability of N8, C-C bond cleavage occurs in higher barrier TS11-anti (/b) (AG§t = 38.3
kcal/mol in Figure 12a; C3°—C5’: 2.23 A in Figure 12b) after pyrrolidine ring of N8 opens to
afford anti-N1---P1 (/b-2) (C1’-C3’: 3.04 A in Figure 11b). Because TS10-anti is higher
Gibbs free energy than TS10-syn, the syn-propagation B is predicted to provide 99% syn-

stereoselectivity (Figure 9).
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(b)
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anti-N1:--R1 (1b)
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Figure 12. DFT calculation of the anti-pathway in Path B. (a) The anti-pathway of the
propagation step from R1 (/b); (b) optimized geometries for the anti-pathway of the
propagation step; the C—C distances are given in A; the Gibbs free energies of activation in
parentheses (AG* in kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-311+G(d,p)
level at 333 K.

3.6 Conclusion

We have studied mechanism of this newly discovered rearrangement of ene-aldimines.
The reaction proceeded through intermolecular pathway and irreversible process. The 2-
azaallenium cation was generated in initiation step and played an important role as a chain
career in propagation steps. Detailed reaction mechanism was proposed based on

experimental and computational studies, where high level of DFT calculations was conducted.

3.7 Experimental Sections
3.7.1 General method
All reactions for mechanistic studies were performed in a Biotage Initiator Microwave

system under an atmosphere magnetic stirring. 1,2-dichloroethane solvent was purchased
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from commercial supplier as anhydrous solvents, and 2-hydroxybenzaldehyde was distilled
before use. Other reagents were purchased from commercial suppliers and used without
further purification. Purification of reaction products was carried out by flash column
chromatography on silica gel 60 (spherical, neutral, 100-210 um; Merck). Analytical thin
layer chromatography (TLC) was performed on E. Merck precoated (0.25 mm) silica gel 60-
F254 plates. Visualization was accomplished with UV light, potassium permanganate
solution in water, and phosphomolybdic acid solution in ethanol by heating. 'H NMR spectra
were recorded on a JEOL ECA-400 (100 MHz), spectrometer at ambient temperature. CDCl3
NMR solvents were purchased from CIL, and it was dried over activated MS 4A before used.
Data are reported as follows: chemical shifts are reported in ppm from tetramethylsilane on
the & scale, with solvent resonance employed as internal standard (CDCl; 7.26 ppm, DMSO-
ds 2.49 ppm), multiplicity (b = broad, s = singlet, d = doublet, dd = doublet of doublet, t =
triplet, q = quartet, and m = multiplet), integration, coupling constant (Hz) and assignment.
13C NMR spectra were recorded on a JEOL ECA-400 (100 MHz), spectrometer at ambient
temperature. Chemical shifts are reported in ppm from tetramethylsilane on the 6 scale, with
solvent resonance employed as internal standard (CDCl; 77.0 ppm). Mass spectra were

obtained on Applied Biosystem Voyager DE-STR in Instrument center of IMS.

3.7.2 Procedure and characterization of crossover experiments
Procedure of crossover experiments:

A test tube for microwave reaction apparatus was used. To a (£)-10-camphorsulfonic
acid (10 mol%) was added the solution of ene-imine in 1,2-dichloroethane (0.5 M) at room
temperature, and then the resulting solution was stirred at an indicated temperature in a
microwave reactor for an indicated time. The reaction was quenched with NEts. After stirred
for 15 min, the resulting mixture was extracted with CH>Cl, (5§ mL x 3). The organic layer
was washed with brine (10 mL x 3), and aqueous layer was extracted with CH>Cl, (20 mL x
3). The combined organic extracts were dried over Na;SO4 and concentrated under reduced

pressure after filtration to give the ene-imine as product.

58



Characterization of crossover experiments:
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Figure 13. '"H NMR chart of crossover experiment of substrates from 8.50 ppm to 4.50 ppm
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Figure 14. "H NMR chart of crossover experiment of products from 8.50 ppm to 4.50 ppm
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3.7.3 Procedure and characterization of starting materials
Synthesis of Deuterated Substrates d°-(E)-1a:

The (E)-olefin starting materials are synthesized from alkylation reaction of
commercially available of 3-pentenenitrile with 1,5-dibromopentane in the presence of
diisopropylamine and n-buthyl lithium bases provides (E)-2-cyclohexyl pent-3-enenitrile
product (al). After that the alkylation product is subjected into reduction condition to change
nitrile moiety to be deutered 2-cyclohexyl pent-3-en-1-amine as a single product. Finally,
deutered 2-cyclohexyl pent-3-en-1-amine is protected by di-tert-butyl decarbonate (Boc) to
afford (E)-tert-butyl (2-cyclohexyl pent-3-en-1-yl) carbamate (a2) as stocked starting
materials (Scheme 5). Boc deprotection of a2 gave a2 product before condensation with

salicylaldehyde to provide d°-(E)-1a substrate.

1) LIAID, b

PrNH (275 60)  Bry _~_~_Br Nc_ 2) (Boc),0, D
N "BuLi (2.5 eq) (2.0 eq) ij\/ M NaOH aq. Boc\B A
THF; DMPU -60°C~-10°C, 2h
-60 °C, 20 min al
-60 °C ~-30 °C a2
[ I OH N
> DHN
CH,Cl, MS 4 A
rt,1h CH,Cl, d*(E)-1a
rt., 24 h

Scheme 5. Synthesis of deutered substrates d*-(E)-1a

Characterization of deuterated substrates d°-(E)-1a:

D D

Boc.
ocN A
D

'"H NMR (CDCl3, 400 MHz) 6 5.43 (dt, 1H, J=22.1, 6.2 Hz, CH=CH-CH3), 5.19 (d, 1H, J =
15.8 Hz, CH=CH-CH3), 1.71 (d, 3H, J = 6.2 Hz, CH-CH3), 1.53-1.57 (m, 8H), 1.40-1.47 (m,
9H, O-C-(CH3)3), 1.28 (t, 2H, J = 8.7 Hz, C-CH>-CH>).

3C NMR (CDCl3, 100 MHz) & 156.07, 146.65, 136.87, 124.61, 84.90, 78.60, 39.85, 33.63,
28.30,27.27, 26.30, 21.76, 18.32.

HRMS (FAB) Exact Mass Calcd. for C1sH24D3NOz ([M]7): 256.2230. Found: 256.2242.
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3.7.4 Density functional theory calculations'>

To elucidate the favored conformation of substrates, intermediates, and mechanism of
this new rearrangement reaction, we investigated the reaction pathways by DFT calculations
at the M06-2X/6-31+G(d,p) level using the Gaussian 16 program.'? All ground-state and
transition-state geometries were reoptimised at the M06-2X-D3/6-311+G(d,p) level with the
SMD solvation model (dichloroethane) at 333 K. The 2-OH of aryl group does not affect the

reaction mechanism, since essentially the same transition states and intermediates were

obtained.

Table 1. N1-OH and its isomer

structure E H G AG
N1-OH -439.3749246 -439.218757 -439.269524 0.00
N1-OH’ -439.3589656 -439.203072 -439.253279 10.19
Table 2. R1 and P1
structure E H G AG
R1 (1b) -676.9673460 -676.611224 -676.683192 0.00
R1 (3b) -676.9663795 -676.610300 -676.682570 0.39
R1 (I1a) -676.9669579 -676.610862 -676.682418 0.49
R1 (3a) -676.9663040 -676.610197 -676.682251 0.59
R1 (2a) -676.9666553 -676.610392 -676.682134 0.66
R1 (2b) -676.9665543 -676.610357 -676.682079 0.70
Table 3. Initiation step
structure E H G AG
R1-H" (1a) -677.4196133 -677.049593 -677.118410 0.00
TS1 -677.3595871 -676.995418 -677.066188 32.77
C2 -677.3770705 -677.008216 -677.081684 23.05
TS2 -677.3507194 -676.983989 -677.056469 38.87
NI1---El -677.3641817 -676.996864 -677.074733 27.41
N1 -364.1447692 -363.994593 -364.042760
El -313.2104430 -312.995858 -313.044695
Table 4. Propagation step in Path A
structure E H G AG
N1---R1 (la) -1041.1289527 -1040.620848 -1040.720414 22.41
TS3 -1041.1235566 -1040.615382 -1040.709266 29.41
N2 -1041.1627329 -1041.162733 -1040.742705 8.43
TS4 -1041.1134997 -1040.603451 -1040.697110 37.04
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N3 -1041.1500265 -1040.637953 -1040.730711 15.95
TS5 -1041.1113126 -1040.601618 -1040.693561 39.26
N4 -1041.1608707 -1040.648793 -1040.742186 8.75
TS6 -1041.1455382 -1040.634234 -1040.724118 20.09
N5 -1041.1728169 -1040.659752 -1040.754286 1.16
TS7 -1041.1191300 -1040.608313 -1040.698497 36.17
N6 -1041.1526057 -1040.639327 -1040.733684 14.09
TS8 -1041.1221039 -1040.610994 -1040.701200 34.47
N7 -1041.1694207 -1040.655575 -1040.747806 5.23
TS9 -1041.1277233 -1040.618842 -1040.712610 27.31
N1---P1 (la-1) | -1041.1356501 -1040.626297 -1040.723366 20.56
Table 5. TS10 in the propagation step in Path B
structure E H G AG
TS10-syn (1b) -1041.1014063 | -1040.593080 -1040.686261 0.00
TS10-syn (/a) -1041.0972041 | -1040.589096 -1040.685290 0.61
TS10-syn (2b) -1041.0987694 | -1040.590767 -1040.684768 0.94
TS10-syn (2a) -1041.1002444 | -1040.592134 -1040.684528 1.09
TS10-syn (3b) -1041.0900095 | -1040.581857 -1040.680013 3.92
TS10-syn (3a) -1041.0906229 | -1040.582303 -1040.679612 4.17
TS10-anti (/a) -1041.0925254 | -1040.584363 -1040.681591 2.93
TS10-anti (1b) -1041.0921836 | -1040.583859 -1040.680789 3.43
TS10-anti (2a) -1041.0917652 | -1040.583626 -1040.680751 3.46
TS10-anti (2b) -1041.0922419 | -1040.583793 -1040.679742 4.09
TS10-anti (3a) -1041.0898917 | -1040.581642 -1040.678509 4.86
TS10-anti (3b) -1041.0899267 | -1040.581446 -1040.678196 5.06
Table 6. TS11 in the propagation step in Path B
structure E H G AG
TS11-syn (/a) -1041.1198546 | -1040.610929 -1040.704823 0.00
TS11-anti (/b) -1041.1153291 | -1040.606420 -1040.702998 1.15
Table 7. Syn-pathway of the propagation step in Path B
structure E H G AG
syn-N1---R1 (1b) -1041.1285916 | -1040.619497 | -1040.716502 | 25.35
TS10-syn (1b) -1041.1014063 -1040.593080 | -1040.686261 | 44.33
C4 -1041.1420082 | -1040.630842 | -1040.724636 | 20.25
TS11-syn (I/a) -1041.1198546 -1040.610929 | -1040.704823 | 32.68
syn-N1---P1 (I/a-1) -1041.1347443 -1040.625139 | -1040.722645 | 21.50
Table 8. Anti-pathway of the propagation step in Path B
structure E H G AG
anti-N1---R1 (/b) -1041.1187619 -1040.609496 | -1040.709745 | 29.59
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TS10-anti (/b) -1041.0921836 | -1040.583859 | -1040.680789 | 47.76
N8 -1041.1877913 | -1040.673512 | -1040.764015 | -4.46
TS11-anti (/b) -1041.1153291 | -1040.606420 | -1040.702998 | 33.83
anti-N1---P1 (/b-2) -1041.1289592 | -1040.619129 | -1040.720743 | 22.69

Table 9. HI-N and C1-N distances (A) between N1 and R1 in TS10-syn.
Short contacts less than the sum of van der Waals radii (H-N, 2.75 A; C-N, 3.25 A) are

shown in entries /b, Ia, and 2b. These distances correlate well with AGs (kcal/mol)

TS10-syn HI-N CI-N AG
1b 2.26 3.12 0.00
la 2.18 3.13 0.61
2b 247 3.20 0.94
2a 2.88 3.45 1.09
3b 4.05 4.93 3.92
3a 4.00 4.87 4.17
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CHAPTER 4

BRONSTED ACID-INITIATED ASYMMETRIC REARRANGEMENT
REACTION OF CHIRAL-ENE ALDIMINES

4.1 Introduction

Asymmetric rearrangement reactions are one of the ideal methods to serve
enantiomerically enriched products.! In addition, chirality transfer experiments using chiral
ene-aldimines give the useful information to think about the reaction mechanisms.

As described in the chapter 3, chain reaction mechanism via generation of 2-
azaallenium cation has been proposed, and DFT calculation supports two possible pathways
in propagation step.? Further mechanistic studies would be helpful to discuss details of
reaction mechanism. Therefore, chiral ene-aldimines is designed and synthesized, and
asymmetric reaction of chital ene-aldimines is studied. These results are summarized in this

chapter.

4.2 Design and synthesis of chiral substrates

As summarized in chapter 2,° ene-aldimine substrates with cyclohexyl ((E)- and (Z2)-
2d) and diphenyl ((E)- and (Z)-2h) substituents gave excellent yields, and similar reactivities
were observed. On the basis of these results, these two substituents were combined and

1,2,3,4-tetrahydronaphthyl group was selected as the -substituent to design chiral substrate

@?O gy?

(E)- and (2)-2d E)- and (2)-2h Chiral ene-aldimine substrates

Figure 1. Design of chiral substrates

4.2.1 E-Olefin substrate

Chiral substrates with E-olefin ((S,E)-1 and (R,E)-1) were synthesized from
commercially available 1,2,3,4-tetrahydronaphthalene-1-carbonitrile. The aldol reaction of
1,2,3,4-tetrahydronaphthalene-1-carbonitrile gave 1a in 55% yield, and then alcohol group on
compound la was oxidized to 2a in the presence of SO;-Py as an oxidizing agent using

triethylamine (NEts) as a base.*> Aldehyde functional group on 2a was converted to E-olefin
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3a by Wittig reagents at —78 °C.® Moreover, nitrile group was reduced to free amine (£)-4a
by the use of LiAlH4 as a reducing agent. In the optical resolution step, semi-preparative
HPLC was used to separate each enantiomer ((S,£)-4a and (R, E)-4a) (CHIRALCEL OD-H
(10 mm ¢ x 250 mm L), 98/2 hexane/i-PrOH, 5 mL/min, 254 nm, 40 °C, t; = 8.0 min and
11.6 min). Finally, condensation of ((S,E)-4a and (R E)-5) with salicylaldehyde were
performed to give (S,E)-1 and (R,E)-1 in excellent yields (Scheme 1).

NEt, PhyPEtBr
NC NaH (1.2 eq) (CH0), (1.2 eq) 503 Py n-BuLi
DMF 15-20 °C, 20 h “owso T
0 °C, 20 min rt,2h -78 °C ~r.t.
1a, 55% 2a, 83%

16 h

(E)-3a, 22%
. i =,
LiAH, (4.0 eq) HzN reongJctiac!n HeN | HoN .-
_— —_— / =z
w0 7 - O FO
0°C ~rt.
6h (E)-4a, 78% (S,E)-4a (<99% ee) (R,E)-4a (99% ee)
OH O
" OH OH |N 3
(1.1eq) / K O
—_—
CH,Cl,
rt,24h (S,E)-1, quant. (R,E)-1, quant.

Scheme 1. Synthesis of (S,E)- and (R, E)-1 chiral substrates

Absolute configuration and E/Z geometry of 2 were determined using the amines
derivatives. Optically pure amides (£)-2 were synthesized from the treatment of optically
pure (E)-4a with 4-bromobenzoyl chloride and 1M NaOH. The obtained amide derivatives
(E)-2 were recrystallized under dichloromethane (CH2Cly) as inner solvent and hexane as
outer solvent. As expected, X-ray diffraction analysis clearly showed E-olefin of the
derivatives 2. In addition, the first HPLC peak of the derivatives 2 is (S)-configuration and

the second one is (R)-configuration (Scheme 2).’
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o~ 4-BrBzCl (1.1 eq)
S NHz 1 M NaOH (5 eq)

CH,Cl,
(S,E)-4a (S,E)-2, quant.
[a]p® =-17.3 ° (¢ =0.67, CHCI3, 99% ee)

m 4-BrBzCI (1.1 eq)
NHz 1 NaOH (5 eq)
O@

(R,E)-4a (R,E)-2, quant.
[0y = +17.6 © (¢ = 0.67, CHCl3, 99% ce)

Scheme 2. Protection of (£)-4 and determination of absolute configurations

4.2.2 Z-Olefin substrate

Chiral substrates with Z-olefin ((S,2)-1 and (R,Z)-1) were synthesized from
commercially available 1,2,3,4-tetrahydronaphthalene-1-carbonitrile. The first step was as
same as (E)-chiral substrates ((S,E)-1 and (R,E)-1). After aldol reaction in the first step,
reduction of 1a by LiAlH4 gave free amine 2b in good yield; additionally, free amine 2b was
protected by fert-butyl carbamate ((Boc),0) to provide Boc protected amine 3b in 82% yield.
The Swern oxidation of 3b followed by the Wittig reaction of 4b gave (Z)-Sb as stocked
starting material in moderated yield. After deprotection of (Z£)-5b by trifluoroacetic acid
(TFA), the optical resolution of starting material (Z)-6b was performed by semi-preparative
HPLC (CHIRALCEL OD-H (10 mm ¢ x 250 mm L), 98/2 hexane/i-PrOH, 5 mL/min, 254
nm, 40 °C, t; = 8.0 min and 11.6 min). In the final step, condensation reaction of optically
pure (Z)-6b with salicylaldehyde were performed to afford optically pure (S,2)-1 and (R,2)-1

in excellent yields (Scheme 3).
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NaH (1.2 eq) NC, LiAIH, (Boc),0
(CH0),, (1.2 eq) (4 eq) H2 1.2 eq) Boc.
NC -~ = ,HO N
DMF EtZO CH20|2 H
0 °C, 20 min °C~rt rt., 24 h HO
15-20 °C, 20 h %
1a, 55% 2b, 79% 3b, 82%
(COCl), (1.1 eq

DMSO (2 eq) PPhgEtBr (1.2 eq Boc
NEt; (5eq)  Boc KHMDS (1 TFA ( Geq) HoN
—_—
CH,Cl, T CHZCIZ
-50 °C, 10 min 0°C,1h rt., 14 h
4b 960/o 40 OC 20 h

rt, Th (2-5b , 41% (2)-6b, 96%

OH O
— H
. HoN—, OH
Optical
resolution / (1.1eq) /

—_— B
CH,Cl,
rt,24h (5,21, quant. (R,2)-1, quant.

(S,2)-6b (<99% ee)  (R,2)-6b (99% ee)

Scheme 3. Synthesis of (S,2)- and (R,Z)-1 chiral substrates

To determine the absolute configuration, the optically pure amines (Z2)-6b were also
derivatized to optically pure amides (Z)-2; unfortunately, optically pure amides (Z)-2 were oil,
and could not be recrystallized. In addition, the optical rotation of (S,72)-2 (first peak of
HPLC) and (R,Z2)-2 (second peak of HPLC) were in the opposite values (Scheme 4).
Therefore, derivatization and crystal sponge method® were used to determine absolute

configuration of these compounds (Figure 6).

(0]

| 4-BrBzCl (1.1 eq) |
NH, 1 M NaOH (5 eq) N
—_— H
O‘ CH,Cl, Br
(S,2)6b rt, 12 (5,292, 97%
[o]s? = +32.5 ° (c = 0.33, CHCI3, 99% ee)
o]
| 4-BrBzClI (1.1 eq) |
NH,  1MNaOH (5 eq) N
B —— .
9 o UL o
(R.2)-6b rt,12h (R.2)-2, 99%

[a]p® = -34.7 ° (¢ = 0.33, CHCI3, 99% ee)

Scheme 4. Synthesis of optically pure derivatives (Z)-2

Hydrogenation reaction was selected to synthesize reference compounds, and the
known configuration (R)-3 was used as a reference to compare absolute configuration of
(R,Z)-2. The (R)-3 was synthesized from hydrogenation of (S,E)-2 with Pd catalyst in mixed
solvents of DMF, MeOH, and EtOAc. During the course of hydrogenation, 4-bromo of
benzoyl group eliminated to give (R)-3. The optical rotation of hydrogenated (R)-3 was
observed at —23.2° in CHCIs solvent (Scheme 5).
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Pd/C (10% wt)
Hy (1 atm)

DMF:MeOH:EtOAc
1:1:1 (Viv)
(S,E)-2 rt,20h (R)-3, 60%

[a]p® =-14.2 ° (¢ = 0.33, CHCI3, 99% ee) [a]p?=-23.2° (¢ =0.19, CHCI3, 99% ee)

Scheme 5. Hydrogenation reaction of (S,F)-2 to hydrogenated (R)-3

With reference compound (R)-3 in hand, derivatization of optically pure (£)-2, which was
second peak of HPLC was conducted. Hydrogenation of (R,Z)-2 afforded hydrogenated (S)-3
in appropriated yield, and optical rotation showed in the opposite value of (R)-3; +23.2°
under the same conditions (Scheme 6). As a result, the absolute configuration of (Z2)-2,

second peak compound of HPLC, was determined as (R,Z)-2.

( 0 Pd/C (10% wt)
N H, (1 atm)
H 5~ DMFMeOH: EtOAc O
;

1:1:1 (Viv)
(R2)-2 rt,20h 5)-3, 62%

[a]p® = -34.7 ° (¢ = 0.33, CHCI3, 99% ee) [a]p? = +25.5 ° (¢ = 0.19, CHCI3, 99% ee)

Scheme 6. Hydrogenation reaction of protected (R, Z)-2 to give hydrogenated product (S)-3

4.3 Chirality transfer studies

After preparation, characterization, and determination of absolute configurations of
(E)- and (Z)-chiral substrates, the chirality transfer experiments were performed under both
normal and microwave conditions. At first, asymmetric [1,3]-rearrangement of (£)-substrates
was examined, and the reaction gave high to excellent yields in both reaction conditions.

Importantly, chirality transfer ratios were also excellent (Scheme 7).

()-CSA
(10 mol%) OH N
' Condition A: 92% yield, 98% ee
CICH,CH,CI Condition B: 82% yield, 99% ee
(S,E)-4
(+)-CSA
(10 mol%) OH N N
Condition A: 96% vyield, 99% ee
CICH,CH,CI Condition B: 81% yield, 99% ee
(RE)-4

condition A : 80 °C, 20 h; condition B :150 °C, 2 h, Microwave reactor

Scheme 7. Asymmetric formal [1,3]-rearrangements of (E)-chiral ene-aldimines.
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For the determination of absolute configuration and geometrical isomerism of the
product (S,E)- and (R,E)-4, these chirality transfer products were subjected into the
hydrolysis condition by the use of hydroxylamine hydrochloride to afford chiral homoallylic
amines, followed by protection of free amines by 4-bromobenzoyl chloride to give protected
homoallylic amines (S,E)- and (R, E)-5 in good yields (Scheme 8). (S,E)- and (R, E)-5 were
recrystallized to determine absolute configuration by the use of single crystal X-ray
diffraction analysis (Figure 2). The results showed that (S)-substrate gave (S)-product while
(R)-substrate gave (R)-product. The optical rotation of (S,E)- and (R, E)-11 in CHCI; at 24°C
were correlated; (S,E)-5 showed —149.3° and (R, E)-5 showed at +141.7° (Scheme 8).

- 1) NH,OH-HCI (3 eq) o
RN 2) 4-BrBzCl (1.1 eq) )
oH |N 1 M NaOH (5 eq) H/ SN
©) Br

(S,E)-4 (S,E)-5, 44% (2 steps)
[a]p® =-149.3 ° (¢ = 0.67, CHCI3, 99% ece)

1) NH,OH-HCI (3 eq) 0]
(R) 2) 4-BrBzCl (1.1 eq) (R)
OH |N S 1 M NaOH (5 eq) N \

B ™ RB-5, 41% (2 steps)
(R.E)-4 [0y = +141.7 ° (¢ = 0.33, CHCI3, 99% cc)

Scheme 8. Derivatization of chirality transfer products (S, E)-4 and (R, E)-4

(S.E)-5

(R.E)-5

Figure 2. ORTEP diagram of derivatized rearrangement products

Next, chirality transfer of (Z)-chiral substrates was carried out under both normal and
microwave conditions. The results were in contrast to chirality transfer of (E)-olefin
substrates. The reactions yielded rearrangement products in low yields (23-30%) with
remaining of starting material. Importantly, chirality transfer ratios of the products (R, E)- and
(S,E)-4 were lower than those of (E)-chiral substrate, and inversion configuration of products
were observed (Scheme 9). On the other hand, optical purities of remaining starting materials
(S,2)-4 and (R,Z)-4 were 99% in both cases.
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(+)-CSA (R
(10 mol%) OH rlﬁ/\(gj
©)

CICH,CH,CI
(RE)-4

Condition A: 30% yield, 76% ee
Condition B: 23% yield, 79% ee

(+)-CSA (9
(10 mol%) OH lN/ (@
@2
(

CICH,CH,CI
S,E)-4

Condition A: 26% yield, 78% ee
Condition B: 24% yield, 86% ee

condition A : 80 °C, 20 h; condition B :150 °C, 2 h, Microwave reactor

Scheme 9. Asymmetric formal [1,3]-rearrangements of (Z)-chiral ene-aldimines

4.4 Proposed mechanism

As described in chapter 3,” two mechanisms, Path A and Path B, were proposed. It
was speculated that azonia-[3,3]-rearrangement step affects chirality transfer from the
substrates to the products. Of two proposed mechanisms; Path A and Path B, DFT
calculation indicated high enantioselectivities in Path A. In contrast, Path B was not
optimized to give enantioselectivities, indicating that Path B yields a racemate. Based on
these suggestions by DFT calculations, the possible pathway was proposed to explain for
these observed chirality transfer ratios and absolute stereochemistries (Figures 3 and 4).

For the (R E)-R*1, the methylene transfer from 2-azaallenium to (R,E)-1 affords two
conformations, E-N*4trans and E-N*4cis, which were in equilibrium. E-N*4trans underwent
azonia-[3,3]-sigmatropic rearrangement to give E-N*Strans via chair-like transition state E-
TS*IVtrans. Although transition state E-N*4cis was also expected to provide E-N*5cis via E-
TS*Iveis, Gibbs free energy at E-TS*IVeis demonstrated that this transition state was
unfavored due to 1,3-diaxial interaction. Therefore, this prediction anticipate 99% ee of

products (R, E)-P*1 (Figure 3) related to experimental result of (R, E)-1 substrate in Scheme 7.
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Figure 3. DFT calculation for azonia-[3,3]-sigmatropic rearrangement step in asymmetric
formal [1,3]-rearrangement of (R, E)-1 substrate. The Gibbs free energies in parenthesis (AG,
in kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-311+G(d,p) level at 333K.

For (R,Z)-R*1, the enantiomeric excess of the rearrangement product was reasonably
explained based on chair-like transition state Z-TS*IVtrans; similar to E-TS*IVtrans. DFT
calculation found that both Z-N*4trans and Z-N*4cis were energetically unstable (6.1 and 7.9

kcal/mol), probably because of large steric bulkiness of 1,3-diaxial interactions.

Ph Ph
e I
LN Ph.)y N
W< — A== _
N =Nz
+ + N
Z-N*4trans (6.1) Z-TS*atrans (19.1) Ph z.1s*5trans (2.2) (/ (S.6-PH
AG=129 Ph ’
_ o _
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N Ph N N
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7 ~ T ~ /4N |
. N
A Z-TS*4cis (24.8) Ph - .
Z-N*4cis (7.9) G e 169 Z-TS*5cis (-0.2) qu (R.2-P1

Figure 4. DFT calculation for azonia-[3,3]-sigmatropic rearrangement step in asymmetric
formal [1,3]-rearrangement of (R,Z)-1 substrate. The Gibbs free energies in parentheses (AG,
in kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-311+G(d,p) level at 333K.
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According to experimental results and computational calculations, the reaction of
(R,E)-1 was preferable to Path A to give enantiopure (R,E)-4 in excellent yield; on the other
hand, the reaction of (R,Z)-1 was speculated to both Path A and Path B. The reaction may
preferably proceeded though Path A to give completely chirality transfer product, but 1,3-
diaxial interaction may also interfere azonia-[3,3]-rearrangement step in propagation.
Therefore, Path B may competitively involve giving a racemate at low conversions.
Consequently, chirality transfer ratio of (R, Z)-1 was lower than (R,E)-1, whereas DFT
calculations for Gibbs free energy of activation indicates an excellent chirality transfer ratio

even in the case of (R,Z2)-1 (Figure 4).

According to all experimental and computational results, plausible mechanisms were
proposed via two pathways (Figure 5). In Path A, nitrogen nucleophile on R1 makes C-N
bond formation to N2 and then intramolecular ring closure occurs between nitrogen
nucleophile and electrophile to 1,3-diazetidinium cation N3. Ring opening of N3 takes place
due to ring strain to give iminium cation N4. Then, N4 undergoes azonia-[3,3]-rearrangement
to N5 before shifting to N7 by ring closure and ring opening. The C-N bond cleavage of N7
takes place to afford formal [1,3]-rearrangement product with regeneration of 2-azaallenium
intermediate (N1) in final step (Path A). Similarly, Path B begins with C-C bond formation
of 2-azaallenium (N1) and reactant (R1) to give secondary carbocation C3. The 1,2-shift
rearrangement of C3 occurs to afford more stable tertiary carbocation C4, after that C-C bond
cleavage occurs in the final step to give formal [1,3]-rearrangement product with generation

of new 2-azaallenium (IN1) as reaction medium for the next propagation cycles (Path B).
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Figure 5. Plausible mechanisms of ene-aldimine rearrangement reaction

4.5 Conclusion

The chiral ene-aldimine substrates were successfully synthesized and characterized.
The absolute configuration of chiral substrates was determined by single X-ray diffraction
analysis, derivatization, and crystal sponge method. The previously undeveloped asymmetric
formal [1,3]-rearrangement reaction of ene-aldimines has been studied. It is suggested that
the reaction preferably proceeded through Path A in the case of (E£)-chiral ene-aldimines
giving completely chirality transfer products; in the alternative (Z)-chiral ene-aldimine
substrates, the reaction involved two pathways, Path A and Path B, giving lower yields and

lower chirality transfer ratio than that in case of (E)-chiral ene-aldimines.

4.6 Experimental Section
4.6.1 Procedure and characterization of chirality transfer

Chirality Transfer Experiments:

(£)-CSA .
OH N (10 mol%) OH N X

| - |
@) - O CICH,CH,CI @)
7

(E)-6 or (2)-6

Normal heating condition: To a (+)-10-camphorsulfonic acid (10 mol%) was added
the solution of ene-aldimines in 1,2-dichloroethane (0.1 M) at room temperature. Then, the

reaction was stirred at an indicated temperature for 20 hours. After cooled to room
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temperature, the reaction was quenched with NEt;. After stirred at room temperature for 15
min, the resulting mixture was extracted with CH>Cl, (5 mL x 3). The organic layer was
washed with brine (10 mL x 3), and aqueous layer was extracted with CH>Cl, (20 mL x 3).
The combined organic extracts were dried over Na>SO4 and concentrated under pressure after

filtration to give the ene-aldimine as product.

Microwave condition: A test tube for microwave reaction apparatus should be used.
To a (£)-10-camphorsulfonic acid (10 mol%) was added the solution of ene-aldimine in 1,2-
dichloroethane (0.5 M) at room temperature with sealed reaction vessel, and then the
resulting solution was stirred at an indicated temperature in a microwave reactor 600 rpm
(75-400 W.) for an indicated time. The reaction was quenched with NEt3. After stirred for 15
min, the resulting mixture was extracted with CH>Cl, (5 mL x 3). The organic layer was
washed with brine (10 mL x 3), and aqueous layer was extracted with CH>Cl, (20 mL x 3).
The combined organic extracts were dried over Na>SO4 and concentrated under pressure after

filtration to give the ene-aldimine as product.

Characterization of products:

(0]
N A
H
Br

(R,E)-4-bromo-N-(3-(3,4-dihydronaphthalen-1(2H)-ylidene)-2-methylpropyl)benzamide
TLC R¢= 0.34 (5:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 7.61-7.50 (m, 5H Ar-H), 7.16 (dt, 2H, J = 9.5, 3.7 Hz, Ar-H),
7.11-7.08 (m, 1H, Ar-H), 6.18 (s, 1H, NH), 5.78 (d, 1H, J = 9.6 Hz, CH-CH=C), 3.72-3.66
(m, 1H, NH-CH>), 3.15-3.08 (m, 1H, NH-CH>), 3.02-2.93 (m, 1H, CH,-CH-CH3), 2.81-2.69
(m, 2H, C-CH>-CH>), 2.54-2.49 (m, 2H, CH>-CHz-C), 1.83-1.69 (m, 2H, CH2-CH>-CH>),
1.12 (d, 3H, J= 6.6 Hz, CH-CH5).

3C NMR (CDCI3, 100 MHz) & 166.5, 137.4, 136.1, 135.6, 133.5, 131.8, 129.0, 128.4, 127.1,
126.9, 126.0, 123.7,45.9, 32.8, 30.3, 26.8, 23.4, 18.6.

HRMS (FAB) Exact Mass Calcd. For C21H22NOBr ([M+H]"): 384.0958. Found: 384.0953.
Enantiomeric excess was determined by HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-
PrOH, 1.0 mL/min, 254 nm, 40 °C), minor enantiomer t; = 21.5 min, major enantiomer t; =

35.9 min.
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(0]
N/'«,_ AN
H
Br

(S,E)-4-bromo-N-(3-(3,4-dihydronaphthalen-1(2H)-ylidene)-2-methylpropyl)benzamide
TLC R¢= 0.34 (5:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 7.61-7.50 (m, 5H Ar-H), 7.16 (dt, 2H, J = 9.5, 3.7 Hz, Ar-H),
7.11-7.08 (m, 1H, Ar-H), 6.18 (s, 1H, NH), 5.78 (d, 1H, J = 9.6 Hz, CH-CH=C), 3.72-3.66
(m, 1H, NH-CH>), 3.15-3.08 (m, 1H, NH-CH>), 3.02-2.93 (m, 1H, CH,-CH-CH3), 2.81-2.69
(m, 2H, C-CH>-CH>), 2.54-2.49 (m, 2H, CH2-CH>-C), 1.83-1.69 (m, 2H, CH2-CH>-CH>),
1.12 (d, 3H, J= 6.6 Hz, CH-CH3).

3C NMR (CDCl3, 100 MHz) 8 166.5, 137.4, 136.1, 135.6, 133.5, 131.8, 129.0, 128.4, 127.1,
126.9, 126.0, 123.7,45.9, 32.8, 30.3, 26.8, 23.4, 18.6.

HRMS (FAB) Exact Mass Calcd. For C21H22NOBr ([M+H]"): 384.0958. Found: 384.0953.
Enantiomeric excess was determined by HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-
PrOH, 1.0 mL/min, 254 nm, 40 °C), minor enantiomer t; = 35.9 min, major enantiomer t; =

21.5 min.

Oven #1 : CO-2060

Initial Condition

Temperature 40.0[degC]
Column PositionA

0 2
UV Detector #1 : UV-2075
N A Initial Condition
H Wavelength 254[nm]
30000 Br Response STD

Recorder Range Short

Peak Information Autozero On
S #|tR [min]|Area [uV-sec]| Area% b 51 : PU-2080
ump #1 : PU-
= 5gp0c Pl_21.542 185887]10.120 Initial Condition
%‘ 2| 36.450 1650874]89.880 Pump Mode MPG-2
< Flow 1.000[mL/min]
£ Max. Press 25.0[MPa]
= Min. Press 0.0[MPa]
Composition A 95.0[%]
10000 Composition B 5.0[%]
1
A\
0 A 5
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

""Retention Time [min]

Chart 1. HPLC chart for (R)-10 compound. Enantiomeric excess was determined by
analytical HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm,

40 °C), major enantiomer t; = 36.55 min, minor t, = 21.5 min.
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1
N/"'-r\ Oven #1 : CO-2060
100000 /©)J\H Initial Condition
Br

Temperature 40.0[degC]
Column PositionA
80000 Fume #1: PU-2080 UV Detector #1 : UV-2075
Initial Condition Initial Condition
Pump Mode MPG-2 . Wavelength 254[nm]
= Flow 1.000[mL/min] Response STD
%_ Max. Press 25.0[MPa] Recorder Range Short
= 60000  pin Press 0.0[MPa] Autozero On
% Composition A 95.0[%]
5 Composition B 5.0[%]
S 40000
Peak Information
#[tR [min]|Area [uV-sec]| Area%
1] 21.133 2796031]89.245
2
Do 2| 36.483 336946]10.755 3
\ Y
0 A A
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Retention Time [min]

Chart 2. HPLC chart for (S5)-10 compound. Enantiomeric excess was determined by
analytical HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm,

40 °C), major enantiomer t; = 21.1 min, minor t; = 36.5 min.

4.6.2 Procedure and characterization of starting material

Synthesis of (E)-chiral starting substrates:

NEt, PhsPEtBr

: NC
NC NaH (1.2eq) (CH0), (12eq)  NC 50,By NG n-BuLi
> > —_— —_—
DMF 15-20°C,20h ~ HO DMSO o= THF
0°C, 20 min . rt,2h -78°C ~rt.
1a, 55% 2a, 83% 16 h (E).3a, 22%
i Optical
LiAH, (4.0eq)  HoN rea /
Et,0 Z
0°C ~rt.
6h (E)-4a, 78% (S,E)-4a (<99% ee) (R,E)-4a (99% ee)
OH O
OH OH
(1.1 eq) /
—_——— >
CH,Cl,
rt,24h (S,E)-1, quant. (R,E)-1, quant.

Scheme 10. Synthesis of (£)-chiral substrates
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NC
HO

The NaH (60% dispersion in oil, 0.64 g, 9.5 mmol, 1.2 equiv.) was washed with
anhydrous pentane (50 mL) in two-neck round-bottom flask. After pentane was removed,
DMF (6.4 mL) was added. To suspension of NaH in DMF was added dropwise a solution of
I-cyanonitraline (2.1 g, 13.4 mmol, 1.0 equiv.) at 0 °C. After stirred at this temperature for
30 min, formaldehyde was added. The resulting reaction mixture was stirred at 0 °C for 20
min, then the reaction was allowed to warm up slowly to room temperature. After stirred for
20 h, the reaction was quenched by saturated NH4Cl aq, and extracted with diethyl ether, and
washed with sat. NaHCO; aq and brine, respectively. The combined organic extracts were
dried over MgSOs, filtrated, concentrated, and purified by flash column chromatography on
silica gel to afford desired 1-(hydroxymethyl)-1,2,3,4-tetrahydronaphthalene-1-carbonitrile in
50% yield (1.25 g, 6.7 mmol).!

NC

To a solution of 1-(hydroxymethyl)-1,2,3,4-tetrahydronaphthalene-1-carbonitrile (1.3 g,
6.7 mmol, 1.0 equiv.) in DMSO (54.2 mL) and NEt; (5.6 mL) was added sulfur trioxide
pyridine complex (3.2 g, 20 mmol, 3.0 equiv.) at 0 °C, and then the resulting solution was
allowed to warm up to room temperature for 2 h. After cooling at 0 °C, the reaction was
quenched with 1 M HCI aq. The resulting mixture was filtrated, and the crude mixture was
extracted with ethyl acetate (20 mL x 4). The combined organic layer was washed with water
and brine respectively, then dried over KoCOs, and evaporated after filtration to afford brown
oil residue. The oil residue was purified by short-plug column chromatography to provide
desired 1-formyl-1,2,3,4-tetrahydronaphthalene-1-carbonitrile in 95% yield (1.18 g, 6.4
mmol).?

To a solution of triphenylphosphonium ethyl bromide (1.9 g, 10.0 mmol, 1.2 equiv.) in
THF (47.2 mL) was slowly added n-BuLi (1.6 M in hexane, 7.6 mL, 7.6 mmol, 1.2 equiv.) at
—60 °C, and stirred at this temperature for 10 minutes. To the resulting mixture was added n-
BuLi (1.6 M in hexane, 3.5 mL, 5.1 mmol, 0.8 equiv.) and a solution of 1-formyl-1,2,3,4-
tetrahydronaphthalene-1-carbonitrile (11.2 g, 6.4 mmol, 1.0 equiv.) in THF (30 mL), and

mixed solution was stirred at this temperature to room temperature for 16 hours. The reaction
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was quenched by iced water and extracted with diethyl ether (20 mL x 3), then the combined
organic layer was washed with water and brine, respectively. The combined organic extracts
were dried over Na;SOs and concentrated under vacuum after filtration. The residual crude
product was purified by flash column chromatography on silica gel to afford desired (£)-1-
(prop-1-en-1-yl)-1,2,3,4- tetrahydronaphthalene-1-carbonitrile in 22% yield (0.43 g, 2.2

mmol).?

HoN

To a suspension of LiAIH4 (195.6 mg, 4.9 mmol, 4.0 equiv.) in E;O (6 mL) was added
dropwise (E)-1-(prop-1-en-1-yl)-1,2,3,4- tetrahydronaphthalene-1-carbonitrile in (242.5 mg,
5 mmol, 1.0 equiv.) in Et,O (6 mL) at 0 °C, and the resulting mixture was stirred at room
temperature for 6 h. After cooling at 0 °C, the reaction was carefully quenched with H>O (2
mL) and 1M NaOH aq (1 mL). To the resulting mixture was further carefully added H>O at
0 °C and stirred at 0 °C to room temperature for a few hours. The resulting mixture was
filtrated and extracted with diethyl ether (20 mL x 3). The combined extracts were dried over
K>CO3; and evaporated after filtration to give (E)-(1-(prop-1-en-1-yl)-1,2,3.4-
tetrahydronaphthalen-1-yl)methanamine as a crude product.

Peak Information

#[tR [min]|Area [uV-sec]|Height [uV]| Area%
1

2

8.017 232948 6746]49.036

11.605 242112 4542150.964

7000
HoN
6000 e
5 Pump #1 : PU-2086

Initial Condition

= 5000 Pump Mode MPG-2
= UV Detector #1 : UV-2075 Flow 5.000[mL/min]
> Initial Gondition Max. Press 25.0[MPa]
I 4000  Wavelength 254[nm] Min. Press 0.0[MPa]
3 Response STD Composition A 98.0[%]
= Recorder Range  Short Composition B 2.0[%]

3000 Autozero On '

2000

1000 S v N

0.0 5.0 15.0 20.0

10.0
Retention Time [min]

Chart 3. HPLC chart for racemic (E)-(1-(prop-1-en-1-yl)-1,2,3,4-tetrahydronaphthalen-1-yl)

methanamine. Semi-preparative HPLC was used to separate each enantiomer (CHIRALCEL
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OD-H (10 mm ¢ x 250 mm L), 98/2 hexane/i-PrOH, 5 mL/min, 254 nm, 40 °C, t; = 8.0 min
and 11.6 min).

80000 2
| Oven #1 : CO-2060
Initial Condition
Temperature 40.0[degC]
Column PositionA
60000 N
(R)-54 UV Detector #1 : UV-2075
Initial Condition
=, Wavelength 254[nm]
=1 Response STD
Recorder Range  Short
% 40000 Autozero On
5 Pump #1 : PU-2080
= Initial Condition
Pump Mode MPG-2 .
Flow 1.000[mL/min] Peak Information :
20000 Max. Press 25.0[MPa] #[tR [min]|Area [uV-sec]|Height [uV]| Area%
Min. Press 0.0[MPa] 1| 8.775 2239 323| 0233
Composition A 98.0[%] 2] 10.800 957109 7709899.767
Composition B 2.0[%]
1
0 Y A Y i
0.0 50 10.0 15.0 20.0

Retention Time [min]
Chart 4. HPLC chart for (R,E)-(1-(prop-l-en-1-yl)-1,2,3,4-tetrahydronaphthalen-1-yl)
methanamine. Enantiomeric excess was determined by analytical HPLC with a CHIRALCEL
OD-3 (98/2 hexane/i-PrOH, 1.0 mL/min, 254 nm, 40 °C), minor enantiomer t; = 8.8 min,

major enantiomer t; = 10.8 min.

50000 1
| Oven #1 : CO-2060
Initial Condition
Temperature 40.0[degC]
40000 Column PositionA
UV Detector #1 : UV-2075
Initial Condition
Wavelength 254[nm]
= 30000 Response STD
=4 Recorder Range  Short
z Pump #1 : PU-2080 Autozero On
& Initial Gondition
g 20000 EE;TVD Mode '1\45&)_[3@ Jmin] Peak Information ‘
Max. Press 25.0[MPa] #|tR [min] [Area [uV-sec] [Height [uV]| Area%
I\C/Iin. Pre§_s A (g)é)([],\[l‘l’?a] 1 8.017 474640 48176]99.697
10000 oo on e 200 2| 10975 1445 118] 0.303
A ! |2
0 A 7y
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Retention Time [min]

Chart 5. HPLC chart for (S,E)-(1-(prop-1-en-1-yl)-1,2,3,4-tetrahydronaphthalen-1-yl)
methanamine. Enantiomeric excess was determined by analytical HPLC with a CHIRALCEL
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OD-3 (98/2 hexane/i-PrOH, 1.0 mL/min, 254 nm, 40 °C), major enantiomer t; = 8.0 min,

minor enantiomer t; = 11.0 min.

Characterization of (E)-chiral starting substrates:

4-BrCgH,COCI ™
H,N 1 M NaOH aq. /@)J\N
H
7 O CHCl, Br 7 ‘

rt.,12h

To a mixture of (R) or (S5)-(E)-2-tetrahydronaphthyl pent-3-en-1-amine (11.3 mg, 0.06
mmol, 1.0 equiv.) in CH2Cl; (1.5 mL) and 1M NaOH aq (0.33 mL, 0.28 mmol, 5 equiv.) was
added dropwise 4-bromo benzoyl chloride (13.6 mg, 0.062 mmol, 1.1 equiv.) at room
temperature, and the resulting solution was stirred at this temperature for 6 h. The reaction
solution was poured into H>O and extracted with dichloromethane (10 mL x 3). The
combined organic extracts were dried over Na;SO4 and concentrated under reduced pressure
after filtration. The residual product was purified by flash column chromatography on silica
gel to give 4-bromobenzoyl protected (R)- or (S)-(E)-4-bromo-N-((1-(prop-1-en-1-yl)-
1,2,3,4- tetrahydronaphthalen-1-yl)methyl)benzamide quantitively (25.8 mg, 0.07 mmol).

(R)-(E)-4-bromo-N-((1-(prop-1-en-1-yl)-1,2,3,4-tetrahydronaphthalen-1-yl)methyl)
benzamide

[a]p?* =+17.6 ° (¢ = 0.67, CHCls, 99% ee).

TLC R¢= 0.58 (5:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) & 7.55-7.53 (m, 2H, Ar-H), 7.47-7.44 (m, 2H, Ar-H), 7.31-7.30
(m, 1H, Ar-H), 7.25-7.16 (m, 3H, Ar-H) 5.84 (s, 1H, NH), 5.62 (dd, 1H, J = 15.6, 1.6 Hz, C-
CH=CH), 5.30-5.21 (m, 1H, C-CH=CH), 3.91 (dd, 1H, J = 13.6, 7.4 Hz, NH-CH>-C), 3.73
(dd, 1H, J = 13.7, 4.6 Hz, NH-CH»-C), 2.80-2.77 (m, 2H, C-CH>-CH3), 1.86-1.82 (m, 4H,
CH»-CH»-CH>), 1.72 (dd, 3H, J= 1.6 Hz, CH=CH-CH:).

3C NMR (CDCls, 100 MHz) & 166.5, 138.4, 137.8, 131.8, 129.7, 128.3, 127.7, 126.4, 126.1,
126.0,47.8, 44.8, 32.6, 30.2, 18.8, 18.2.

HRMS (FAB) Exact Mass Calcd. for C21H22NOBr ([M+H]") 384.0958. Found: 384.0975.
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(R)-(E)-4-bromo-N-((1-(prop-1-en-1-yl)-1,2,3,4-tetrahydronaphthalen-1-yl)methyl)
benzamide

[a]p?* =—17.3 ° (¢ = 0.67, CHCl3, 99% ee).

TLC R¢= 0.58 (5:1 hexane:ethyl acetate).

'"H NMR (CDCls, 400 MHz) & 7.55-7.53 (m, 2H, Ar-H), 7.47-7.44 (m, 2H, Ar-H), 7.31-7.30
(m, 1H, Ar-H), 7.25-7.16 (m, 3H, Ar-H) 5.84 (s, 1H, NH), 5.62 (dd, 1H, J = 15.6, 1.6 Hz, C-
CH=CH), 5.30-5.21 (m, 1H, C-CH=CH), 3.91 (dd, 1H, J = 13.6, 7.4 Hz, NH-CH>-C), 3.73
(dd, 1H, J = 13.7, 4.6 Hz, NH-CH»-C), 2.80-2.77 (m, 2H, C-CH>-CH3), 1.86-1.82 (m, 4H,
CH»-CH»-CH>), 1.72 (dd, 3H, J= 1.6 Hz, CH=CH-CH;).

3C NMR (CDCls, 100 MHz) 8 166.5, 138.4, 137.8, 131.8, 129.7, 128.3, 127.7, 126.4, 126.1,
126.0,47.8, 44.8, 32.6, 30.2, 18.8, 18.2.

HRMS (FAB) Exact Mass Calcd. for C21H22NOBr ([M+H]") 384.0958. Found: 384.0975.

Synthesis of (Z)-chiral starting substrates:

NC
NG NaH (1.2eq) (CHzO)n (1.2 eq) HO LiAIH, (4 eq)  HeN
DMF 15-20 °C, 20 h Et,0 HO
0 °C, 20 min 0°C ~r.t.

1a, 55%

6h 2b, 79%
(COCl), (1.1 eq)
(Boc),0 DMSO (2 eq) PPh3EtBr (1.2 eq) Boc,
(12eq  Boc. NEtz(5eq)  Boc. KHMDS (1.2) N
 —— H - N — "
CH,Clp HO CH,Cl, HO, THF =
rt, 24 h -50 °C, 10 min 0°C,1h
3b, 82% rt,1h 4b, 96% 40°C,20 h (Z)-5b L 41%

Scheme 11. Synthesis of (Z)-chiral substrates

HO

The NaH (60% dispersion in oil, 0.38 g, 9.46 mmol, 1.2 equiv.) was washed with
anhydrous pentane in 50 mL two-neck round-bottom flask and added DMF. To suspension of
NaH in DMF was added dropwise a solution of 1-cyanonitraline (1.24 g, 7.9 mmol, 1 equiv.)
at 0 °C, and the resulting mixture was stirred at this temperature for 30 min, then

formaldehyde was added into resulting mixture. The mixed reaction was stirred at 0 °C for 20
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min after that the reaction was allowed to slowly warm up to room temperature. After 20
hours, the reaction was quenched by NH4Cl aq, extracted with diethyl ether, and washed with
sat. NaHCOs3 aq and brine, respectively. The combined organic extracts were dried over
MgSOs, filtrated, concentrated, and purified by flash column chromatography on silica gel to
afford desired 1-(hydroxylmethyl)-1,2,3,4-tetrahydronaphthalene-1-carbonitrile (1a) in 55%
yield (813.6 mg, 4.3 mmol).!

Boc\NH
HO E%:

To a suspension of LiAlHs (391 mg, 9.82 mmol, 4 equiv.) in Et;O (11.4 mL) was
added dropwise 1-(hydroxylmethyl)-1,2,3,4-tetrahydronaphthalene-1-carbonitrile (5 mmol, 1
equiv.) in Et;O (11.4 mL) at 0 °C, and the resulting mixture was stirred at room temperature
for 6 h. After cooling to 0 °C, the reaction was carefully quenched with H,O (2 mL) and 1M
NaOH aq. (2 mL). To the resulting mixture was further added H,O carefully at 0 °C, and
stirred at 0 °C to room temperature for several hours. The resulting mixture was filtrated and
extracted with diethylether (20 mL x 3). The combined extracts were dried over K»CO3, and
evaporated after filtration to give 3-hydroxyl-2-tetrahydronaphthyl propylamine as a crude
product in 79% yield (370.1 mg, 1.94 mmol).

To a solution of 3-hydroxyl-2-tetrahydronaphthyl propylamine (370 mg, 1.93 mmol,
1.0 equiv.) in CH2Cl> (30 mL) was slowly added di-tert-butyl dicarbonate (530 uL, 2.32
mmol, 1.2 equiv.) at room temperature, and stirred at this temperature for 24 h. The reaction
was poured into water and extracted with CH>Cl, (20 mLx3), and then combined CH>Cl,
extracts were dried over NaxSO4 and concentrated under vacuum after filtration. The residual
reaction was purified by flash column on silica gel to afford desired 3-hydroxyl-tert-butyl-2-

(1,2,3,4-tetrahydronaphthyl)carbamate in 82% yield (460 mg, 1.57 mmol).

Boc.
NH

e

To a solution of (COCl), (117 uL, 1.38 mmol, 2.0 equiv.) in CH2Cl> (30 mL) was
slowly added DMSO (178 uL, 2.5 mmol, 2.0 equiv.) at -50 °C, and stirred at this temperature
for 5 min. To the resulting mixture was added solution of 3-hydroxyl-tert-butyl-2-(1,2,3,4-
tetrahydronaphthyl)carbamate (365.8 mg, 1.25 mmol, 1.0 equiv.) in CH2Cl> (3.4 mL) then
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mixed solution was stirred at this temperature to room temperature for 20 min. The resulting
mixture was slowly add NEt; (870 uL, 6.28 mmol, 5.0 equiv.) after that resulting solution
was warmed to temperature for 1.5 h after stirring at -50 °C for 10 min. The reaction was
diluted by water and extracted with CH>Cl, (x3), and then combined CH>Cl> extracts were
dried over MgSO4 and concentrated under vacuum after filtration. The residual reaction was
purified by flash silica gel to afford desired 1-formyl-tert-butyl-(1,2,3,4-
tetrahydronaphthyl)carbamate quantitatively (362 mg, 1.25 mmol).

To a solution of triphenylphosphonium ethyl bromide (620 mg, 1.66 mmol, 1.2
equiv.) in THF (3.5 mL) was added KHMDS (3.4 mL, 1.66 mmol, 1.2 equiv.) at 0 °C, and
stirred at this temperature for 1 h. To the resulting mixture was slowly added a solution of 1-
formyl-tert-butyl-(1,2,3,4-tetrahydronaphthyl)carbamate (400 g, 1.38 mmol, 1.0 equiv.) in
THF (3.5 mL), and mixed solution was stirred at this temperature for 30 min and at room
temperature for 30 min and then the reaction was warmed to 40 °C for 20 h. The reaction
mixture was poured into sat. NH4Cl aq and extracted with diethyl ether (x3). The combined
organic extracts were dried over Na;SO4 and concentrated under vacuum after filtration. The
residual reaction was purified by flash silica gel to afford (Z2)-tert-butyl (1,2,3,4-
tetrahydronaphthyl)carbamate in 43% yield (179.2 mg, 0.6 mmol).

Characterization of (Z)-chiral starting substrates:

Boc\NH
HO }

TLC R¢=0.21 (5:1 hexane:ethyl acetate).

"H NMR (CDCls, 400 MHz) & 7.51-7.49 (m, 1H, Ar-H), 7.19-7.10 (m, 3H, Ar-H), 4.82 (t, 1H,
J=6.3 Hz, NH), 3.76-3.67 (m, 2H, NH-CH>), 3.52-3.42 (m, 2H, HO-CH>), 3.27 (dd, 1H, J =
14.4, 6.6 Hz, OH), 2.77 (t, 2H, J= 6.1 Hz, C-CH>), 1.81-1.68 (m, 4H, -CH>-), 1.47 (s, 9H, C-
(CH3)3).

3C NMR (CDCls, 100 MHz), & 157.49, 138.97, 137.81, 129.48, 127.46, 126.29, 125.89,
80.18, 67.84, 46.59, 42.52, 30.63, 29.58, 28.38, 18.95.

HRMS (FAB) Exact Mass Calcd. for C17H23NO3 ([M+H]) 292.1907. Found: 292.1908.
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TLC R¢=0.49 (5:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz), & 7.25-7.19 (m, 1H, Ar-H), 7.12-7.06 (m, 3H, Ar-H), 5.59 (dd,
1H, J = 11.7, 1.6 Hz, CH3-CH=CH), 5.50-5.42 (m, 1H, CH3-CH=CH), 4.49 (s, 1H, NH),
3.51-3.44 (m, 1H, NH-CH>), 3.37 (m, 1H, NH-CH>), 2.80 (t, 2H, J = 6.2 Hz, C-CH-), 1.94-
1.74 (m, 4H, -CH>-), 1.42 (s, 9H, -C(CHs)3), 1.07 (dd, 3H, J = 7.1, 1.6 Hz, CH=CH-CH;).
3C NMR (CDCl3;, 100 MHz), & 156.22, 140.59, 137.52, 136.98, 129.20, 128.34, 126.08,
125.90, 79.16, 77.31, 77.00, 76.69, 50.21, 44.07, 32.86, 30.15, 28.36, 19.36, 14.09.

HRMS (FAB) Exact Mass Calcd. for C17H23NOs ([M+H]") 302.2115. Found: 302.2056.

HoN—
Boc . 2 HoN
N H.N Optical @ _
H TFA(Geq) T2 resolution :

— Emm— —_— = I N=
CH,Cl, =

rt, 14 h
’ S,2)-6b (>99% - %
(2-5b , 41% (2-6b, 96% (S,2)-6b (> ee) (R,2-6b (99% ee)

OH O
©)LH OH N/"“ OH N C

[ |
(1.1 eq) y / Va
_—
CH,Cl,
rt., 24 h (5,2-1, quant. (R,2)-1, quant.

Scheme 12. Synthesis of (R,Z)-6 and (S,Z2)-6 substrates

To a solution of (Z)-tert-butyl (1,2,3,4-tetrahydronaphthyl)carbamate (143.0 mg,
0.47 mmol, 1 equiv.) in CH>Cl, (5 mL) was added dropwise trifluoroacetic acid (TFA, 212
uL, 2.84 mmol, 6.0 equiv.) at room temperature. After stirred at room temperature for 4 h,
the reaction mixture was treated with 1M NaOH aq (5 mL), cooled with iced water, and
extracted with CH2Cl> (20 mL x 3). The combined organic layer was dried over Na>SOa.
After filtration and evaporation. The 2-tetrahydronaphthyl pent-3-en-1-amine was obtained in
96% yield (91.3 mg, 0.45 mmol) which was separated between (R)- or (S)-enantiomer by the
use of semi-preparative chiral HPLC (CHIRALCEL OD-H (10 mm ¢ X 250 mm L), 98/2
hexane/i-PrOH, 5 mL/min, 254 nm, 40 °C, tr = 7.4 and 11.2 min.
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Chart 6. HPLC chart for racemic racemic-(Z)-2-tetrahydronaphthyl pent-3-en-1-amine
compound. Semi-preparative HPLC was used to separate each enantiomer (CHIRALCEL
OD-H (10 mm ¢ X 250 mm L), 98/2 hexane/i-PrOH, 5 mL/min, 254 nm, 40 °C, tr = 7.4 and
11.2 min). Retention times were determined by analytical HPLC with a CHIRALCEL OD-3
(98/2 hexane/i-PrOH, 1.0 mL/min, 254 nm, 40 °C), t;= 7.4 and 11.2 min.

Oven #1 : CO-2060 2
100000 Initial Gondition Pump #1 : PU-2080
Temperature 40.0[degC] Initial Condition
Column PositionA Pump Mode MPG-2
Flow 1.000[mL/min]
80000 UV Detector #1 : UV-2075 Max. Press 25.0[MPa]

Initial Condition Min. Press 0.0[MPa]
Wavelength 254[nm] Composition A 98.0[%]
Response STD Composition B 2.0[%]

] Recorder Range Short

E 60000 Autozero On

F

w

5 Peak Information

S 40000 #|tR [min]|Area [uV-sec]| Areah

1 7.508 8908] 0.572
2| 11.183 1549094]99.428
20000
Y
0 ' A )
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Retention Time [min]

Chart 7. HPLC chart for (R,Z)-2-tetrahydronaphthyl pent-3-en-1-amine compound.
Enantiomeric excess was determined by analytical HPLC with a CHIRALCEL OD-3 (98/2
hexane/i-PrOH, 1.0 mL/min, 254 nm, 40 °C), major enantiomer t, = 11.2 min, minor t, = 7.5

min.
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Chart 8 HPLC chart for (§,2)-2-tetrahydronaphthyl pent-3-en-1-amine compound.
Enantiomeric excess was determined by analytical HPLC with a CHIRALCEL OD-3 (98/2
hexane/i-PrOH, 1.0 mL/min, 254 nm, 40 °C), major enantiomer t, = 11.4 min, minor t, = 7.4
min.

To a mixture of (S) or (R)-(Z)-2-tetrahydronaphthyl pent-3-en-1-amine (60.4 mg, 0.3
mmol, 1.0 equiv.) and MS 4A (150 mg, 50 mg/0.1 mmol) in CH,Cl, (1 mL) was added 2-
hydoxy benzaldehyde (32 xL, 0.33 mmol, 1.1 equiv.) at room temperature, and the resulting
mixture was stirred at this temperature for 24 h. After filtration, the resulting solution was
concentrated in vacuo to give 2-((E)-(((2)-(S) or (R)-2-tetrahydronaphthay pent-3-en-1-
yl)imino)methyl)phenol quantitatively.

Characterization of (Z)-chiral starting substrates:

NH»

e

TLC R¢= 0.41 (7:1 CHCl3:MeOH).
'H NMR (CDCls, 400 MHz), § 7.22 (dd, 1H, J = 6.1, 2.6 Hz, Ar-H), 7.14-7.07 (m, 3H, Ar-
H), 5.61 (dq, 1H, J = 11.7, 1.7 Hz, C-CH=CH), 5.51-5.42 (m, 1H, CH=CH-CHs), 2.99 (d, 1H,
J = 13.3 Hz, NHo-CHs), 2.83-2.76 (m, 3H, NH>-CHa), 1.98-1.93 (m, 1H, -CH,-), 1.84-1.74
(m, 3H, -CH>-), 1.21 (d, 2H, J = 6.0 Hz, -CH>-), 1.09 (dd, 3H, J = 7.1, 1.8 Hz, CH-CH3).

13C NMR (CDCls, 100 MHz), § 141.3, 137.6, 137.4, 129.1, 128.4, 125.9, 125.6, 52.8, 45.0,
32.5,30.2, 25.4, 19.4, 14.2.
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Characterization of Substrates:

4-BrCgH,COCI 0
HN 1 M NaOH agq. /@)LH
-
O e D

rt., 12 h

To a mixture of (R) or (S)-(Z)-2-tetrahydronaphthyl pent-3-en-1-amine (90 mg, 0.4
mmol, 1.0 equiv.) in CH>Cl, (2 mL) and 1M NaOH aq (2.2 mL, 2.0 mmol, 5 equiv.) was
added 4-bromo benzoyl chloride (96 mg, 0.44 mmol, 1.1 equiv.) at room temperature, and the
resulting solution was stirred at this temperature for 6 h. The reaction solution was poured
into H>O and extracted with dichloromethane (10 mL x 3). The combined organic extracts
were dried over Na;SO4 and concentrated under reduced pressure after filtration. The residual
product was purified by flash column chromatography on silica gel to give 4-bromobenzoyl
protected (R)- or (S)-(£)-4-bromo-N-((1-(prop-1-en-1-yl)-1,2,3,4-tetrahydronaphthalen-1-
yl)methyl)benzamide in 81% yield (124.8 mg, 0.32 mmol).

(0]
N )
Br ~F

(R)-(Z)-4-bromo-N-((1-(prop-1-en-1-yl)-1,2,3,4-tetrahydronaphthalen-1-yl)methyl)
benzamide ((R)-S12)

[a]p?* =-34.7 ° (¢ = 0.33, CHCl3, 99% ee).

TLC R¢= 0.53 (5:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz), & 7.50 (ddt, 4H, J = 18.5, 8.5, 1.9 Hz, Ar-H), 7.31-7.29 (m, 1H,
Ar-H), 7.19-7.11 (m, 3H, Ar-H), 6.00 (s, 1H, NH), 5.67 (dq, 1H, J = 11.6, 1.6 Hz,
CH;CH=CH), 5.55-5.47 (m, 1H, CH3CH=CH), 3.80 (q, 1H, J = 6.9 Hz, NH-CH>), 3.69 (dd,
1H, J =13.5, 5.3 Hz, NH-CH>), 2.84-2.81 (m, 2H, C-CH>-), 1.95-1.78 (m, 4H, -CH>-), 1.12
(dd, 3H, J = 7.2, 1.7 Hz, CH=CH-CH).

3C NMR (CDCls;, 100 MHz), & 166.6, 140.1, 137.6, 136.6, 133.5, 131.8, 129.5, 128.35,
128.2, 126.6, 126.3, 126.0, 49.4, 44.2, 33.5, 30.0, 19.4, 14.2.

HRMS (FAB) Exact Mass Calcd. for C21H22NOBr ([M+H]") 384.0958. Found: 384.0964.
Enantiomeric excess was determined by analytical HPLC with a CHIRALCEL OD-3 (95/5
hexane/i-PrOH, 1.0 mL/min, 254 nm, 40 °C), minor enantiomer t. = 15.6 min, major

enantiomer t; = 22.3 min.

(0]
H
Br 7
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(5)-(Z2)-4-bromo-N-((1-(prop-1-en-1-yl)-1,2,3,4-tetrahydronaphthalen-1-yl)methyl)
Benzamide

[a]p?* =+32.5° (¢ = 0.33, CHC]l3, 99% ee).

TLC R¢=0.53 (5:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz), & 7.50 (ddt, 4H, J = 18.5, 8.5, 1.9 Hz, Ar-H), 7.31-7.29 (m, 1H,
Ar-H), 7.19-7.11 (m, 3H, Ar-H), 6.00 (s, 1H, NH), 5.67 (dq, 1H, J = 11.6, 1.6 Hz,
CH3;CH=CH), 5.55-5.47 (m, 1H, CH3;CH=CH), 3.80 (q, 1H, J = 6.9 Hz, NH-CH>), 3.69 (dd,
1H, J=13.5, 5.3 Hz, NH-CH>), 2.84-2.81 (m, 2H, C-CH-), 1.95-1.78 (m, 4H, -CH>-), 1.12
(dd, 3H, J = 7.2, 1.7 Hz, CH=CH-CH,).

3C NMR (CDCls;, 400 MHz), & 166.6, 140.1, 137.6, 136.6, 133.5, 131.8, 129.5, 128.35,
128.2, 126.6, 126.3, 126.0, 49.4, 44.2, 33.5, 30.0, 19.4, 14.2.

HRMS (FAB) Exact Mass Calcd. for C21H22NOBr ([M+H]") 384.0958. Found: 384.0964.
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Chart 9. HPLC chart for racemic (Z)-4-bromo-N-((1-(prop-1-en-1-yl)-1,2,3.4-
tetrahydronaphthalen-1-yl)methyl)benzamide. Retention times were determined by analytical
HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm, 40 °C), t; =
16.0 and 22.3 min.
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Chart 10. HPLC chart for (R,Z)-4-bromo-N-((1-(prop-1-en-1-yl)-1,2,3,4-
tetrahydronaphthalen-1-yl)methyl)benzamide. Enantiomeric excess was determined by
analytical HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm,

40 °C), major enantiomer t; = 22.53 min, minor t, = 16.56 min.
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Chart 11. HPLC chart for (8,2)-4-bromo-N-((1-(prop-1-en-1-yl)-1,2,3,4-
tetrahydronaphthalen-1-yl)methyl)benzamide. Enantiomeric excess was determined by
analytical HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm,

40 °C), major enantiomer t; = 15.2 min, minor t; = 22.5 min.
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Figure 6. ORTEP diagram of (R,Z)-2 substrate by Sponge X-ray analysis

o] 0
Pd/C (10% wt)
N > H, (1 atm) N d
H > H
Br K EtOAc:DMF:MeOH (

(1:1:1 viviv)
rt., 24 h

To a mixture of (S)-(E£)-4-bromo-N-((1-(prop-1-en-1-yl)-1,2,3 4-tetrahydro
naphthalen-1-yl)methyl)benzamide (8.3 mg, 0.02 mmol, 1.0 equiv.) in EtOAc:DMF:MeOH
(1:1:1 v/v/v) (1.2 mL) was added Pd/C (0.8 mg, 10% wt) at room temperature, and the
resulting solution was stirred under H» gas (1 atm) at room temperature for 24 h. The reaction
solution was filtrated by celite by the use of EtOAc for washing. The EtOAc solution was
concentrated in vacuum to give (S)-N-((1-(propyl)-1,2,3,4-tetrahydronaphthalen-1-
yl)methyl)benzamide in 60% yield (4.6 mg, 0.01 mmol).

o o)
. Pd/C (10% wt)
N H; (1 atm) ©)‘\N//"‘
> H
Br Z EtOAc:DMF:MeOH

(1:1:1 viviv)
rt., 24 h

To a mixture of (R)-(£)-4-bromo-N-((1-(prop-1-en-1-yl)-1,2,3 4-tetrahydro
naphthalen-1-yl)methyl)benzamide (24 mg, 0.06 mmol, 1.0 equiv.) in EtOAc:DMF:MeOH
(1:1:1 v/v/v) (1.5 mL) was added Pd/C (2.4 mg, 10% wt) at room temperature, and the
resulting solution was stirred under H» gas (1 atm) at room temperature for 24 h. The reaction
solution was filtrated by Celite by the use of EtOAc for washing. The EtOAc solution was
concentrated in vacuum to give (R)-N-((1-(propyl)-1,2,3,4-tetrahydronaphthalen-1-
yl)methyl)benzamide in 62% yield (14.8 mg, 0.03 mmol).
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(R)-N-((1-(propyl)-1,2,3,4-tetrahydronaphthalen-1-yl)methyl)benzamide

[a]p?® =-23.2° (¢ =0.19, CHCl3, 99% ee).

TLC R¢=0.31 (5:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz), 8 7.58-7.55 (m, 2H, Ar-H), 7.47-7.43 (m, 1H, Ar-H), 7.39-7.35
(m, 2H, Ar-H), 7.31 (d, 1H, J= 7.6 Hz, Ar-H), 7.23-7.13 (m, 2H, Ar-H), 3.82 (dd, 1H, J =
13.5, 7.8 Hz, NH-CH>), 3.58 (dd, 1H, J = 13.5, 4.6 Hz, NH-CH>), 2.76-2.74 (m, 2H, -CH>-),
1.91-1.73 (m, 5H, -CH>-), 1.64-1.55 (m, 1H, CH=CH>-), 1.40-1.25 (m, 1H, CH=CH>-), 1.23-
1.10 (m, 1H), 0.87 (t, 3H, J= 7.2 Hz, CH5).

3C NMR (CDCls;, 100 MHz), & 167.5, 140.4, 138.6, 134.8, 131.3, 129.6, 128.5, 126.68,
126.5, 126.3, 126.1,49.3, 43.1, 41.4, 31.0, 30.5, 19.7, 17.4, 14.9.

HRMS (ESI) Exact Mass Calcd. for C2iH22NO ([M+Na]*) 330.1828. Found: 330.1830.
Enantiomeric excess was determined by HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-
PrOH, 1.0 mL/min, 254 nm, 40 °C), minor enantiomer t; = 10.1 min, major enantiomer t; =

11.3 min.

S

(S)-N-((1-(propyD-1,2,3,4-tetrahydronaphthalen-1-yl)methyl)benzamide

[a]p?® =+23.5 ° (¢ = 0.19, CHCl3, 99% ee)

TLC R¢=0.26 (5:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz), 8 7.58-7.55 (m, 2H, Ar-H), 7.47-7.43 (m, 1H, Ar-H), 7.39-7.35
(m, 2H, Ar-H), 7.31 (d, 1H, J= 7.6 Hz, Ar-H), 7.23-7.13 (m, 2H, Ar-H), 3.82 (dd, 1H, J =
13.5, 7.8 Hz, NH-CH>), 3.58 (dd, 1H, J = 13.5, 4.6 Hz, NH-CH>), 2.76-2.74 (m, 2H, -CH>-),
1.91-1.73 (m, 5H, -CH>-), 1.64-1.55 (m, 1H, CH=CH>-), 1.40-1.25 (m, 1H, CH=CH>-), 1.23-
1.10 (m, 1H), 0.87 (t, 3H, J=7.2 Hz, CH»).

3C NMR (CDCls;, 100 MHz), & 167.5, 140.4, 138.6, 134.8, 131.3, 129.6, 128.5, 126.68,
126.5, 126.3, 126.1,49.3, 43.1, 41.4, 31.0, 30.5, 19.7, 17.4, 14.9.

HRMS (ESI) Exact Mass Calcd. for C2iH22NO ([M+Na]*) 330.1828. Found: 330.1830.
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Enantiomeric excess was determined by HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-

PrOH, 1.0 mL/min, 254 nm, 40 °C), minor enantiomer t; = 11.3 min, major enantiomer t; =

10.1 min.
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Chart 11.
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HPLC chart for racemic-N-((1-(propyl)-1,2,3,4-tetrahydro naphthalene-1-

yl)methyl)benzamide. Enantiomeric excess was determined by analytical HPLC with a

CHIRALCEL OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm, 40 °C), major enantiomer t,

= 11.4 min, minor t, = 10.2 min.
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Chart 12. HPLC chart for (R)-N-((1-(propyl)-1,2,3,4-tetrahydro naphthalene-1-yl)methyl)

benzamide. Enantiomeric excess was determined by analytical HPLC with a CHIRALCEL

93



OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm, 40 °C), major enantiomer t, = 11.4 min,

minor t; = 10.2 min.

A

- Pums 81 ;L2080 i M
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S Pump Mode MPG-2 Coperatre o)
= Flow 1.000[mL/min]
> 30000 Max. Press 25.0[MPa] UV Datector #1 : UV-2075
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v ¥
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Chart 13. HPLC chart for (S)-N-((1-(propyl)-1,2,3,4-tetrahydro naphthalene-1-yl)methyl)
benzamide. Enantiomeric excess was determined by analytical HPLC with a CHIRALCEL
OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm, 40 °C), major enantiomer t, = 11.4 min,

minor t; = 10.2 min.

4.7 References

1. Hill, R. K. In Comprehensive Organic Synthesis; Trost, B. M., Fleming, Eds.; Pergamon:
Oxford, 1991; Vol. 5, Chapter 7.1.

. See, page 51, section 3.5.5.

. See, page 20, section 2.2.3.

. Im, D. S.; Cheong, Ch. S.; Lee, S. H. J. Mol. Catal B-Enzym. 2003, 26, 131-143.

. Parikh, J. R. J. Am. Chem. Soc. 1967, 89, 5505-5507.

. Corey, E. J.; Yamamoto, H. J. Am. Chem. Soc. 1970, 92, 226-228.

. See, page 77, section 4.6.2.

. See, page 91, section 4.6.2.

O 00 9 N N K~ W N

. See, page 51, section 3.5.5.

94



CHAPTER 5

CATALYTIC ASYMMETIC FORMAL [1,3]-REARRANGEMENT OF
ENE-ALDIMINE INITIATED BY CHIRAL BRONSTED ACID

5.1 Introduction

Since this formal [1,3]-rearrangement reaction has been discovered, the reaction
condition, substrate scope, and mechanism have been studied and described in previous
chapters. 2-Azaallenium has been found to be a chain carrier; in addition, studies summarized
in chapter 4 indicated that 2-azonia-[3,3]-sigmatropic rearrangement of ene-aldiminium
intermediate proceeds with excellent chirality transfer ratios in the case of E-Olefin (Scheme
1). Although catalytic asymmetric formal [1,3]-rearrangement of ene-aldimine has not been
reported and chiral catalyst-controlled asymmetric chemical chain reaction is very
challenging, development of catalytic asymmetric version of this reaction will expand the

utility of this reaction in homoallylic amine synthesis (Scheme 2).

(£) CSA (R

CICHZCHZCI
(RE-4

(H E) - Condition A: 96% yield, 99% ee
Condition B: 81% yield, 99% ee

()-CSA €
OH N (10mo|% OH N™ X

CICHZCHZCI

(FI 21 (S,E)-4
Condition A: 26% yield, 78% ee
Condition B: 24% vyield, 86% ee

condition A : 80 °C, 20 h; condition B :150 °C, 2 h, Microwave reactor

Scheme 1. Asymmetric formal [1,3]-rearrangement of chiral substrates

R' 1
AR
OH N R'  Chiral Brensted acid OH NN NH,OH-HCI ;
! | 2 1 2 x R
= R R H2NW
R2 R2 R!

Scheme 2. Enantioselective synthesis of homoallylic amines promoted by chiral Brensted

acid
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On the basis of our proposed mechanism in chapter 4, it was hypothesized that
controlling of stereochemistry of the desired product is possible by chiral Brensted acid.
There are two possibilities in transition state to provide enantioenriched product. First
possibility is that the chiral counteranion of chiral Brensted acid may give an enantioenriched
diazetidinium intermediate N*3 from a racemic iminium intermediate N2 in propagation step
(Figure 1), and then, this chiral carbon center of N*3 works as a part of chiral auxiliary of
chiral ene-aldiminium intermediates for 2-azonia-[3,3]-sigmatropic rearrangement step. It
was speculated that chiral ene-aldiminium intermediate N*4 undergoes asymmetric 2-azonia
[3,3]-sigmatropic rearrangement to give enantioenriched ene-aldiminium NS5*. Ene-
aldiminium N5* will finally be transformed to the product P1. Second possibility is that
chiral counteranion of chiral Brensted acid may directly give the asymmetric induction for
N*5 regardless of the enantioselectivity of N*4 from N*3, in which hydrogen bonding
interaction between catalyst and ene-aldiminium N*4 will contribute to increase

enantioselectivity of N*5 by proximity effect and provide enantioselective product P1.

Ar
@ Ar m
Chiral counteranion W N Ar
N Ar \(
1o
N ey
N RQ J
Z R RTINTR
Nle R R R Ar&ﬁ Ar
2
RA_ N4~ > N5 N
R
R 7 ™~ R;{KJR
N*3 * Ar
S ﬁAr N6 i
N N _NJcN
oMY <1
R Ar A" R
R N*7 R
R N2 1. Construction of chiral center R
Ar 2 Chirality transfer or catalytic asymmetric step X Ar
A ® {
®
+ /:N: < /:N:. + R
R _~ Ar Ar .
R R’ R R
N1+R1 P1

Figure 1. Working hypothesis of catalytic asymmetric formal [1,3]-rearrangement by chiral

counteranion

5.2 Catalytic asymmetric formal [1,3]-rearrangement initiated by (15)-(+)-10-
champhorsulfonic acid
In chapter 2, 3, and 4, racemic-10-champhorsulfonic acid ((£)-CSA) has been used as

an initiator in formal [1,3]-rearrangement reaction. Therefore, (15)-(+)-CSA was initially
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selected to develop catalytic asymmetric version of this rearrangement. Moreover, diphenyl
substituted ene-aldimine (£)-la was chosen as a representative substrate for asymmetric
synthesis due to good reactivity and handling.! On the basis of reaction optimization in the
presence of racemic CSA, acetonitrile and 1,2-dichloroethane were used as solvents.? As the
results, the reaction was conducted at 50 °C for 20 h, the rearrangement product was obtained
in moderate to good yields; however, no enantioselectivities were observed in both cases

(Table 1, entries 1 and 2).

Table 1. Catalytic asymmetric formal [1,3]-rearrangement initiated by (+)-CSA

(+)-CSA (mol%) OH lN/Y\rPh
Solvent Ph
50°C,20h
(E)-1a

2a
Entry Solvent Catalyst loading (mol%) Yield (%)* ee (%)°
1 MeCN 10 52 <1
2 CICH2CH2Cl 30 70 <1

“Determined by 'H NMR using dibromomethane as an internal standard.

PEnantiomeric excess was determined by chiral HPLC after derivatization of 2a.

5.3 Catalytic asymmetric formal [1,3]-rearrangement initiated by (R)-BINOL-derived
phosphoric acid

The Binaphthol (BINOL)-derived Bronsted acids have been known as chiral Brensted
acid catalyst and widely used to yield enantiomeric enriched products in many
enantioselective transformations.> Thus, chiral Brensted acid may be enable to give
asymmetric induction for diazetidinium intermediate in propagation step of this formal [1,3]-
rearrangement reaction, and give enantiomeric enriched homoallylic amine product after
hydrolysis. Among a variety of chiral Brensted acids developed to date, 3,3'-substituted
BINOL-derived phosphoric acids*® were selected as chiral Brensted acid catalyst because
phosphoric acid moiety has been known as a donor and acceptor for hydrogen bonding
interaction, and chiral phosphoric acids have recently become one of the most useful catalysts
in catalytic asymmetric synthesis. Furthermore, recent theoretical study demonstrated that the
substituents at the 3 and 3’-positions are able to create sophisticated asymmetric reaction space to

realize high enantioselectivities.”!!
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5.3.1 Substituent effect at the 3,3’-position of chiral phosphoric acid

For initial studies, the (R)-BINOL-derived phosphoric acids with different
substituents at the 3,3’-position: pentafluorophenyl B-1, 2,4,6-triisopropylphenyl B-2, and
anthryl B-3 were explored (Table 2). As mentioned earlier in section 5.2, MeCN and
CICH>CH2Cl solvents were applicable, thus, these solvents were selected in this study. The
reactions were conducted at 50 °C under 30 mol% catalyst loading. It was found that (R)-
BINOL-phosphoric acid B-1 gave desired product 2a in good yields but was not able to give
enantioselectivity (Table 2, entries 1 and 2). The (R)-BINOL-phosphoric acid B-2 with 2,4,6-
triisopropylphenyl at the 3,3’-positions showed low yields, but slightly higher
enantioselectivity than that by B-1 (Table 2, entries 3 and 4). Consequently, (R)-BINOL-
phosphoric acid B-3 having anthryl at the 3,3’-positions was tested, and it was found that the
highest enantioselectivity was obtained in CICH>CH:Cl solvent (21% ee, Table 2, entry 6).

Table 2. Substituent effect of chiral phosphoric acid
Ph

OH |N Ph  cat. (30 mol%)
©) ~ Solvent

(B 50°C,20 h
-1a

CCL,”
B-1 o
Entry Solvent (R)-BINOL-phosphoric acid Yield (%)* ee (%)°
1 MeCN B-1 77 2
2 CICH>CH>Cl B-1 75 7
3 MeCN B-2 51 5
4 CICH>CH>Cl B-2 21 13
5 MeCN B-3 65 11
6 CICH>CH>Cl B-3 72 21

“Determined by 'H NMR using dibromomethane as an internal standard.

PEnantiomeric excess was determined by chiral HPLC after derivatization of 2a.
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5.3.2 Reaction optimization in the presence of chiral phosphoric acid

Since  (R)-3,3’-anthryl-BINOL-phosphoric ~acid B-3 gave the highest
enantioselectivity, the optimized reaction condition of the formal [1,3]-rearrangement
reaction was carried out in the presence of B-3. Before exploration of solvents, catalyst
loading of B-3 was reduced to 20 mol% at 50 °C and 40 °C. It was found that although yields
significantly dropped at 40 °C and 50 °C, 20 mol% of catalyst loading of B-3 did not affect
the enantioselectivity of the product (Table 3, entries 1-3). Thus, the studies of solvents were
carried out at 50 °C under 20 mol% catalyst loading. In screening solvents, chloroform
(CHCI3), chlorobenzene, tetrahydrofuran (THF), ethyl acetate (EtOAc), and toluene were
used. Among these solvents, toluene gave superior results in the term of enantiomeric excess
(52% ee) (Table 3, entry 8). Although the enantioselectivity was the highest at 50 °C in
toluene solvent, the chemical yield was only 24%. Therefore, the reaction was conducted at
80 °C to improve chemical yield. As a result, although chemical yield was improved to 76%,

enantioselectivity dropped to 41% ee, (Table 3, entry 9).

Table 3. Reaction optimization in the presence of (R)-BINOL-derived phosphoric acid B-3

Ph
OH |N Ph 3 (mol%)
= Solvent
50°C,20h

(BE)-1a
Temp Phosphoric acid B-3
Entry Solvent Yield (%)* ee (%)?
(°O) (mol%)
1 CICH,CH:Cl 50 30 72 21
2 CICH,CH:Cl 50 20 47 21
3 CICH,CH:Cl 40 20 29 20
4 CHCl; 50 20 46 25
5 Chlorobenzene 50 20 23 23
6 THF 50 20 51 16
7 EtOAc 50 20 13 25
8 Toluene 50 20 24 52
9 Toluene 80 20 76 41

“Determined by 'H NMR using dibromomethane as an internal standard.
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PEnantiomeric excess was determined by chiral HPLC after derivatization of 2a.

5.3.3 Screening of (R)-BINOL-derived phosphoric acids

It has been known that the substituents at the 3,3’-positions would be important to
create suitable reaction space and increase enantioselectivity. Based on the initial studies in
the section of 5.3.1 and 5.3.2, the reaction was conducted at 80 °C in toluene to optimize
substituents of chiral phosphoric acid catalysts (Table 4).

The chiral phosphoric acids B-1, B-2, and B-3 were examined again under the new
reaction condition to compare with the results in Table 2. It was revealed that higher yields
and enantioselectivities were obtained than those in Table 2 (Table 2 vs. Table 4, entries 1-3).
Among chiral phosphoric acids B-1, B-2, and B-3, anthryl-substituted B-3 was still the best
enantioselectivity. Therefore, other m-conjugated substituents such as 2-naphthyl, phenanthryl,
pyrenyl, and 2-triphenylenyl groups were next introduced at the 3,3’-position of the chiral
phosphoric acid and examined in the reaction. It was found that the chiral phosphoric acids
B-4 to B-7 with 2-naphthyl, phenanthryl, pyrenyl, and 2-triphenylenyl groups yielded the
formal [1,3]-rearrangement product 2a in similar yields with those by chiral phosphoric acids
B-1, B-2, and B-3 (Table 4, entries, 4-7). Importantly, the phosphoric acid B-5 with
phenanthryl group gave the highest enantioselectivity (Table 4, entry 5). Furthermore, (R)-
F10BINOL phosphoric acids B-8 to B-10 and perfluorinated naphthalene-introduced B-11
were attempted to evaluate the effect of acidity of the chiral phosphoric acids. Excellent
yields were obtained in all cases of B-8 to B-11, unfortunately enantioselectivities were less

than 10 % (Table 4, entries 8-11).

Table 4. Electronic effect of BINOL Brensted acids
Ph

OH N Ph  cat. (20 mol%) OH lN/\r\/ Ph
| -
Ph
= Toluene
80°C,20 h

2a
(B)-1a
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Entry Catalyst Yield (%)* ee (%)°

1 B-1 95 9

2 B-2 76 33

3 B-3 81 39

4 B-4 73 20

5 B-5 90 65-74¢ (70)?
6 B-6 93 39

7 B-7 85 11

8 B-8 95 9

9 B-9 91 2

10 B-10 90 4

11 B-11 93 <1

“Determined by 'H NMR using dibromomethane as an internal standard.
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PEnantiomeric excess was examined by chiral HPLC after derivatization of 2a.

“Ranges of enantioselectivities. “Average of enantioselectivities.

5.3.4 Catalyst loading of (R)-BINOL phosphoric acid

To further optimize the reaction conditions, the catalyst loading amount was studied
by wuse of chiral phosphoric acid B-5 (Table 5). The results showed that the
enantioselectivities were significantly decreased when 5 mol% of B-5 was used. These results
indicated that once 2-azaallenium was generated, propagation step would smoothly proceed,
therefore both enantioselective and racemic reaction pathway of propagation steps competed

to give the products.

Table 5. Catalyst loading studies

Ph

N Ph
OH N Ph B-5 (Mol%) OH N N
' - . | Ph
“ Toluene
80°C,20h

(B-1a 2a
Entry Phosphoric acid B-5 (mol%) Yield (%)* ee (%)°
1 20 90 65-74¢ (70)¢
2 15 75 69
3 10 71 65
4 5 60 46

“Determined by 'H NMR using dibromomethane as an internal standard.
PEnantiomeric excess was examined by chiral HPLC after derivatization of 2a.

“Ranges of enantioselectivities. “Average of enantioselectivities.

5.4 Mechanistic consideration in interaction mode

According to the results of enantioselectivities in catalytic asymmetric formal [1,3]-
rearrangement reaction, the interaction among chiral phosphoric acid catalyst, 2-azaallenium
cation, and ene-aldimine (£)-1 was very important point to propose the transition state.

Therefore, substituents on benzylidene unit further studied, and absolute configuration of the
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product was determined. Finally, transition state of the [3,3]-rearrangement stage in

propagation step would be proposed.

5.4.1 Substituents effect of benzylidene unit

The hydroxy group of benzylidene unit was expected to be important as hydrogen
bonding donor to phosphoryl oxygen of chiral phosphoric acid catalyst. Therefore,
benzaldehyde derived-ene-aldimine (1b) was initially evaluated. As expected,
enantioselectivity in the reaction of 1b significantly dropped (Table 6, entry 1 vs. 2). Based
on this result, salicylaldehyde derived ene-aldimine (E)-1c to (E)-1f were further examined to
study on electronic and steric effects of benzylidene unit (Table 6, entries 3-5). These
substrates (E)-1a to (E)-1e yielded formal [1,3]-rearrangement products in high yields while
(E)-1f only gave desired product in moderate yield. Importantly, the results of these
enantioselectivities suggested that hydroxy group is effective as a directing group to yield
enantiomeric enriched products (Table 6, entries 1 and 2). The substituent at the 5-position on
benzylidene unit gave no affect to enantioselectivity (Table 6, entry 3). In contrast,
enantioselectivities were gradually decreased by increasing steric bulkiness of substituent on

4-position of benzylidene moiety (Table 7, entries 4-6).

Table 6. Electronic and steric effects on benzylidene unit

. Ph
N B-5 (20 mol%) NW
)l P Ph o J Ph

Toluene 2
80°C,20 h

Entry Ar Yield (%)* ee (%)°

1 ' 77 65¢
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80 65

OH N”
Cl
(E)-1¢c
OH N7
@/' 81 49
Cl

(£)-1d
O

H

5 D/ 77 45

(E)-1e

6 ptad
\OL ) 49 30

(E)-1f

p=4

“Determined by 'H NMR using dibromomethane as an internal standard.
PEnantiomeric excess was examined by chiral HPLC after derivatization of 2a.

“Enantioselectivity given by B-5 which was used in entries 2-6.

5.4.2 Absolute configuration of the ene-aldimine product

The absolute configuration of the product was important to propose the transition state
in the stage of [3,3]-rearrangement. X-ray diffraction analysis of optically pure products 2a
derivative was used.

To get the optically pure product 2a, formal [1,3]-rearrangement reaction of (E)-1
substrate was conducted in the presence of (+)-CSA, and then the obtained rearrangement
product 2a was subjected to hydrolysis conditions to provide free amine 3a (top of Scheme 3).
In the optical resolution step, semi-preparative HPLC was used to separate each enantiomer
(S)-3a and (R)-3a (bottom of Scheme 3, CHIRALCEL OD-H (10 mm ¢ x 250 mm L), 98/2
hexane/i-PrOH, 5 mL/min, 254 nm, 40 °C, t. = 11.1 min and 13.4 min). Optically pure
amides (S5)-5a was synthesized from the treatment of optically pure (S)-3a with benzoyl
chloride and 1M NaOH (Scheme 4). The enantioselectivity of obtained amide derivative (S)-
5a was determined by analytical HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-PrOH, 1.0
mL/min, 254 nm, 40 °C, the major t; = 19.7 min and minor t; = 16.7 min). It was confirmed

that optical purity of (S)-5a was 99%.
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Ph

OH N Ph  ()-CSA (10 mol%) OH N/\(\/ Ph NH,OH-HCI (3 eq.) Ph
= | Ph HZN/\(\K
CICH,CH,CI THF:H,0 (1:1 v/iv) Ph

150 °C, 2 h 2a i, 4 h 3a
(Be-1 85% 68%
Optical resolution HZN/\(:‘S)/\(Ph . HZN%Ph
* Ph Ph
(5)-3a (R)-3a

Scheme 3. Hydrolysis and optical resolution of rearrangement product 2a

0]

BzCl (5 eq.)
8 Ph 1 M NaOH (5 eq.) ) Ph
L Gl VU
* Ph CH,Cl, Hotopy
(S)-3a r,4h (S)-5a, 75%

Scheme 4. Protection of (§)-3a for determination of retention time

Finally, the absolute configuration of 2a was determined by the use of 4-
bromobenzoyl derivatives 4a. Thus, the optically pure amides (S)-4a and (R)-4a were
synthesized from the treatment of optically pure (S)-3a and (R)-3a with 4-bromobenzoyl
chloride and 1M NaOH (Scheme 5). The obtained amide derivatives (S)-4a and (R)-4a were
recrystallized under dichloromethane (CH>Cly) as inner solvent and hexane as outer solvent.
X-ray diffraction analysis clearly showed that (S)-4a is (S)-configuration (first peak in
HPLC), on the other hand, (R)-4a is (R)-configuration (second peak in HPLC) (Scheme 5).
On the basis of the results by X-ray diffraction and HPLC analyses, (R)-B-5 gave (S5)-2a as

major product.

4-BrBzCl (1.1 eq.) 0 “(/.(
© M NaOH (5 eq. © Ph q
HN O P TMNaOR Bed) N A4
i ph CHCly o : = 3\
(S)-3a n4h (S)-4a, 81% ¢ "
[l = -73.9 ° (¢ = 0.68, CHCI3, 99% ee) -

0 v
4-BrBzCl (1.1 eq.) g

HZN/ﬁR)/\/Ph 1M NaOH (5 eq.) N/ﬁﬂ’/\/Ph B
Ph —_— H Ph @F Ry o

CH,Cl
(R)-3a tah Br (R)-4a, 94% v .

[a]p?*=+73.7 ° (¢ = 0.68, CHCl3, 99% ee)

Scheme 5. Protection of (S)- and (R)-3a and determination of absolute configurations
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5.4.3 Proposed transition state

As shown in Figure 1, the enantioselectivity of the product would be determined in
the stage of [3,3]-azonia rearrangement step in formal [1,3]-rearrangement.!? On the basis of
results in Table 6, it was suggested that the hydroxy group of benzylidene unit is important to
give enantioselectivities. Therefore, hydrogen bonding interaction between counteranion of
the chiral Bronsted acid and intermediate was considered.

Two possibilities were proposed, i) the counteranion of B-5 would give
enantioselective intermediate N*4 via hydrogen bonding between OH groups of substrate and
phosphoryl oxygen of B-5, then chirality of N*4 would be transferred to yield (S)-N*5 in the
stage of [3,3]-azonia rearrangement step, ii) the counteranion of B-5 would determine
enantioselectivity of (R)-N*5 directly via hydrogen bonding between OH groups of substrate
and phosphoryl oxygen of B-5 regardless of the enantioselectivity for the intermediate N*4.

Experimental results could not exclude either these two possibilities; therefore, one of
possibilities for hydrogen bonding interaction was proposed in the transition state for the
stage of [3,3]-azonia rearrangement step (Figure 2). According to the absolute configuration
of the product, chiral counteranion of B-5 would exist the side of Re face and allylic carbon
attack to iminium carbon from the side of Si face (Figure 2 a)) because of steric hindrance
between diphenyl group of intermediate N*4 and anthryl groups of B-5 (Figure 2 b)). As a
result, (S)-N*5 would be yielded to give (5)-2a.

Figure 2. Proposed interaction in transition state for (a) (S)-product and (b) (R)-product
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As mentioned in Table 6 (entries 4-6), the enantioselectivities were affected by the size
of substituent at the 4-position, but not affected by the substituent at the 5-position; therefore
(S)-TS4 and (S)-TSS were proposed (Figure 3). Substituents at 4-position of the substrate
interfered with phenanthryl groups at the 3,3’-position of B-5; hydrogen bonding interactions
between counteranion of B-5 and N*4 would lead to poor in the transition state (Figure 3,
(5)-TS4).; in contrast, the substituent at the 5-position of the substrate was far away from

phenanthryl group and not affected to hydrogen bonding networks (Figure 3, (S)-TSS).

(9)-TS5

Figure 3. Proposed transition state of substituent at the 4- and 5-position on benzylidene unit

5.5 Conclusion

Catalytic asymmetric reaction for formal [1,3]-rearrangement reaction was studied.
(R)-BINOL-derived phosphoric acid with phenanthryl group at the 3 and 3’-position gave the
highest enantioselectivities in toluene as solvent. The hydrogen bonding between
counteranion of the chiral phosphoric acid and hydroxy group of the substrate plays an

important role to get high enantioselectivities.

5.6 Experimental section
5.6.1 General method

All reactions were carried out under an atmosphere of standard grade nitrogen gas
(oxygen <10 ppm) in flame-dried glassware with magnetic stirring. Toluene and
tetrahydrofuran were used as anhydrous in solvent line system from KANTO. 1,2-
dichloroethane was purchased from commercial supplier as anhydrous solvents. 2-
hydroxybenzaldehyde was distilled before use. Other reagents were purchased from
commercial suppliers and used without further purification. Purification of reaction products
was carried out by flash column chromatography on silica gel 60 (spherical, neutral, 100-210
um; Merck). Analytical thin layer chromatography (TLC) was performed on E. Merck
precoated (0.25 mm) silica gel 60-F254 plates. Visualization was accomplished with UV
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light and phosphomolybdic acid solution in ethanol by heating. 'H NMR spectra were
recorded on a JEOL ECA-400 (400 MHz) spectrometer at ambient temperature. CDCl; NMR
solvents were purchased from CIL, and it was dried over activated MS 4A before used. Data
are reported as follows: chemical shifts are reported in ppm from tetramethylsilane on the
scale, with solvent resonance employed as internal standard (CDCl; 7.26 ppm, DMSO-ds
2.49 ppm), multiplicity (b = broad, s = singlet, d = doublet, dd = doublet of doublet, t = triplet,
q = quartet, and m = multiplet), integration, coupling constant (Hz) and assignment. '3C
NMR spectra were recorded on a JEOL ECA-400 (100 MHz) spectrometer at ambient
temperature. Chemical shifts are reported in ppm from tetramethylsilane on the 6 scale, with

solvent resonance employed as internal standard (CDCls 77.0 ppm).

5.6.2 Procedure for catalytic asymmetric rearrangement reaction of ene-aldimines

1
OH NP

/;L Chiral Brensted acid | W
Rz R

Toluene

20 h

Scheme 6. Reaction of catalytic asymmetric formal [1,3]-rearrangement of ene-aldimine

To a chiral Brensted acid (5-30 mol%) was added the solution of ene-aldimine in
toluene (0.1 M) at room temperature. Then, the reaction was stirred at an indicated
temperature for an indicated time. After cooled to room temperature, the reaction was
quenched by NEt;. After stirred at room temperature for 15 min, the resulting mixture was
extracted with CH>Cl (5 mL x 3). The organic layer was washed with brine (10 mL x 3), and
aqueous layer was extracted with CH2Cl, (20 mL x 3). The combined organic extracts were
dried over Na,SO4 and concentrated under pressure after filtration to give the ene-aldimine as

product.

5.6.3 Characterization of rearrangement products
Because of stability of rearrangement products, the characterization data are only

provided by 'H NMR.

OH N/\(\/Ph
i Jl Ph

(E)-2-(((2-methyl-4,4-diphenylbut-3-en-1-yl)imino)methyl)phenol
TLC R¢=0.18 (10:1 hexane:ethyl acetate).
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'H NMR (CDCls, 400 MHz) & 8.26 (s, 1H, N=CH), 7.30-7.10 (m, 12H, Ar-H), 6.97-6.93 (m,
1H, Ar-H), 6.88-6.84 (m, 1H, Ar-H), 5.93 (d, 1H, J = 10.3 Hz, CH=C), 3.57-3.54 (m, 2H, N-
CH,), 2.76-2.67 (m, 1H, N-CH,-CH), 1.12 (d, 3H, J = 6.9 Hz, CHj).

5.6.4 Procedure and characterization of derivatives

1) NH,OH-HCI

OoH N XP" 2)BzClor 4-BrBzCl,
| Ph 1M NaOH aq. Bz. /\*(\/Ph
Ph

N

H

2a .
benzamide product

Scheme 7. Derivatization of formal [1,3]-rearrangement product

Due to the stability of ene-aldimine rearrangement products, the characterization data
are provided by '"H NMR, *C NMR, and HRMS of derived benzamides. The rearrangement
products were subjected into hydrolysis condition by the use of hydroxylamine hydrochloride
(NH>OH-HCI) to cleave salicylaldehyde to afford amine products. And then, the amine
products were protected by benzoyl chloride or 4-bromobenzoyl chloride in the basic
condition providing benzamide or 4-bromo benzamine products (Scheme 7). The

characterization data are shown below.

Bz. Ph
NI

N-(2-methyl-4,4-diphenylbut-3-en-1-yl)benzamide

TLC R¢= 0.22 (4:1 hexane:ethyl acetate).

'"H NMR (CDCl3, 400 MHz) 6 8.18-8.11 (m, 1H, Ar-H), 7.67-7.66 (m, 2H, Ar-H), 7.49-7.45
(m, 2H, Ar-H), 7.41-7.30 (m, 4H, Ar-H), 7.26-7.20 (m, 4H, Ar-H), 7.11-7.08 (m, 2H, Ar-H),
6.02 (br, 1H, NH), 5.92 (d, 1H, J=10.3 Hz, CH=C), 3.51-3.45 (m, 1H, N-CH>), 3.38-3.31 (m,
1H, N-CH>), 2.72-2.60 (m, 1H, N-CH»-CH), 1.14 (d, 3H, J = 6.9 Hz, CH5).

3C NMR (CDCls, 150 MHz) 8 167.5, 143.0, 139.9, 133.6, 132.4, 131.3, 130.1, 129.6, 128.5,
128.4, 128.2, 127.3, 127.2, 126.8, 77.3, 77.0, 76.7, 45.8, 34.6, 18.7.

HRMS (ESI) Exact Mass Calcd. for C24H23NO ([M+Na]*): 364.1672. Found: 364.1672.

(0]
/@)J\NwPh
H
Br Ph
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4-bromo-/N-(2-methyl-4,4-diphenylbut-3-en-1-yl)benzamide.

TLC R¢=0.21 (3:1 hexane:ethyl acetate).

'"H NMR (CDCls, 400 MHz) & 7.52 (s, 4H, Ar-H), 7.36-7.30 (m, 3H, Ar-H), 7.19-7.28 (m,
5H, Ar-H), 7.09-7.05 (m, 2H, Ar-H), 5.97 (s, 1H, NH), 5.89 (d, 1H, J = 10.5 Hz, CH=C),
3.44 (dt, 1H, J=13.2, 5.7 Hz, N-CH>), 3.36-3.29 (m, 1H, N-CH>), 2.71-2.60 (m, 1H, N-CH>-
CH), 1.13 (d, 3H, J= 6.6 Hz, -CH>).

3C NMR (CDCls, 150 MHz) 8 166.4, 143.1, 141.9, 139.8, 133.5, 132.2, 131.7, 129.6, 128.5,
128.4,128.2,127.3, 127.2, 125.9, 45.8, 34.6, 18.7.

2
300000
BZ\NWPh 1
250000 H Ph
~ Oven #1 : CO-2060 Pump #1 : PU-2080
= Initial Condition Initial Condition
> Temperature 40.0[degC]  Pyump Mode MPG-2
G Column PositionA Flow 1.000[mL/min]
9]
£ omsrsiovars M RO
I\;V“t'all c°":'t'°" 254[nm] Composition A 95.0[%]
avelengtl nm Composition B 5.0[%]
Response STD
Solvent Name A
Recorder Range Short Solvent N B
Autozero On olvent Name
0 Y A Y A
0.0 5.0 10.0 15.0 20.0

Retention Time [min]
Peak Information

#|tR [min]|Area [uV-sec]| Area%
1| 16.575 566285740.119
2| 19.667 8452185(59.881

Chart 1. HPLC chart for benzamide compound. Enantiomeric excess was determined by
analytical HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm,
40 °C), the retention times t; = 16.6 and 19.7 min.
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Peak Information
#|tR [min] [Area [uV-sec] | Area% Bz e PP
150000 1 16.800 679100[12.958 H/m
2| 19908 4561658 |87.042
Pump #1 : PU-2080 Oven #1 : CO-2060
- Initial Condition Initial Condition
?1 100000 Pump Mode MPG-2 Temperature 40.0_[4egC]
; Flow 1.000[mL/min] Column PositionA
= Max. P 25.0[MP
2 Min. Proce. o_o[h[ﬂpaj" ! UV Detector #1 : UV-2075
% Composition A 95.0[%] \llvmall c°g:"t'°" 254[nm]
= Composition B 5.0[%] R:;’:o‘:;i STDnm
Solvent Name A
50000 Solvent Name B 23:(‘:;::; Range gl;ort
1
A\ \J
0 A A
0.0 5.0 10.0 15.0 20.0

Retention Time [min]

Chart 2. HPLC chart for benzamide compound. Enantiomeric excess was determined by
analytical HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm,

40 °C), major enantiomer 19.9 min, minor enantiomer t; = 16.8 min.

Pump #1 : PU-2080

1 Initial Condition
Pump Mode MPG-2
2 Flow 1.000[mL/min]
Max. Press 25.0[MPa]
400000 Ph Min. Press 0.0[MPa]
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Ph Composition B 2.0[%]
Solvent Name A
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Initial Condition
Wavelength 254[nm]
Response STD
100000 Recorder Range Short
Autozero On
\ \J
0 SR
0.0 5.0 10.0 15.0 20.0 25.0 30.0

Retention Time [min]

Chart 3. HPLC chart for racemic homoallylic amine compound. Enantiomeric excess was
determined by analytical HPLC with a CHIRALCEL OD-3 (98/2 hexane/i-PrOH, 1.0
mL/min, 254 nm, 40 °C), t; = 11.1 min and 13.4 min.
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Chart 4. HPLC chart for (S)-homoallylic amine compound. Enantiomeric excess was
determined by analytical HPLC with a CHIRALCEL OD-3 (98/2 hexane/i-PrOH, 1.0

mL/min, 254 nm, 40 °C), major enantiomer 11.1 min, minor enantiomer t, = 13.7 min.

2
250000 Pump #1 : PU-2080
Initial Condition
Pump Mode MPG-2
Ph Flow 1.000[mL/min]
200000 HgN/\‘/\/ Max. Press 25.0[MPa]
Ph Min. Press 0.0[MPa]
Composition A 98.0[%]
.. Composition B 2.0[%]
> Solvent Name A
; 150000 Solvent Name B
‘D Oven #1 : CO-2060
o] Initial Condition
< Temperature 40.0[degC]
~ Peak Information Column PositionA
#[tR [min]|Area [uV-sec] | Area% UV Detector #1 : UV=2075
1| 11.250 35638| 0.674 Initial Condition
2| 13475 5255694]99.326 Wavelength 254[nm]
Response STD
Recorder Range Short
Autozero On
0 v A Y A
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0

Retention Time [min]

Chart 5. HPLC chart for (R)-homoallylic amine compound. Enantiomeric excess was
determined by analytical HPLC with a CHIRALCEL OD-3 (98/2 hexane/i-PrOH, 1.0

mL/min, 254 nm, 40 °C), major enantiomer 13.5 min, minor enantiomer t, = 11.3 min.
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Chart 6. HPLC chart for (S)-benzamide compound. Enantiomeric excess was determined by
analytical HPLC with a CHIRALCEL OD-3 (95/5 hexane/i-PrOH, 1.0 mL/min, 254 nm,

40 °C), major enantiomer 19.7 min, minor enantiomer t; = 16.7 min.

(0] 1
Ph
200000 Q)LHW
: Ph
Br
150000 Peak Ipformatlon
#[tR [min]|Area [uV-sec]| Area%
%: 1| 60.467 28082501]99.530 1C)venlfg :30—2060
= nitial Condition
> 2| 73.458 132669| 0.470 Temperature 40.0[degC]
é 100000 Pump #1 : PU-2080 Column PositionA
£ Initial Condition UV Detector #1 : UV-2075
Pump Mode MPG-2 ) Initial Condition
Flow 1.000[mL/min] Wavelength 254[nm]
Max. Press 25.0[MPa] Response STD
50000 Min. Press 0.0[MPa] Recorder Range Short
Composition A 99.0[%] Autozero On
Composition B 1.0[%]
Solvent Name A
Solvent Name B 2
\J \J
0 A A

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0
Retention Time [min]

Chart 7. HPLC chart for (S)-4-bromo benzamide compound. Enantiomeric excess was
determined by analytical HPLC with a CHIRALCEL OD-3 (99/1 hexane/i-PrOH, 1.0

mL/min, 254 nm, 40 °C), major enantiomer 60.5 min, minor enantiomer t, = 73.5 min.
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<= 100000
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2 Initial Condition . PU-
= Pump #1 : PU-2080
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= Column PositionA Pump Mode MPG-2
Flow 1.000[mL/min]
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Initial Condition Min. Press 0.0[MPa]
Wavelength 254[nm] Composition A 99.0[%]
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Recorder Range Short Solvent Name A
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v v
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Chart 8. HPLC chart for (R)-4-bromo benzamide compound. Enantiomeric excess was
determined by analytical HPLC with a CHIRALCEL OD-3 (99/1 hexane/i-PrOH, 1.0

mL/min, 254 nm, 40 °C), major enantiomer 72.3 min, minor enantiomer t, = 62.2 min.
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CHAPTER 6

SUMMARY AND PERSPECTIVES

6.1 Summary
The Brensted acid-initiated formal [1,3]-rearrangement of B-substituted ene-aldimines
was developed to synthesize 2,4,4-substituted homoallylic amines. Details of experimental

studies and computational insights by collaborations were summarized in this thesis.

In Chapter 1, importance and synthetic methodology of homoallylic amines, our
discovery for formal [1,3]-rearrangement of ene-imines, and scope of this thesis were
summarized as general introduction. In particular, design concept of P-substituted ene-
aldimine substrates was demonstrated to yield linear-type homoallylic amines. Next, the
initial discovery of the formal [1,3]-rearrangement was clearly summarized. Importantly,
only [1,3]-rearrangement products were obtained (Scheme 1). These initial results were in
contrast to previous reports by Couty; therefore, study of my thesis was focused on the
development of formal [1,3]-rearrangement using -substituted ene-aldimines and application

to 2,4,4-homoallylic amine synthesis by introducing the substituent at the terminal olefin.

a) Reported rearrangement reaction of ene-imines

R R
Bronsted acid H T\l/)/ H,O* NH
P B i PN

R'
R' = aliphatic, alicyclic, aromatic

b) New design of substrate and discovery of formal [1,3]-rearrangement reaction

R2 (2)-CSA H R?

P2 3 2
N Rz (10 mol%) N7 | R H\l't‘ : H;0* NH?2 i
| PN *
Ar) = CICH,CH,CI Ar Ar) = |
R3 60 °C, 24 h R3 R2 R2 R3
R2R2=Me, R3=H [3,3]-rearrangement [ 3]-rearrangement
<1% yield 78% yield

Scheme 1. Rearrangement reaction of ene-imines. (a) General design in previous reports; (b)
our design of B-substituted ene-aldimine substrate and our discovery of formal [1,3]-

rearrangement

In chapter 2, experimental results for reaction developments were summarized

(Scheme 2). The investigation of electronic effects on aryl group, solvent effects, Bronsted
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acid, and reaction temperature found that Brensted acids, such as trifluoro acetic acid (TFA),
phosphoric acid diphenyl ester, and (£)-10-camphorsulfonic acid (CSA) efficiently promoted
the formal [1,3]-rearrangement in acetonitrile (MeCN) and 1,2-dichloroethane (DCE) as
solvents under normal or microwave heating method. Importantly, the formal [1,3]-
rearrangement proceeded smoothly under 1 mol% catalyst loading when microwave heating
method was used. After optimizing the formal [1,3]-rearrangement reaction, a variety of
substituents on ene-aldimine substrates were tolerated and gave corresponding rearrangement
products in good to excellent yields. Furthermore, 2,4,4-substituted homoallylic amines were
easily obtained under hydrolysis condition. And, the obtained 2,4,4-homoallylic amines were

used for the synthesis of a spiro compound and a -amino acid precursor.

2
(#)-CSA OH N S
/;L (2 or 10 mol /o) I R R NH,OH-HCI (3 eq) HZNWRZ\
CICHZCHZCI THF/H,0 (1:1 viv) R® RZ .
150 °C 46-95% yields rt,4h
2o0r4h up to 17 examples R?, R? = c-Hexyl, R® = Me, 83%

R?, R?= Ph, R® = Me, 71%
Scheme 2. Development of formal [1,3]-rearrangement of B-substituted ene-aldimines to

synthesize 2,4,4-substituted homoallylic amines

In chapter 3, crossover experiments for the mechanistic studies revealed that two
normal- and two crossover rearrangement products were observed in a ratio of ca. 1:1:1:1
(Scheme 3). When the two normal rearrangement products were subjected in the presence of
(£)-CSA under the heating condition, the reaction did not give the crossover products.
Therefore, intermolecular pathway was proposed for this formal [1,3]-rearrangement reaction.
Furthermore, collaborative study for DFT calculations by Dr. Honda in HPC SYSTEMS and
Dr. Suzuki in IMS suggested chain reaction mechanism of 2-azaallenium cation as a chain

carrier.

116



a) Crossover experiment of substrates

FF L FTo T

(10 mol% 2ab

d?-(E)-1a
CICH20HZCI
* Ph 150°C, 2 h Ph
J X OH N A

on N pn M MY |

| P Ph

2bb 2ba
(2-1b

2aa:2ab:2bb:2ba=ca. 1:1:1:1

b) Crossover experiment of products

()-CSA
% (10 mol)

CICH,CH,CI
150C, 2 h
MW

Scheme 3. Crossover experiments of (a) substrates, and (b) products

In chapter 4, asymmetric formal [1,3]-rearrangement of chiral ene-aldimine substrates
was developed. On the basis of the results in chapter 2, tetrahydronaphthalene was chosen as
substituent on chiral substrate, and this chiral substrate was synthesized from commercially
available 1-cyano-1,2,3,4-tetrahydronaphthalene. The chirality transfer experiments clearly
showed that asymmetric rearrangement of chiral substrate proceeded smoothly to give good
to excellent enantioselective products in the cases of both E- and Z-olefin substrates (Scheme
4). Absolute configurations of the ene-aldimine substrates and products were determined by
single crystal X-ray diffraction analysis, derivatization, and crystal sponge method. These
results supported the reaction pathway that begins with C—N bond formation in the
propagation step. Moreover, DFT calculation by Dr. Suzuki showed good agreement with the

experimental results of stereochemistries.
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(+)-CSA R

(10 mol%) OH N N
CICH,CH,CI - )
Condition A: 96% yield, 99% ee
Condition B: 81% yield, 99% ee
(+)-CSA 1.8
(10 mol%) OH N N
CICH,CH,CI

Condition A: 26% yield, 78% ee
Condition B: 24% yield, 86% ee

condition A : 80 °C, 20 h; condition B :150 °C, 2 h, Microwave reactor
Scheme 4. Asymmetric formal [1,3]-rearrangement of chiral ene-aldimines with

tetrahydronaphthalene unit at the B-position

In chapter 5, the development of catalytic asymmetric formal [1,3]-rearrangement were
summarized. It was found that although (+)-CSA did not give any asymmetric induction at all,
chiral phosphoric acid with phenanthryl substituents at the 3,3’-position provided good

enantioselectivities of the ene-aldimine products in toluene (Scheme 5).

T

OH N Ph  B-5 (20 mol%) OH N NS Ph oR
I | Ph 0" oH Ar=
= toluene OO Q
80°C,20 h Ar
up to 74% ee B-5

Scheme 5. Enantioselective formal [1,3]-rearrangement of ene-aldimine promoted by chiral

Bronsted acid

6.2 Perspectives

Our seminal advances in development of the new reaction for synthesis of
homoallylic amines expand the synthetic strategy for small organic molecules containing a
nitrogen atom. The experimental and computational studies open the new strategy to develop
previously unknow rearrangement reactions. The chiral counteranion-directed catalytic
asymmetric reactions provide a new approach to synthesize enantiomerically enriched
molecules. I believe that this thesis contributes to the development of rearrangement process,

in particularly [1,3]-rearrangement.
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Chapter 2

APPENDIX
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3 Revision_Time 14-Nov-2018
Current_Ti 14-NOV-2018 19:5
-1 . g single_pulse
S Data Format 1D COMPLEX
- = Dim Siz 26214
24 Din Title Proton
Din Units {ppn]
o Dimensions x
24 i MM-ECS400
Spectrometer DELTAZ_NMR
%
=7 Field Strength 9.389766(T] (400 ([MHz])
X_Acq_Duration 4.36731904(s]
~ X“Domain N
=7 X Freq 399.78219838 [Miz]
X Offset 5[ppm]
© _ _ CPoints 32768
= 3 g (3 (g X Prescans 1
o = = 7 1= X Resolution 0.22897343 [Hz]
" 3 X Sweep 75030012 [kiz]
=7 X Sweep_Clipped = 6.00240096 [kHz]
TEr_Domain Proton
<3 399.78219838 [MHz]
his 5(ppm)
Proton
ek 399.78219838 [Miz]
S (ppm)
FALSE
I 8
| 8
s ©
2 =] Relaxation Delay = 5[s]
ss Recvr_Gain 38
=l Get 19.1[4C]
5.3 o _ 1Y S W 6lus]
2 4.36731904(s]
T T T T T T T 45[deg]
120 10 100 o 0 -0 20 Jiuss®!
‘ Off
os
3 v o —woa oo o = FALSE
gIamgey 02827 3T8HEEES 738 85 8 Titsiwen Do
CEREsIY aEREE eanggks 35 £3 g Repetition Time = 9.36731904[s]
IR RN IIFIT Arimmddaa 222 ZZ S -
X : parts per Million : Proton
o
=
Bz. JEOL
N X Solations for lanovation
-~ PROCESSING PARAMETERS -
=~ dc_balance( 0, FALSE )
P 13 sexp( 2.0[Hz], 0.0[s] )
trapezoid( 0(+], O[%], 80[%], 100[%
C NMR (150 MHz, CDCly) Erapezolq ([ OfH 0181, R0l 100181 )
f££t( 1, TRUE, TRUE )
machinéphase
PPm
| Derived from: CJ-770 (HPLC) carbon-1-1.jdf
= CJ-770 (HPLC)_carbon-1-4.3
] delta
=) carbon. jxp
€J-770 (HPLC)
ROFORM-D
14-Nov-2018 16:57:10
= 10-J0N-2019 15:22:06
10-J0N-2019 15:22:23
<
s Comment single pulse decoupled gat
Data_Format 1D ComPLEX
Dim Size 214
Din Title Carbon13
Dim Units 1
Dimensions
ite MM-ECS400
] Spectrometer DELTA2_NMR
S
Field Strength = 9.389766[T] (400[MHz])
X Acq Duration = 1.04333312[s]
X“Domain 13c
X Freq 100.52530333 [MHz]
X ofset 100{ppn]
o X Points 32768
2 X Prescans 4
X Resolution 0.95846665 [z)
X Sweep 31.40703518 [Kiiz]
X Sweep_Clipped = 25.12562814 [kHz]
IEr_Domain Proton
Ire Freq 39978219838 [MHz]
Irr_Offset 5[ppm]
=1 Clipped FALSE
< Scans 200
Total_Scans 200
o Relaxation Delay = 2[s]
3 Recvr Ga
g Temp_Get 19.2(dc)
5 X_90_Width .6[us]
g o X“Acq_Time 1.04333312(s]
2 y X AngTe 30[deg]
&l Xata -81a]
L A A A A A A A A A A R AR RS AR AR RS IR AR SARAS RS AR AR L P 3.53333333 [us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| FEz_Atn pec 2¢-3511am)
IrrNoise WALTZ
/I A A e
= oo mmg x29 2 w23 29 Decoupling
& SRERE= “3% 3 R3E a3 poyrial_Nait ok
& SESES] ERS $  @=a == Noe_Time = 2(s]
. = smEeses Repatition Time = 3.04333312[s]
X : parts per Million : Carbon13

122




3.0

2.0

1.0

abundance

3c
"H NMR (400 MHz, CDCl5)

1.46
B

1.01

0.94

484

---- ING PARAMETERS ----
dc_balance( 0, FALSE )

sexp( 0.2[Hz], 0.0[s] )

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

2.93

1.00

X : parts per Million : Proton

1.038
1.021
1.010

pm
Filename = CJ-730_proton-1-4.3df
Author delta
Experiment proton. jxp
Sample_Td 3-730
Solvent CHLOROFORM-D
Creation_Time :53:32
Revision_Time 13-SEP-2018 20:30:49
Current_Time 10-JUN-2019 15:28:06
nt single pulse
Data_Format 1D COMPLEX
2 26214
Dim Title Proton
Dim Units {ppm]
Dimsnsions
& NU-ECS400
Spectrometer DELTAZ_NMR

Field Strength

9.389766(T] (400 [MHz])
X Acq Duration 1

4.36731904s:

i

399.78219838 [Mnz]

5 [ppn]

32768

1

0.22897343[5z]

7.5030012 [KHz]

6.00240096 [kHz]

Proton

399.78219838 [MHz]
ppm]

Proton

399.78219838 [MHz]

5[ppn]

FALSE

8
8

Relaxation Delay = 5[s]
Gain 34
19.5[dc]

6[us]
4.36731904(s]
45 deg:

Initial Wait

1[s]
Repetition Time = 9.36731904(s]

3.0

20

1.0

abundance

OH N N

3d
TH NMR (400 MHz, CDCl,)

243

oL

Solutions for Innovation

422

---- PROCESSING PARAMETERS ----
dc_balance( 0, FALSE )

sexp( 0.2[Hz], 0.

trapezoid( 0[%],
zerofill( 1)
££6( 1, TRUE, TRUE )
machinephase

PP

Derived from: CJ-189 proton-1-1.jdf

0[s] )
0[%], 80[%], 100(%]

325

267

893

o
X : parts per Million : Proton

Filename CJ-189_proton-1-4.3df
delta

Field Strength

9.389766(T] (400 [MHz])
X_Acq Duration 1

4.36731904 (s

1

399.78219838 [MHz]
5 (ppm]

32568

s

0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [MHz]
5 (ppm]

Proton
399.78219838 [MHz]
5 (ppm]

FALSE
8
Total_Scans 8
Relaxation Delay = 5[s]

20
21.4[dc]
6

us:
4.36731904[s]
45 [deg]

1(s]
Repetition Time 9.36731904 [s]




19

1.

1.1 1‘2 ].‘3 14 15

1.0

07 08 09

02 03 04 05 006

0.1

Bz.
2N
H

1.6 1.7
i i i i

H NMR (400 MHz, CDCly)

1.95

1.00

abundance

1.00

6.04

= ING PARAMETERS -
dc_balance( 0, FALS

sexp( 0.2[Hz], 0
trapezoid( 0[%]

E )

L0[s]')
. O[%], 80[s], 100(] )

295

1.00

X : parts per Million : Proton

1.023
1.006
0.000 —— =4

zerofill
£££( 1, TRUE, TRUE )

machinephase

pem

Filename CJ-5-A24 (protected rearr p
Author delta

Experiment proton. jxp

Sample_Id CJ-5-A2d (protected rearr p
Solvent CHLOROFORM-D

Spectrometer

Field Strength

X Swee;
X Sweep_Clipped
IFr_Domain

Relaxation_Delay
Recvr_Gain
et

Initizl Wait
Repetition Time

14-NOV-2018 14:33:28
9

INM-ECS400
DELTAZ_NMR

9.389766(T] (400 [MHz])
4.36731904(s]

i
399.76219838 [Miz)
5 [ppm)

32768

1

0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [MHz]
5(ppm]

Eroton

399.78219838 [MHz)
{ppm]

FALSE

8

H

5[s]

32

19(dcC]

6[us]

4.36731904([s)

45 [deg]

1[s]
9.36731904(s]

abundance

Bz.
ZaN
H

0.‘9

13C NMR (150 MHz, CDCly)

Solutions

T T T T T T T T T T T T T T T T T T T
220.0210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.

AN

X : parts per Million : Carbonl

77.441
77.127
76.812

45977 ——

ite
Spectrometer

Field Strength
X_Acq_Duration
X Domain

Total_Scans

Relaxation Delay
Recvr_Ga
Temp Gat

Decaupling
Tnitial Wait
Noe

Noe_Time
Repstition Time

= 21-Nov-2018 15:3

CJ-5-A24 protected rearr C
delta

carbon. jxp
CJ-S-A24 protected rearr C
CHLOROFORM-D

21-NOv-2018 11:29:23

0:57
10-JUN-2019 15:32:47

single pulse decoupled gat
1D COMPLEX

INM-ECS400
DELTAZ_NMR

9.389766[T] (400 [Miz])
1.04333312(s]

13c
100.52530333 [Mz]
100 {ppm)

32768

1
0.95846665 [Hz]
31.40703518 [kiz]
25.12562814 [kHz]
Proton
399.78219838 [Miiz]
5(ppn]

FALSE

171

171

21s]

19.1[dc]

“6[us]
1.04333312[s]
30[deg]

-8[dB]
3.53333333 [us]
26.351[dB]

26,351 [aB]
WALTZ
0.115[ms]

= 2[s]
3.04333312(s]




3.0

2.0

0
I

abundance

Bz\N N -Bu
H i-Bu
H NMR (400 MHz, CDCls)

0.98

3

11.68

Al

ING PARAMETERS ----

dc_balance( 0, FALS

sexp( 0.2[Hz],

trapezoid( 0[%]

zerofill

E )

L0[s]")
. O[%], 80[5], 100(5] )

£££( 1, TRUE, TRUE )

machinephase
ppm

Derived from: CJ-236(2) proton-1-1.3df

X : parts per Million : Proton

4992 —_ 3
4967 =

6.092

ite
Spectrometer

Field Strength
X_Acq_Duration

X Freq

Relaxation Delay
n

Recvr_Gais

Repetition Time

= C3-236(2)_proton-1-3.3df
delta

10-JUN-2019 15:45
10-JUN-2019 15:45:29

single pulse
1D COMPLEX

9.389766(T] (400 [MHz])
4.36731904(s]

o
399.78219838 [MHz]

5 [ppm]

32768

1
0.22897343[Hz]
7.5030012 [kiiz]

6.00240096 [kHz]

Proton
399.78219838 [MHz]
5(ppm]

Proton

399.78219838 [MHz]
(ppm]

FALSE

8

8

5(s]

21[dc]

6[us]

4.36731904(s]

45[deg]

1[s]
9.36731904(s]

(J.‘4

03

0.2

Bz. i-Bu

X

N
i-Bu

13C NMR (150 MHz, CDCly)

1

L

Solutions

machinephase
ppm

ING

ARAMETERS ----
SE )

0fs] )
4], 0[%], 80[%], 100(%] )

Derived from: CJ-236(2) carbon-2-1.3jdf

abundance

g
2
€
3

X : parts per Million : Carbonl

T T T T T T T T T T T T T
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80

76.685

T T T T T T T
.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0

-0.011 ——

Comment
Data Format
Dim Size
Dim Units
Dimensions

it
Spectrometer

Field Strength
X_Acq_Duration
X Domain

X Freq
Xoffset
XPoints

X Prescans

X Resolution
X Sweep

X Sweep_Clipped

IFr_Domain
Irr Freq
Irr Offset
Clipped
Scans
Total_Scans

Relaxation Delay =

Decaupling
Tnitial Wait
Noe
Noe.

Time
Repatition Time

©3-236(2)_carbon-2-3.3df
delta

10-JUN-2019 15:46:04
10-JUN-2019 15:46:21

single pulse decoupled gat
1D COMPLEX

9.389766[T] (400 [Miz])
1.04333312(s]

13c

10052530333 [MHz]

100 [ppm]

32768

I

0.95846665 [Hz)
31.40703518 [kiiz]
25.12562814 [kHz]

Proton
399.78219838 [MHz]
pm]

o

.8[dB]
3.53333333[us]
26.351[dB]
26.351[dB]
WALTZ
0.115[ms]

2[s]
3.04333312(s]




abundance

7.0

OH N N

de_balance( 0, FALSE )

sexp( 0.2[Hz], 0.0[s] )

1 ol oialel 0] aorer, 10008 )
zerofill( 1

££t( 1, TRUE, TRUE )

3f nachinephase

TH NMR (400 MHz, CDCl,) .

6.0

Derived from: CJ-864 proton-1-1.jdf

3.4

€J-864_proton-1-3.jdf
delta

4.0

389766(T] (400 [MHz])
1

36731904 (s
18
399.78219838 [MHz]

T JUN-:
Comment
o e 1
d Dim Size
<] i X
- o
Spectrometer 3
Field_Strength
X_Acq_Duration 904
Domain
X Freq
X Offset 5[ppm]
] o X Points = 32768
= 1
= 1 Cr 0.22897343 [Hz]
Sweep 7.5030012 [KHz]
> ¢ 6.00240096 [kiiz]
Tr_Domain Proton
399.78219838 [MHz]
X 5(ppn]
Tri Domain Proton
=] Freq 399.78219838 [Maz]
= 5[ppn]
P FALSE
ns 8
_ -8
Relaxation Delay
Recvr_Gain 12
mp_Get. .
; . . . tus]

x

2.0
1.09
1.27

1.00

ol . el
T T T T T T T
12.0 11.0 10.0 9.0 0 -1.0 -2.0
g Initial Wait 1(s]
=] Repetition Time = 9.36731904[s]
X : parts per Million : Proton
OH N NP
| © Solutions for Innovation
n-pr Fram——
dc_balance( 0, FALSE )
sexp ( [Hz], 0.0[s] )
trapezoid( 0141, 0[%], 80[2], 100(%] )
zerofill( 1)
3 £ft( 1, TRUE, TRUE )
machinephase
< 1 ppm
-
H NMR (400 MHz, CDCl3) Derived from: CJ-720 proton-1-1.3de
2
- (8
<
o k]
site TNU-ECS400
Spectrometer DELTAZ_NMR
Field Strength 389766[T] (400 [MHz])
X_Acq Duration 36731904 (5]
Py X“Domain 18
) S Xrreq 399.78219838 [Maz]
= z Xoeeset 5[ppm]
X points 32768
- X prescans 1
> | X Resolution 0.22897343(5z)
- X Sweep 7.5030012 [kHz]
X Sweep_Clipped = 6.00240096 [kHz]
TFx Domain Proton
. ° IrrFreq 399.78219838 [Miz]
L S Irr_Offset 5[ppm]
3 = TriTDomain Proton
TriFre 399.78219838 [MHz]
Trisoffset 5 [ppm]
Clipped FALSE
Scans 8
Total_Scans 8
5 _
2 Relaxation Delay
£ k 1 Recvr cain
: ‘. . L
5.l L . LA
8
T T T T T T T
12.0 11.0 10.0 9.0 2.0 1.0 0
o go-cuvo® Foq oSS ge aXCarazn g s
4 Raasfssed F88 S$RYSSEE g5 40328 2 i
4 dad 3 ] Repetition Time = 9.38731904(s]
¥ Frrdeses ER S PPt il P B g =

X : parts per Million : Proton

126




2.8

2.6

24

0.2

Bz. N N n-Pr
H n-Pr

H NMR (400 MHz, CDCly)

1.95
1.96

abundance

1.00

0.95

1.03

=

3.96

1.01

ING PARAMETERS -
ALSE )

L0[s]')
1, 0[%], 80[%], 100[%] )

RUE, TRUE )
ase

X : parts per Million : Proton

1.416 —=
13737

1.978
1.975
1.958
1.025
0.875

0.856
0.000 — <=+

€J-772_proton-4-4.jdf
delta’

INM-ECS400
DELTAZ_NMR

389766 [T

1 (400 [MHz])
36731904 (s]

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

11s]
9.36731904(s]

0.9

0‘.7 0.8

0.6

0.5
i

Bz. N N n-Pr
H n-Pr

3C NMR (150 MHz, CDCl3)

Solutions

Derived from: CJ-772 carbon-2-1.jdf

abundance

SNSRI 1| S

i

VTN WA

X : parts per Million : Carbonl

T T T T T T T T T T T T T T T T T T
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0

A

=3
S
=
2
3

77315

77.000
76.676

w

45774 ——
38900 ——
32416
32178
21852

.0

N
27
5]

—

N

14,
13.824

0
\

a
g

21356 —=

21-NOV-2018 11:09:48
= 10-JUN-2019 15:56:37
10-JUN-2019 15:56:53

single pulse decoupled gat
1D COMPLEX

INM-ECS400
DELTAZ_NMR

9.389766[T] (400 [Miz])
1.04333312(s]

13c
100.52530333 [Mz]
100 {ppm)

32768

1
0.95846665 [Hz]
31.40703518 [kiz]
25.12562814 [kHz]
Proton
399.78219838 [Miiz]
5(ppn]

FALSE

272

272

21s]

19.1[dc]

“6[us]
1.04333312[s]
30[deg]

-8[dB]
3.53333333 [us]
26.351[dB]

26,351 [aB]
WALTZ
0.115[ms]

= 2[s]
3.04333312(s]




el
OH N e
a Solutions for Innovation
Ph - NG PARAMETERS -
dc_balance( 0, FALSE )
sexp( 0.2[Hz], 0.0[s] )
Crapazoid( o[41, O[s], 80rs1, 100[8] )
Zerofill
££t( 1, TRUE, TRUE )
=
] machinephase
< 3h nad
H NMR (400 MHz, CDCl3)
C3-358_proton-1-5.3a¢
delta
proten. fxp
= -358
- CHLOROFORM-D
STMAY-2017 1
17-MAY-2018 1
17-MAY-2018 14
single pulse
To" Couhex
26214
Proton
[ppm]
- wu-scs400
=] Spectronater DELTAS MR
Field strength 389766 (1] (400 (Hz1)
36731904 [s]
i
39978219038 tz]
[ppm]
3355
b
0.22897343 [Hz]
§ 7.5030012 [kHz]
b 6.00240096 [kEiz]
s Broton
<4 - 399.78219838 [MHz]
2 =2 5[ppm]
2 Proton
35576219038 tz]
[ppm]
y - - FALSE
g /
]
2 Relaxation Delay
£ Recvr_Gain
E I I A
E
=1 - S 3 SO, W L.
]
T | T T T T T T T T T T T
120 1.0 100 90 80 70 60 50 40 30 20 1.0 0
| LN OAAS A
B gzo=izocguss g3pzmmAEEg a8 8 Initmihait - 1ls)
o addag—s qonkex wRnaEEERS == =3 RepetitTon Time = 9.36731904(s]
3 2RERRZaR833% AddaNSS RS i 2
X : parts per Million : Proton
E|
= o
Bz. Ph 2 JEUL
o N N
= H S PROCESSING PARAMETERS -
Ph dc_balance( 0, FALSE )
sexp( 0.2[Hz], 0.0[s] )
-3y trapezoid( 0[%], O[%], 80[%], 100[%] )
=3 '"H NMR (400 MHz, CDCl5) serefill( L)
s 3. t( 1, TRUE, TRUE )
machindphase
ppm
B
-7 Derived from: CJ-560 proton-3-1.3jdf
4
2
CJ-560_proton-3-3. jdf
Lta
proton. jxp
=3 E5ses
CHLOROFORM-D
~ 02010 1
- 10-70N-2019 18:47:43
=]
single pulse
1o Sowpiax
26214
| Proton
S [ppm]
Site u-scs400
Spectronatar DELTAS MR
"
<=7 Field Strength 389766[T] (400 [MHz])
X_Acq_Duration 36731904 [s]
XDonain 1
XFrea 39978219838 itz
<3 - Xottaet Sippm)
S £ X Points 32768
& Xprescans b
X Resolution 0.22897343[Hz]
. X Swaep. 775630012 kazl
! - XSwaep_Clipped = 6.00240096 [kiz]
> IFr_Domain Proton
= Irr_Freq 399.78219838 [MHz]
Irr Offset 5[ppm]
a 5 Tzizponain Broton
ak i _ Tri-Freq 359. 75219838 [tz
~ 5 Tri Offset 5 [ppm]
= - Clipped FALSE
= Scang i
-1 Total_scans H
8
2 Relaxation Delay
k| Recvr Gain
2 J | Temp, Got.
ERS o o X_90_Width
2

X : parts per Million : Proton

0.000 —— =7

1[s]
Repetition Time = 9.36731904(s]

128




0.6

0.5

0.4

0.3

0.2

0.1

0
|

abundance

BZ\N N Ph

H Ph
13C NMR (150 MHz, CDClg)

o= ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 2.0[Hz], 0.0[s] )

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

ppm

Derived from: CJ-560 carbon-2-1.jdf

X
T T T T T T T T T T T T T T T T T T T T T T T T X
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0/ T

€J-560_carbon-2-3. jdf
delta

single pulse decoupled gat
1D COMPLEX

Dim Siz 26214
Din Title Carbon13
Din Units {ppn]
Dimensions

i MM-ECS400
Spectrometer DELTAZ_NMR

Field Strength 9.389766[T] (400 [MHz])
sl

1,04333312(

¥ Doma C
XFreq 100.52530333 [MHz]
X offset 100 {ppm]

Points 32768

n
0.95846665 [Hz]

31.40703518 [kHiz]
25.12562814 [kHz]

X Swee;

X Sweep_Clipped

IFr_Domain Proton

399.78219838 [MHz]
ppm]

“rre
Irz offset 50
Cliped FALSE
sc 400
Total_Scans 100
2(s]
0
20.31dc]
[

4.8[dB]
3.53333333us]
26.351[dB]

26.351[dB]
iz
0.115[ms]

2 C3e%zeIgRuEes 283 gz 7 g e

7 SREIRILRILESSR =3% og Id Initial Wait ls]

2 Z5SilZsdiEnne [ B

CIE-EEEEEEE R EEE ¢ ¥ ¢ Nos_rime b

& S2EESRARANRRS 208} oz

X : parts per Million : Carbon13

Repstition Time

10203 0405060708 09 1, ‘1‘.2 l‘.3 l‘.4 LS 116 17 ]‘.8 1‘92‘.02‘.1 222‘32.‘42.5

0 01020304 050607080910 1.1

abundance

Bz\N x

Ho g
TH NMR (400 MHz, CDCly)

s

1.00

0.90

Solutions for Innovation

1.02

X : parts per Million : Proton

|

=3

6120 — o4
4897 ~_
48727

2485

N
o,
( 1, 0.0[s] )
trapezoid( 0[4], O[%], 80[%], 100[%] )
zerofill( 1)
f££¢( 1, TRUE, TRUE )
machinephase
ppm
Filename = CJ-281-HPLC (1+2)_proton-1
Author ie1ta
Experiment proton. jxp
Sample_Td CJ-281-HPLC (1+2)
Solvent CHLOROFORM-D

16-FEB-2017 15:51:28
= 30-AUG-2017 11:44:03
4

Current_Time 30-AUG-2017 11:44:26
Comment single pulse
Data_Format 1D COMPLEX

Dim Size 26214

Din Title Proton

Dim Units {ppn]

Dimensions

ite MM-ECS400
Spectrometer DELTAZ_NMR

Field Strength

9.389766[T] (400 ([MHz])
X_Acq Duration 1

4.36731904s:

XDomain 18
XFreq 399.78219838 [MHz]
Xotset 5 [ppm]

X Points 32768

X prescans 1

0.22897343 [Hz)
7.5030012 [kHz]

XSweep_Clipped = 6.00240096 [kiz]
Ifr_Domain Proton
Irr_Freq 399.78219838 [MHz]
Irr Offset 5Ippm]

Tri“Domain Proton
TriTFre 399.78219838 [Miz]
Trisoffset ppm]
Cliped FALSE
Scans 8
Total_Scans 8
Relaxation Delay = 5[s]
38
20.5[dc]

6[us]
4.36731904 5]
45 [deg]

]

1[s]
Repetition Time = 9.36731904(s]




|
S
Bz N N
H Solatons for lanovation
=] Et R T——
13 227halanca( 0, FALSE )
*p( 2.0[Hz], 0.0[s] )
C NMR (150 MHz, CDCl3) T E L L
zerofill
££t( 1, TRUE, TRUE )
- machinephase
= Ppm
|
3
Filenane C3-281-HPLC (1+2)_carbon-1
Author delta
Experiment carbon. jxp
Sample_1d €J-281-HPLC (1+2)
“ Solvent CHLOROFORM-D
x| Creation_Time
Revision Time
Current_Ti
nt single pulse decoupled gat
Data Format 1p CoMPLEX
« Dim Siz 26214
24 DimTitle Carbon13
DimUnits {ppm]
Dimensions
i NM-ECS400
Spectrometer DELTAZ_NMR
- Field Strength = 9.389766[T] (400 [Miz])
<7 X_Acq_Duration 1.04333312(s]
X“Domain c
X Freq 100.52530333 [MHz]
X offset 100 {ppn]
CPoints 32768
X Prescans n
o X Resolution 0.95846665 [Hz]
S X Swee 3140703518 [Kiz]
X Sweep_Clipped = 25.12562814 [kiiz]
IZz Domain Proton
Irrl 399.78219838 [MHz]
Irr Offset 5(ppm]
FALSE
-] 300
< 300
2(s]
“é 0
20.6[dC]
£l [us]
2 =3 1.04333312[s]
5
2 ]
] X 1.8[a8]
T T T T T T T T T T T T T T T T T T T T T T T T T X 3.53333333[us]
220.0210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0 I gggg}{:}
WALTZ
0.115[ms]
I 858323 28 I 2 = Sti i ko
g a28232 g% 5§58 & Initial Wait 11
g GizEs ¥5 sS85z Sou rine i
- = =EEss Repetition Time = 3.04333312(s]
X : parts per Million : Carbonl
0B
=
Z~ N X olg
s Solations for lanovation
i-Pr =
0, FAL
2 1 Cerpazoia( até1; ofa]. sors1, 100131 )
2 trapezoi Jols], .
© H NMR (400 MHz, CDClj3) Seroriii( 1)
fft( 1, TRUE, TRUE )
machinphase
ppm
<]
b
Filename = CJ-283(1)-1_proton-2-5.3jdf
Author elta
Experinent ton. jxp
Sample_1d €J-283(1)-1
Solvent CHLOROFORM-D
=] Creation_Time 26-APR-2018 12:30:08
< Revision Time = 17-MAY-2018 11:52:27
Current_Time 17-MAY-2018 16:02:13
2 Comment single pulse
« Data_Format 1D COMPLEX
Dim_Size 26214
Din Title Proton
DinUnits {pm)
<] Dimensions
- ite MM-ECS400
Spectrometer DELTAZ_NMR
" « Fleld Strength = 9.389766[T] (400[Miiz])
= S 2 X Acq Duration = 4.36731904(s]
© 3 XDomain 18
X Freq 399.78219838 [Miiz]
X offset 5[ppm]
<] X Points 32768
N X Prescans 1
X Resolution 0.22897343 [8z]
X sweep 715030012 (kaz]
X Sweep_Clipped = 6.00240096 [kiiz]
_ IZz. Dor Proton
g IrrFre 39978219838 [MHz]
- = Irr Offset 5[ppm]
& TriTDomain Proton
<] < Tri_Fre 399.78219838 [MHz]
= Trisoffset ppn]
CliFped FALSE
Scans 8
Total_Scans 8
s .
2 Relaxation Delay = 5(s]
k] a2
2 19.6[dC]
=2 6[us]
ER B - 3873100411
45[deg]
a8,

X : parts per Million : Proton

Repetition Time

1(s]
= 9.36731904(s]
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1.0

X

| - ING PARAMETERS --
S H dc_balance( 0, FALSE )
I_Pr sexp( 2.0[Hz], 0.0[s] )
trapezoid( 0[%], O[%], 80[%1, 100[8] )
1 3 zerofill
w C NMR (150 MHz, CDCl5) EEe( 1, TRUE, TRUE )
x| machinephase
e Ppm
=3
Filename CJ-283(1)-1_carbon-1-4. jdf
Author delta
Experiment
24 Sample 1d
Solvent
Creation_Time
Revision Time
Current_Ti
29 nt single pulse decoupled gat
Data _Format 1p CoMPLEX
Dim Siz 26214
DimTitle Carbon13
DimUnits {ppm]
« Dimensions
24 i NM-ECS400
Spectrometer DELTAZ_NMR
Field Strength 9.389766[T] (400 [MHz])
X_Acq_ Duration 1,04333312(s]
- XDomain c
P XFreq 100.52530333 [MHz]
X offset 100 {ppn]
CPoints 32768
X Prescans n
X Resolution 0.95846665 [Hz]
o X Sweep 31.40703518 [kiiz]
24 X Sweep_Clipped = 25.12562814 [kiiz]
IZz Domain Proton
Irrl 399.78219838 [MHz]
Irr Offset 5(ppm]
FALSE
- 200
= 200
2(s]
g 0
19.5[dcC]
£l 6[us]
R 1.04333312(s]
2 g
] 1.81as)
T T T T T T T T T T T T T T T T T T T T T T T 3.53333333[us]
220.0210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 gggg}{:}
WALTZ
0.115[ms]
sozon now o oq ez cSupling TRUE
83248 23 < [ 403 Initial Wait 1[s]
Shdme asle S & cea RUE
gaeRg EEE % = RRS Noe_Time 2[s]
. SEARR Repetition Time = 3.04333312(s]
X : parts per Million : Carbon13
. )
] 3k
1 machinephase
H NMR (400 MHz, CDCly) eem
Derived from: CJ-886 proton-1-1.3df
< | =
N 3
=
sit: NM-ECS400
Spectrometer DELTAZ_NMR
2 Field Strength 389766[T] (400 [MEz])
& X_Acq Duration 36731504 (]
- X Domain 1
a 8 XFreq 399.78219838 [MHz]
= o X offset 5[ppm]
. X Points 32768
24 X Prescans 1
X Resolution 0.22897343 (sz)
Xsweep 75030012 [kiiz]
X Sweep _Clipped = 6.00240096 [kiiz]
IEx Domain Proton
- Irr Freq 39978219838 [Miz]
- o - o Irr Offset 5(ppm]
g - =8 g TriDomain Proton
- 2 = Tri“Freq 39978219838 [MHz]
S Trioffset 5(ppm]
Clipped FALSE
Scans s
Total_Scans H
s _:
2 Relaxation Delay
k] Recvr_Gain
2 }L Temp Gat
RS ) M . . ) A |x’soTwiden
c]
T T T T T T T T T T T T T
12.0 11.0 10.0 9.0 8.0 7.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0
| M. A ARR \
e Zam—som wme ceswum LEOg Lb =93 S
aQ ST aAT O D= TADSHX X0 XD KX DBD =3 1[s]
a8 Aa=55%% FrE  ShIan A0 ES I3 xs S Repetition Time = 9.36731904[s]
% Hes383E 355 44sdd 4488 22238 <

X : parts per Million : Proton
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abundance

Bz.

6.99

N X

H

Et - eRocessING eamETERS -
dc_balance( 0, FALSE )

1 NMR MHz. CDCI sexp( 0.2[Hz], 0.0[s] )

trapezoid( 0[+], 0[%], 80[%], 100[%]

H (400 MHz, ) el

¥ ££( 1, TRUE, TRUE )

inephase
ppm

Derived from: CJ-893 proton-3-1.jdf

18 1.9 2.0 2‘.] 2223 24

12 13 14 15 1.6 1.7

4 Filenane = €3-893_proton-3-3.3df
Author Z Gelta
E Experinent = proton. jxp
Sample Td 893
Solvent CHLOROFORM-D
= . Creation_Time 26-APR-2019 09:48:
= Revision_Ti 11-JUN-2019 12:03:14
E “ Current_Ti: 11-JUN-2019 12:03:
Comment single pulse
E Data Format 1o CowpLEX
26214
Froton
= a = Dim_Units [ppm]
4 g Dimensions
| “ ite JNM-ECS400
Spectrometer DELTAZ_NYR
— Field Strength 9.389766[T] (400 ([MHz])
X_Acq Duration 4.36731904 [s]
i H
El | - 399.78219838 [MHz]
= 5[ppm]
1 g 32968
o3
= 0.22897343[Hz]
= 7.5030012 [kHz]
6.00240096 [kHz]
E Pioton
. 399.78219838 [MHz]
= = =S 3 ppml
s E = S y2ls 7 Proton
=3 399.78219838 [MHz]
3 5[ppm]
FALSE
8
E H
Relaxation Delay = 5[s]
Gain 26
19.8[dC]
N  |x 90Twidth

0 0‘.] 0.2 03 0.4 0.5 0.6 07 0.8 0.9 1.0 1.1

6[us]
4.36731904(s]
45 deg:

T T T T T T T T T [deg]
12.0 11.0 10.0 9.0 8.0 7.0 6.0 -1.0 2.0 giZs[?E]
d £e
TriMode
Danfe Presat = FALSE
amSgengary o Initisl Wait 1]
CECERRRSSS a Repetition Time = 9.36731904[s]
(S &

X : parts per Million : Proton

abundance

Y
Bz. N 2 JEOL
Soltionsforimnovaton
|
H I -~ PROCESSING PARAMETERS ----
= | dc_balance( 0, FALSE )
i-Pr ¥
[ sexp( 0.2(Hz], 0.0(s] )
| trapezoid( 0[$], O[%], 80[%], 100(8] )
1 | zerofill( 1)
££t( 1, TRUE, TRUE )
H NMR (400 MHz, CDClj3) ‘ chinephase
ppm
o
N |
| CJ-273_proton-1-4.3df
| delta
| w
]
|
|
Field Strength = 9.389766[T) (400[Mz])
<o | X_Acq_Duration 4.36731904 [s]
= 18
8 399.78219838 [MHz]
|en | 5 [ppm]
| 32768
1
| 0.22897343 (z]
7.5030012 [kHz]
g 3 ~ 6.00240096 [kHz]
5 S [ Pioton
399.78219838 [MHz]
5 (ppm]
| Proton
. 399.78219838 [MHz]
(5 2 | 5 (ppm]
(3 3 1 l FALSE
8
| Total_Scans 8
J ) 1 T
| 38
Il I 20.1[dc]
J W — 6[us
4.36731904 [s]
T T T T T T T T T T T 45 [deg]
120 110 100 90 80 70 60 50 4 20 10 -0 20 Stusy
[ 1 onf
| / ‘ | o6
EX2FRESE £ GBRRIT  £8RSLSRSRISRLE S i
BESRESIS S 88’ss ARTZIREIATAREE 3 Repetition Time = 5.36731904(s]
X : parts per Million : Proton

132




abundance

BZ\N X

] H i-Pr
13C NMR (150 MHz, CDCly)

o= ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 2.0[Hz], 0.0[s] )

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill( 1

££€( 1, TRUE, TRUE )

machinephase

ppm

Derived from: CJ-273 carbon-1-1.jdf

- ol ol ol
im.y o At bl i)

T T T T T T T T T T T T T T
220.0210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0

a
=
S

g
X : parts per Million : Carbon13

28152~ S

77475
77.160
76.845
26226 ——<

Filename €J-273_carbon-1-7.3df
Author delta

Experiment

Sample_Id

Solvent

single pulse decoupled gat
1D COMPLEX

Dim Siz 26214
Din Title Carbon13
Din Units {ppn]
Dimensions

i MM-ECS400
Spectrometer DELTAZ_NMR

Field Strength 9.389766[T] (400 [MHz])
sl

1,04333312(

¥ Doma C
XFreq 100.52530333 [MHz]
X offset 100 {ppm]

Points 32768

n
0.95846665 [Hz]

31.40703518 [kHiz]
25.12562814 [kHz]

X Swee;
X Sweep_Clipped
main

Ifz_Dor Proton
TrrFre 399.78219838 [MHz]
Irr Offset 5 [ppm]

Cliped FALSE

sc: 300

Total_Scans

Relaxation Delay

4.8[dB]
3.53333333us]
26.351[dB]
26,351 [dB]

WAL’

0.115[ms]

TRUE

Initial Wait

Noe_Time

21s]
Repstition Time = 3.04333312(s]

3.0

2.0

1.0

| By P
H & pn
H NMR (400 MHz, CDCls)

abundance

Solutions for Innovation

zerofill( 1)

££€( 1, TRUE, TRUE )
machinephase

ppm

3.05

1.03
1.05

0.96

T
12.0 11.0 10.0

X : parts per Million : Proton

0.000 — <=+

Revision Time = 26-APR-2019 1. 7

Current_Time 26-APR-2019 19:57:41
nt single pulse

Data_Format 1D COMPLEX

Dim_Size 26214

DimTitle Proton

Dim Units {ppm]

Dimsnsions

sit TNU-ECS400

Spectrometer DELTAZ_NMR

Field Strength

389766[T] (400 [Miiz])
1

X_Acq Duration 36731904(s.
X“Domain 18

Xrreq 399.78219838 [Maz]
Xoeeset 5[ppm]

X Points 32768

X prescans 1

0.22897343[Hz]
7.5030012 [kHz]
6.00240096 [kHz]

TEr_D Proton
IrrFreq 399.78219838 [MHz]
Irr_Offset 5[ppm]
Tri“Domain Proton

TriTFreq 399.78219838 [MHz]
Trisoffset 5 [ppm]

Clipped FALSE

Scans 8

Total_Scans 8

Relaxation Delay
Recvr_Gain
Temp_Get

1[s]
Repetition Time = 9.36731904(s]




0.2 03 0.4 0.5 0.6

abundance
0

Et

13C NMR (150 MHz, CDCly)

sexp( 2.0[Hz],
zerofill

machinept
pem

= ING PARAMETERS -
dc_balance( 0, FALS

trapezoid( 0[%]

E )

L0[s]')
. O[%], 80[s], 100(] )

£££( 1, TRUE, TRUE )
ase

Spectrometer

Field Strength

X Swee;

I¥r_Domai
Irrl

Irr Offset
Clipped
Scans.
Total_Scans

T T T T T T T T T T T T T T T
220.0210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.

o

X
T T T T T T T T X
70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| T

X_Sweep_Clipped
n

Relaxation Delay

€J-304_carbon-1-12. jdf
delta

single pulse decoupled gat
1p CoMPLEX

26214

Carbon13

{ppm]

NM-ECS400

DELTAZ_NMR

9.389766[T] (400 [MHz])
1.04333312(s]
c
10052530333 [MHz]
100 [ppm]
32768
n
0.95846665 [Hz]

31.40703518 [kHiz]
25.12562814 [kHz]

Proton
399.78219838 [MHz]
ppm]

4.8[dB]
3.53333333 [us]
26.351[dB]

1.0

2.05
2.08

160
0.92
f 0.99
_—
1.97

abundance

3.04

Spectrometer

Field Strength

Total_Scans

Recvr_Gain
Temp_Get

X : parts per Million : Proton

0.000 — =+

Relaxation Delay

Repetition Time

26.351(a8]
WALTz
A I : R
ng =3 e = Decoupling ThoE
o3 =g sl 2 Initial Wait 1[s]
523 23 3 B K
: . 1 Noe ROz
NS I3 3 d Noo_Tine 2te)
- Repatition Time = 3.04333312(s]
X : parts per Million : Carbon
o
Z 0, f .
S 2 Solutions for lanovation
O,N
] machinaphase
ppm
H NMR (400 MHz, CDCly)
Derived from: CJ-360 proton-3-1.3df
:‘. 3
=
s

INM-ECS400
DELTAZ_NMR

389766[T] (400 [Miiz])
36731904 [s]

10
399.78219838 [Mz]
Slppm]

32768

1

0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]
Proton
399.78219838 [MHz]
5 [ppm)

Proton
399.78219838 [Mz]
51ppm]
ALSE

1(s]
= 9.36731904(s]
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=] N X
o —— ING PARAMETERS --
H dc_balance( 0, FALSE )
sexp( 2.0[Hz], 0.0[s] )
trapezoid( 0[4], O[%], 80[s], 100[2] )
O-N zerofill( 1)
2 ad ££¢( 1, TRUE, TRUE )
machinephase
13, ( ) pem
o
C NMR (150 MHz, CDClg T e et o
Filename 3-605_carbon-1-3.3df
Author delta
= Experiment
FH sample 1d
Solvent
Creation Time
Revision Tine
Current Ti
nt single pulse decoupled gat
Data _Format 10 CompLEX
- Dim Siz 26214
] DinTitle Carbon13
“ Dim Units [ppm]
Dimensions
site M4-ECS400
Spectrometer DELTAZ_NMR
Field Strength 9.389766[T] (400 [MHz])
X_Acq_Duration 1.04333312(s]
X“Domai C
<] X Freq 10052530333 [MHz]
& Xoffaet 100 ppm]
CPoints 32768
Xrrescans I
X _Resolution 0.95846665 [Hz]
Xsweep 31.40703518 [kkz]
X Sweep_Clipped = 25.12562814 [kiz]
IEz Domain Proton
Irr Fr 399.78219838 [MHz]
B Irr Offset 5(ppm]
24 CliFpe FALSE
Scans 148
Total_Scans 148
o Relaxation Delay
g
g
<
: [ J I
1 4.8[dB]
T T T T T T T T T T T T T T T T T T T 3.53333333[us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40. . §§§§H:}
WALTZ
0.115[ms]
PR S ww oxcooon cou : TRUE
g2 3 & E 2% 3Z5R%2%8 Inicial Wait 1e
D & S5 S8ERE8EZ Noe_Time 2[s]
- - = = Repstition Time = 3.04333312(s]
X : parts per Million : Carbon13
~] 17
S=0 - PRocESSING PARAMETERS -
2 ! dc_balance( 0, FALSE )
2] N SeFp( 0.2(Hz], 0.0[s] )
trapezoid( 0[41, 0[%], 80[$1, 100(3] )
zerofill( 1
i ££t( 1, TRUE, TRUE )
= machinephase
ppm.
<« 2
4 2 Derived from: CJ-spiro derivatization proton-
6d R
e I s
H NMR (400 MHz, GDCly)
ok Filename = CJ-spiro derivatization pr
= Author delta
Experiment proton. Jxp
- Sample 1d E32spiro Qerivatization
== Solvent CHLOROFORU-D
Creation Time 18-MAY-2018 20:56:16
= Revision_Time = 12-JUN-2019 14:27:53
<7 i Current_Time 12-JUN-2019 14:28:32
Comment. single pulse
o] Data Format 1D COMPLEX
3 Dim Size 26214
DimTitle Proton
| Dimansions el
< ite JNM-ECS400
oo Spectrometer DELTA2 MR
=] s
S 22 Field Strength = 9.389766[T) (400[Mz])
X_Acq_Duration 4.36731904 [s]
© XDomain 10
2 XFreq 399.78219838 [Mhz)
X offset 5[ppm]
X Points 32768
0] X Prescans 1
=3 XResolution 0.22897343[Hz]
XSweep 7.5030012 [kHz]
< ~ XSweep_Clipped = 6.00240096 [kiiz]
24 < s 1%z Domain Proton
= Ir:Freq 399.78219838 [Miz)
Irr_Offset 5[ppm]
] TriDomain Proton
< Tri_Fre 399.78219838 [MHz]
Tri_Offset (ppm]
o Clipped FALSE
=7 Scans 8
Total_Scans 8
8 .
23z Relaxation pelay = 5(s)
2 J 21.1[dc]
2 e . L A ,, i 6lus]
] 4.36731904[s]
T T T T T T T T T T T T T T 45[deg]
120 10 100 90 80 70 60 S50 40 30 20 0 -0 20 Shans?
| ot
ot
fmesnezoomenn GEne % bm memozn 8 s
B¥InA852888E 8888 R¥ 58 2EREER 2 a X Is]
MmO nnNoeoSoS EEYY R AN RSSO0 =3 Repetition Time = 9.36731904(s]
RPN PP Feme A da Sooo=8 3
X : parts per Million : Proton
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X : parts per Million : Proton

°
° - PROCESSING PARAMETERS -
dc_balanca( 0, FALSE )
seXp( 2.0(Hz], 0.0[s] )
o dceial®ala® 0] sors, 10018 )
ety
££t( 1, TRUE, TRUE )
nehiniphase
" s
< Sd Derived from: CJ-spiro derivatization carbon-
;
3C NMR (150 MHz, CDCly)
Filensme Cr-apizo derivatization on
<] v ety
3 Hevecinent Saron. xp
e oot Barivatization
FRi CaroRarceth
&eation Tine
Sevisionrine
S
nt single pulse decoupled gat
] Data Format 1p" CompiEx
pe g Jorie
DinBitte s
Dim Units tppm]
Dinaeions
f E—
itirometer - pETC R
Field Strength 9.389766[T] (400 [MHz])
o X_Acq Duration 1.04333312(s]
3 Hhodb 2
XFreq 100.52530333 [Miz]
FErr Frifes
ot 198
e i
X Resolution 0.95846665 [Hz]
Foraes Pt
ovesh cuippea = 35 13303014 )
=] ITr_Domain Proton
e 399.78219838 [MHz]
ppm]
Hizss
64
o
2[s]
g i o
g o 21.1[4c]
£ [us]
k=l 1.04333312(s]
g
2 g]
® 4.8[dB]
T T T T T T T T T T T T T T T T T T T T T T 3.53333333[us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.090.0 §0.0 70.0 60.0 50.0 40.0 30.0 200 100 0 263
Shin
T 0.115[ms]
Iz 38 2283 © gagcpes vttt by
3% 28 2882 £ g2gzREs Instial Wait = lsl
SC P SRl Z F rgsdgse Noe TRUE
25 a3 INS3S a0 3 RER33s Noe_Time 2(s]
- == == Repatition Time = 3.04333312[s]
X : parts per Million : Carbon3
Boc.
N A
= H
1
H NMR (400 MHz, CDCl)
<]
N
=]
S
2 = CJ-NM2725 (AS)_proton-1-4.3
g v
e yep
CJ-NM2725 (AS)
=] el
b S Rneroots 17:34:32
Z Dameiaors 1oi0eios
s 1iniae
Coment cingle pulse
P pormat 3o Lonekek
- Disegror P
=] o e, Featon
DimUnits tppm]
Dt
e Hhos-zcsan
e tircnater L imms
Fleld Strength = 9.389766[T] (400[Miz])
2] X_Acq_Duration 4.36731904(s]
“ XDomain 10
Fae 380_ 76219830 vz)
Xofset 5 [ppn]
Toreeet 35es
. *beencons H
o o X Resolution 0.22897343 [Hz]
- S 3 e Qe titeyial
B 2 o oreth clipped & 00B4000 AN
g feoton
i 555 5821030 pana
Irr offset 5(ppm]
ieain o)
) TriFre 399.78219838 [Miz]
- =} " TriTofEset ppm)
X ° Ciipoes Hiess
- =3 Scans 8
2953 scans H
4 ¥
g Relaxation pelsy = 5(s]
g 3
] 20.6dc]
5.1 o i B N S o o 6lus]
] 4.36731904(s]
T T T T T T T T T T T T T T T 451deg]
120 110 100 90 80 70 60 50 40 30 20 10 0 -0 20 o
o
o
=3 QMO ONO NI X T =3 FALSE
2 CANE25 88892y zg Teggy g 1(s)
kal e e R e A R =SS TSR =3 Repetition Time = 9.36731904[s]
8 ERREESSEE%%: 3 I2323 3
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abundance

Bocsy X JEOL
Solutions for lnnovation
© H
=
——-- PROCESSING PARAMETERS -
13C NMR (150 MHz, CDClg) dc_balance( 0, FALSE )
sexp( 2.0[Hz], 0.0[s] )
trapezoid( 041, O[3], 80[2], 100[%] )
zerofill
££t( 1, TRUE, TRUE )
machinéphase
] ppm
S
Filename CJ-NM2725 (AS)_carbon-1-4.3
<] Author delta
S Experiment
Sample_Td
Solvent
Creation_Time
Revision Time
Current_Tis
nt single pulse decoupled gat
- Data_Format 1D COMPLEX
e Dim Size 26214
Din Title Carbon13
Din Units Ippm]
Dimensions
i MM-ECS400
Spectrometer DELTAZ_NMR
Field Strength 9.389766[T] (400 [MHz])
X_Acq_Duration 1.04333312(s]
24 X Domain c
X Freq 100.52530333 [MHz]
X offset 100 {ppm)
Croints 32768
X Prescans 1
X Resolution 0.95846665 [1iz]
X Sweep 3140703518 [Kiz]
X Sweep_Clipped = 25.12562814 [kHz]
TEr_Domain Proton
| 399.78219838 [MHz]
< 5ppm]
FALSE
150
150
2(s]
0
20.7[dC]
[us]
< 1.04333312(s]
: g]
X 4.8[as]
T T T T T T T T T T T T T T T T T T T T T T T T T X 3.53333333[us]
220.0210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0) % gggg}{:}
WALTZ
0.115[ms]
o v = oo % a =z cou s TRUE
[ £ fEes Z 2 43 Initial Wait its]
g2 a} RRERE 2 s &3 Noe_Time 2(s]
. - = = Repstition Time = 3.04333312[s]
X : parts per Million : Carbon13

abundance

f
=2
6.09

Solutions for Innovation

\

machinephase

1a Pen
1H NMR (400 MHz, CDC|3) Derived from: CJ-724 proton-1-1.3df

= CJ-724_proton-1-3.3df
delta

1.0 2.0 3.0 40 5.0 6.0 7.0 8.0 9.0 ]0.0]l.O12.0]31]14‘.015.0161]17.0]8.019A020.02].022.023.024AU

c3-7;
CHLOR
13-sEP-
3-JUN-2019 1 4
¥ 3-JUN-2019 16:39:
nt single pulse
E = Data_Format 1D COMPLEX
2 Dim_Size 26214
N Dim_Title Proton
s Dim Units tppm]
Dimensions
= sit MM-ECS400
Spactrometer DELTAZ_NMR
s Field_Strength 389766[T] (400 [Mz])
o = - X_Acq_Duration 36731904(s]
& 2 3 X_Domain 1
£ - = X Freq 399.78219838 [MHz]
Xoffset 5[ppm]
E X points 32768
X prescans 1
X Resolution 0.22897343(8z]
= X sweep 7.5030012 [kHz]
X Sweep_Clipped = 6.00240096 [kHz]
E TFr_Domain Proton
s s IrrFreq 399.78219838 [Miz]
= = Irr Offset 5[ppm]
£ Tri“Domain Proton
TriFre 399.78219838 [MHz]
Trisoffset 5 [ppm]
E Clipped FALSE
Scans 8
E Total_Scans 8
Relaxation Delay
= [ Recvr_Gain
Temp_Gat
T T T T T T T T T T T T T T T
12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0
IN AN A |
T znxTy  ganwA=®Xg Qe 2 3
= m=o9d Loaoanw-o oo -3 =3 1[s]
3 EIFIa 359ncadad i 2 S Repetition Time = 9.36731904[s]
B B e R e = S

X : parts per Million : Proton
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7.0

6.0

5.0

4.0

3.0

2

1.0

0

abundance

H NMR (400 MHz, CDCls)

2.07

6.10

---- PROCESSING PARAMETERS -
dc_balance( 0, FALS

sexp( 0.2[Hz],

trapezoid( 0[%]

zerofill

E )

L0[s]')
. O[%], 80[s], 100(] )

£££( 1, TRUE, TRUE )
ase

machinept
pem

ENE]

2.08

X : parts per Million : Proton

Spectrometer

Field Strength
X_Acq_Duration

x
5

XFreq
Xoftset
XPoints

Relaxation Delay
ain

“Mode
Danfe_Presat
Initial Wait

Repetition Time

€J-125_proton-1-5.jdf
delta

10-JUN-2019 1
10-JUN-2019 1

single pulse
1D COMPLEX

INM-ECS400
DELTAZ_NMR

389766 [T

1 (400 [MHz])
36731904 (s]

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

11s]
9.36731904(s]

5.0

4.0

3.0

2.0

1.0

Cl
H NMR (400 MHz, CDClj)

2.06

1.00

abundance

594

(1
£££( 1, TRUE,
machinephase
ppm

2.05

X : parts per Million : Proton

site
Spectrometer

Field Strength

Total_Scans

Relaxation Delay
Gai

Repetition Time

= 10-JUN-2019 1 6
10-JUN-2019 13:26:25

single pulse
1D_COMPLEX

INM-ECS400
DELTAZ_NMR

389766[T] (400 [Miiz])
36731904 [s]

10
399.78219838 [Mz]
Slppm]

32768

1

0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]
Proton
399.78219838 [MHz]
5 [ppm)

Proton
399.78219838 [Mz]
51ppm]
ALSE

1(s]
= 9.36731904(s]




5.70

X : parts per Million : Proton

-
- - P T—
dc_balance( 0, FALSE )
sexp( 0.2[Hz], 0.0[s] )
Rleoia81 2 808 sorer, 1o0rer
zerofill( 1
££t( 1, TRUE, TRUE )
MeO nachinephase
- 1 ppm
<+ H NMR (400 MHz, CDCly3) berived from: CJ-135(2) proton-i-1.jdf
Filename €3-135(2)_proton-1-3.3df
tnos e
o3
€J-135(2)
_ TN
o] it
b 10-JUN-201!
10-JUN-2019 13:3
a % single pulse
Pyt
3050
toaen
{ppn]
it S-ncsa00
- Selirometer o oS WA
& 2| I8 Field Strength = 9.389766(T] (400[MHz])
2 & . X_Acq_Duration 4.36731904(s]
= T in H
~ X Freq 399.78219838 [MHz]
Xotfset 5(ppm)
ot 355es
Fhtestins H
X Resolution 0.22897343[8z]
e 5 58Saonspha]
SN crippea = 6 0030005 0hAe1
< < e Sioton
=] S IrrFreq 399.78219838 [MHz]
= = = Irroffset 5 [ppm]
iy el
TriFre 399.78219838 [MHz]
Tri_Offset (ppm]
& A
5
R 5505 scane H
8 retaxation pelay = (e]
£ Recvr Gain i
= ﬂ 21.3[dC]
S N _— SN TR VD, ¥ | NS SU— : 6lus]
= 4.36731904(s]
T T T T T T T T T 451deg]
120 110 100 30 20 10 0 -0 20 JiutsEl
HY
\ Ao AT
fomermYooYRamnTInos ooy znme o < o~ FALSE
RIS gaiab u gy i [ 2esa 2 2 Initial Wait 1s]
—Eegvvevqaaaannnng o oQogeqen Lewew < =3 Repetition Time 9.36731904([s]
SEEBREERAgRagANRRAG 3338 85328 3 L
X : parts per Million : Proton
E OH N
. 7 J— SSING PARAMETERS -
=7 dc_balance( 0, FALSE )
sexp ( [Hz], 0.0[s] )
trapezoid( O[%], O[%], 80[%], 100[%] )
zerofill( 1 )
t( 1, TRUE, TRUE )
machinionace
-
2] (E)-2a eem
1 Derived from: CJ-136(2) proton-1-1.jdf
H NMR (400 MHz, CDCl5)
|
2
Filename = CJ-136(2)_proton-1-3.3df
sinor it
Hoeecinent -
Sample. Td 832136 (2)
| Solvent R -D
< Creation Time SEP-2016 10:17:25
eliome D SSegers 103732
PR SRS RS
ne single puise
=] 5 Data_Format 1D COMBLEX
P 3 o Dim_Size 26214
3 Dianin. e
DinUnits tppm]
Dinsaions
S Sw-ncsa00
- Setiroveter - DS A
= Field Strength 9.389766[T] (400 [MHz])
o . K hoburatien - 4.367315041s1
g 2 hoan 1
- X Freq 399.78219838 [MHz]
o Xoffset 5 [ppm
e i Jizen
et K
X Resolution 0.22897343[8z]
v 5 SaSaonspia]
RN crippea = 4 0030005 kA0
- e Bioton
>3 s o IriFreq 356 78219838 [Miz]
hal = Irr_Offset 5[ppm]
i ponain pizent
Tri_Freq 399.78219838 [MHz]
Tri_Offset 5(ppm]
b sizer
<4 Scans 8
P Total_Scans 8
8 Relasation pelay = 5(s]
g Recer Gas
2 Tenp, Gat. 21.2[dc]
E o S | o B | x_90Twiatn lus]
2 XAcq_Time 4.36731904[s]
T T T T T T T T T T T T T | X AngTe 45 [deg]
120 110 100 90 80 0 60 50 40 30 20 10 0 -0 20
¢ ChomiouSimeasn ns baow s
g £3AB55L28835I 38 38 g s
g 33335592383838 gg 3 i g
d SR833EIRI3AEET T g: & g
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4.0

3.0

2.0

1.0

abundance

OMe N

H NMR (400 MHz, CDCly)

1.00

221

324

3.00

2.09

6.15

sexp( 0.2[Hz], 0
zerofill

machinept
pem

---- PROCESSING PARAMETERS -
dc_balance( 0, FALS

E )

L0[s]')
trapezoid( 0[%], O[%], 80[%], 100[%] )

£££( 1, TRUE, TRUE )
ase

Spectrometer

Field Strength
X_Acq_Duration

x
5

XFreq
Xoftset
XPoints

Relaxation Delay
ain

€J-124_proton-1-5.jdf
delta

10-JUN-2019 1
10-JUN-2019 1

single pulse
1D COMPLEX

INM-ECS400
DELTAZ_NMR

389766 [T

1 (400 [MHz])
36731904 (s]

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

12.0 11.0 10.0 9.0 8.0 7.0 0 3.0 20 1 -2.0
TFr_Mode
“Mode
o Danfe_Presat
Z 23852328 g3z g2¢g 4 Initial Wait 1(s]
T 33 a3935% 2T gege & Repetition Time = 9.36731904[s]
% merddsed e 2222 =
X : parts per Million : Proton
=4
o
d Boc.. X .
INE| N g
S
w3 H Solutions for nnovation
o
N o SSING
o 1 dc_balance( 0, FAL:
] sexp( 0.2[Hz], 0.0[s] )
o H NMR (400 MHz, CDC|3) crapezold( 0[41, 0(+], 80(31, 100131 )
RE f££¢( 1, TRUE, TRUE )
a machinephase
= ppm
=]
o
e
L
= Filename = C3-224(31-39) _proton-1-5.3
=1 - Author elta
= g Experiment
© < Sample_Td €3-224 (31-39)
=3 Solvent LOROFORM-D
- Creation_Time 2-DEC-2016 18:50:31
heE| Revision Time = 12-JUN-2019 14:35:11
Z Current_Time 12-JUN-2019 14:35:22
k| Comment. single pulse
B Data_Format 1D COMPLEX
=3 Dim Size 26214
- Dim Title Proton
K Dim Units [ppm]
- Dimansions
E ite M-ECS400
= Spectrometer DELTAZ_NMR
)
=9 Field Strength = 9.389766[T] (400 [MHz])
X_Acq Duration = 4.36731904[s]
23 | X-pomain 18
S 3 X Freq 399.78219838 [MHz]
%] q X offset 5(ppm]
S X Points 32768
- X Prescans 1
=9 X Resolution 0.22897343 [z]

a X sweep 7.5030012 [kHiz]
<] g X Sweep_Clipped = 6.00240096 [kiiz]
S e IEr_Domain Proton
“ IrrFreq 399.78219838 [Miiz]
ek Irr offset Sippn]

3 Tri“Domain Proton
24 TriTFre 399.78219838 [Miz]
Trisoffset ppm]
] Clipped FALSE
S : Scans 8
o Total_Scans 8
2< Relaxation Delay = 5[s]
< 39 36
S A 20.8[ac]
Z o S | SN A 6lus]
2 4.36731904(s]
T T T T T T T T 35 [deg]
120 110 100 90 80 70 40 20 .
ofs
ofs
- FALSE
g 1(s]
] RepatitTon Time = 9.36731904[s]
X : parts per Million : Proton
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3‘.0

2.0

1.0
i

Boc.
N X

H
13C NMR (150 MHz, CDCly)

---- ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 2.0[Hz], 0.0[s] )

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

Pem

abundance

T T T T T T T T T T T T T T T T T T
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 3

|
°

=

CJ-224_carbon-1-6.jdf
delta

single pulse decoupled gat
1D COMPLEX

Dim Siz 26214
Din Title Carbon13
Din Units {ppn]
Dimensions

i MM-ECS400
Spectrometer DELTAZ_NMR

Field Strength

9.389766[T] (400 MHz])
X_Acq Duration =]

1,04333312(

X Dor C
XFreq 100.52530333 [MHz]
X offset 100 [ppm]

Points 32768

n
0.95846665 [Hz]

X Swee; 31.40703518 [kHz]
X Sweep_Clipped = 25.12562814 [kHz]
TEr_Domain Proton

Trr e 399.78219838 [MHz]
Irroffset ppm]

Clipped FALSE

sc 64

Total_Scans 64

Relaxation Delay

4.8[dB]
3.53333333us]
26.351[dB]

X : parts per Million : Proton

>

3.619
3.616

0.000 — <=+

T
0.0 20.
36.351 (8]
WALz
0.115[ms]
- @ 0 > oo ce wmy cou : TRUE
g 3 8 2 88 32 &% Tnitial mait i)
g I E EEI < 3 rine T
. = == Repatition Time = 3.04333312(s]
X : parts per Million : Carbon13
&
(=) e Solutions for Innovation
< OH N
machindphase
ppm
Derived from: CJ-715 proton-1-1.3df
«] 1
H NMR (400 MHz, CDCls3)
o &
5
Site u-scs400
Spectronatar DELTAS MR
Field strength 389766 (1] (400 (Hz1)
_ X heq uration 36731504181
5 < XDoain 1
- e XFreq 399.78219838 [MHz]
2 Xottaet 5ipem)
X points 32768
Xbrescans b
XResolution 0.22897343 (1z)
- X Swaep. 775630012 kazl
e XSwaep_Clipped = 6.00240096 [kiz]
- 2 TEx Domain Broton
g = Trrrreq 39978219838 [tz
= Irr offset 5(ppm]
Tri-Domain Broton
Tri-Freq 359. 75219838 [tz
Trisoftset 5ippm)
Clipped FALSE
Scang i
Total_scans i
s ¥
2 Relaxation Delay
g Reeve. Gain
E Tamp, Gat
E 1l . L -
2
T ; T T T T T
12.0 11.0 10.0 9.0 8.0 7. 2.0 1.0

1[s]
Repetition Time = 9.36731904(s]




3.0

2.0

1.0

9.68

dc_balance( 0, FALSE )
1 sexp( 0.2[Hz], 0.0[s] )
H NMR (400 MHz, CDClg) LA . e, s
££t( 1, TRUE, TRUE )
ppm ®

Derived from: CJ-235 proton-1-1.jdf

ot

= CJ-235_proton-1-3.3df
delta

12-JUN-2019 14

55:0
12-JUN-2019 14:56

single pulse
1D COMPLEX

t
Spectrometer

Field Strength

9.389766(T] (400 [MHz])
X Acq Duration 1

4.36731904s:

i
- X Freq 399.78219838 [Mnz]
3 2 X 0ffset [ppn]
& X Points 32768

X Prescans 1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

2.00
1.86

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

pie
:
H
3
g ‘ Relaxation Delay = 5(a]
£ Recvr Gain 3
s \ L %
S ,, _ 0 _ R | VY | S i ] us;
g 4.36731904[s]
T T T T T T T T T T T T T T T 45[deg]
120 110 100 90 80 70 60 50 40 3 20 10 0 -0 20 Jioks
ok
ok
b i cial nen o LoD =3 FALSE
VM=o ol — Ik =1 Lo =3 1[s]
EESnadne fqZzE ceeang s Repetition Time = 9.36731904[s]
X : parts per Million : Proton
Boc\N N
g H P ——
FALSE )
0.0[s] )
%], O[], 80[%], 100[%] )
;
3C NMR (150 MHz, CDClg) RUE )
=]
b
Filename [TT———
Ruthor ite
5 e ment e dxp
+ e oo
e Py N
Sertion Tine - SoRGION 15:47:47
Sovisioniime I iTmaols ladaid
PR T RSP ET]
Coment cingle pulse decoupled gat
P pormat 35 LomeRek
- Do X
2] ineas e
Dim Units 1
Dt
e A
e ticmater L imms
Fleld strength = 9.389766[T] (400[Miz])
X Acq Duration = 1.04333312[s]
P 158
<] X_Freq 100.52530333 [MHz]
& X offset 100{ppn]
Foeine 3958
*beencons i
X Resolution 0.95846665 [1z]
o gttt
ForetE clippea 3513303004 o]
g Teoton
e 55958219638 e
Irr offset 5(ppm]
o Clipped FALSE
Scans 148
Total_Scans = 148
. Relexation Delay = 2(s]
g bty
g Tamp, Gat 21.3(dc]
3 X_90Width _6[us]
g | l | | XACq Time 1.04333312(s]
5 et 360400
2 Xata -8[aB]
R o A B B B B B R A R e e ey SO 3153333333 [us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 100 0 -10.0-20.0| T%= Atn pec 267351 tas]
Irr_Atn_Noe 26,351 [dB]
e wits
e o )
© = > Binno o o Gmwms oo Decoupling
g 3 2 gR288 27 AZ5%EeZ Initial Wait 1(s]
s € o o GEEES B e Noe . RUE
g € 5 g QERRE 25 nUERdgE Noa_Time 2(s]
. = =2 = Repatition Time = 3.04333312[s]
X : parts per Million : Carbon13
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; ; ; ; ]‘.0 1.1 L 1‘.3 1.4 ].‘5 1.6 117 1‘.8 1.9

06 07 08 09

OH N
=

(E)-2c
TH NMR (400 MHz, CDClg)

1.95

797

o= ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 0.2[Hz], 0.0[s] )

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill( 1

££€( 1, TRUE, TRUE )

machinephase

ppm

Derived from: CJ-706 proton-1-1.jdf

€J-706_proton-1-3.jdf
delta

Spectrometer

Field Strength
X_Acq_Duration

389766(T] (400 [MHz])
36731904 (s]

XD 18
X Freq 399.78219838 [Mnz]
X 0ffset 5[ppm)
X Points = 32768

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

X : parts per Million : Proton

"
=
= Proton
e 399.78219838 [MHz]
“ 2 e
(R s = roton
S 2 = 399.78219838 [Maz]
tppn]
] FALSE
© H
9
2 =] Relaxation Delay
ER )J ﬂ \‘ Recvr_Gain
5 .
2o Y. — NS -
T T T T T T T T
12.0 11.0 10.0 9.0 8.0 3.0 2.0 1.0 0
A A AN
2 gheg 22 2%%3322% 8 Initisl Wait 1]
8 8443 nin EE¥IeE=E Repetition Time = 9.36731904[s]
& meee @ =2322338 3 -
X : parts per Million : Proton
Boc. N X
H Solutions for lanovation
———- PROCESSING PARAMETERS -
dc_balance( 0, FALSE )
Seapezoia( opé1 0fs], s0rs1, 100181 )
trapezoi.
1 P . . .
H NMR (400 MHz, CDCl) S
< machinéphase
= ppm.
Derived from: CJ-28(3-7) proton-1-1.jdf
Filename = €J-28(3-7)_proton-1-3.3df
uthor delta
riment oton. jxp
< Sample_Id CJ-28(3-7)
« Solvent ROFORM-D
Creation_Time 14-J0N-2016 10:16:32
Revision Time = 12-JUN-2019 15:03:11
t_Tine 12-30N-2019 15:03:21
Comment single pulse
Data_Format 1 COMPLEX
Dim Size 26214
Din Title Proton
Din Units ]
Diménsions
site M4-ECS400
2 Spectrometer DELTAZ NMR
Field Strength = 9.389766[T] (400[Miz])
X Acq Duration = 4.36731504[s]
X“Domain 18
X Freq 399.78219838 [MHz]
X Offset 5[ppm]
X Points 32768
X prescans 1
X Resolution 0.22897343 (2]
X Sweep 75030012 [kz]
X Sweep_Clipped = 6.00240096 [kiz]
P IEr Domain Proton
=t Irr Freq 399.78219838 [MHz]
Irr_Offset 5[ppm]
TriTDomain Proton
> Tri_Fre 399.78219838 [MHz]
EN Trisoffset ppm]
- Clipped FALSE
Scans 8
° Total_Scans s
2 Relaxation Delay = 5[s]
k| Recvr_Gain 22
2 Temp_Get 20.7(c]
5 o ho X_90_Width 6tus]
2 X_Acq_Time 4.36731904[s]
T T T X AngTe 45[deg]
12,0 30 20 e Salg®
[ ofe
“Mode ofs
Dante_Presat FALSE
23  8a Initial Wait 1[s]
> ses Repetition Time = 9.36731904(s]
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1.0 2.0

abundance

Boc.
0C-\ AN
H

3‘.0

13C NMR (150 MHz, CDCly)

o= ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 2.0[Hz], 0.0[s] )

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill( 1

££€( 1, TRUE, TRUE )

machinephase

ppm

Derived from: CJ-10 carbon-3-1.jdf

156175 ——
134.961 —

X : parts per Million : Carbon13

X
T T T T T T T T T T T T T T T T T T T T T T T T X
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0/ T

126237 ——
78.726
77324
77.000
76.685
49.359 ——
35200 ——
28326 ——
26076 —
14377 ——

€J-10_carbon-3-4.jdf
delta

single pulse decoupled gat
1D COMPLEX

Dim Siz 26214
Din Title Carbon13
Din Units {ppn]
Dimensions

i MM-ECS400
Spectrometer DELTAZ_NMR

Field Strength 9.389766[T] (400 [MHz])
sl

1,04333312(

¥ Doma C
XFreq 100.52530333 [MHz]
X offset 100 {ppm]

Points 32768

n
0.95846665 [Hz]

31.40703518 [kHiz]
25.12562814 [kHz]

X Swee;
X Sweep_Clipped
main

Ifz_Dor Proton
TrrFre 399.78219838 [MHz]
Irr Offset ppn]

Cliped FALSE

sc: 20

Total_Scans

Relaxation Delay

4.8[dB]
3.53333333us]
26.351[dB]
26,351 [dB]

WAL’

0.115[ms]
TRUE

Initial Wait

Noe_Time

21s]
Repstition Time = 3.04333312(s]

5.0

4

3.0

2.0

1.0

OH N
=

(E)-2d
$7 'H NMR (400 MHz, CDCl,

28

1.00

abundance

10.16

Solutions for Innovation

machinephase
ppm

Derived from: CJ-196 proton-1-1.jdf

1.89

X : parts per Million : Proton

3-JUN-2019 1. 7
3-JUN-2019 12:05:

nt single pulse
Data_Format 1D COMPLEX
Dim_Size 26214
DimTitle Proton

Dim Units {ppm]
Dimsnsions

sit TNU-ECS400
Spectrometer DELTAZ_NMR

Field Strength

389766[T] (400 [Miiz])
1

X_Acq Duration 36731904(s.
X“Domain 18

Xrreq 399.78219838 [Maz]
Xoeeset 5[ppm]

X Points 32768

X prescans 1

0.22897343[Hz]
7.5030012 [kHz]
6.00240096 [kHz]

TEr_D Proton
IrrFreq 399.78219838 [MHz]
Irr_Offset 5[ppm]
Tri“Domain Proton

TriTFreq 399.78219838 [MHz]
Trisoffset 5 [ppm]

Clipped FALSE

Scans 8

Total_Scans 8

Relaxation Delay
Recvr_Gain
Temp_Get

| x_s0Twiatn

1[s]
Repetition Time = 9.36731904(s]




-Bu i-Bu o ING PARAMETERS -
dc_balance( 0, FALSE )
sexp( 0.2[Hz], 0.0[s] )
trapezoid( O[%], O[%], 80[%], 100[%] )
1 zerofill( 1 )
££t( 1, TRUE, TRUE )
=] 'HNMR (400 MHz, CDClg) (L
pom
-
=
Filonane C3-222(24-25)_proton-1-5.3
Rutnor v
Experinent proten. xp
Sample_1d CJ-222(24-25)
Solent CroROFORM-D
Creation Time = 29-NOV-2016 16:39:24
Revision Tine = 17MAY-2018 102031
< Correnc i 177mY-2018 10:28:08
N
ne single pulse
Data Format To" Sowptex
Dim i Ze2ia
Dimritie Peaton
DimUnits [ppm]
Dimsneions i
L Tw-Ecsa00
Spectromster DeTAS. MR
3 Field Strength 9.389766[T] (400 [MHz])
] X_Acq_Duration 4.36731904(s]
XDomain 0
X Prea 35978219838 (z]
X offset 5(ppm]
hoincs 5%
S o rrescans i
= < XResolution 0.22897343[Hz]
Xsweep 7.5030012 [kHz]
. XSweep Clipped = 600240006 (K21
N ] I5s Donain Proton
S 399.78219838 [MHz]
o — 5(ppm]
s Proton
2 35576219838 (nz]
[ppn]
PAEE
= 8
S 8
8
2 Relaxation Delay = 5[s]
k] Recvz Gain 38
k=l Get 21.2[dc)
z . A N - L N 6lus]
] 4.36731904(s]
T T T T T T T T T T T T T 45 [deg]
120 110 100 90 80 70 60 50 40 20 10 0 -0 20 Jiuss®!
|| | Off
oee
71T ¥ Fatse
] nAacsss & 28RIZzILE 8 Initial Wait 1[s]
S Aanadd & BLhRYREeR 8 Repetition Time = 9.36731904(s]
& auaand g Senizzzz 2
X : parts per Million : Proton
- Boc. A
& N
H. . Solutions for Inovation
i-Bu i-Bu
et 13C NMR (150 MHz, CDCly)
nachinéphase
ppm
©
S
- Filenane = C3-222_carbon-1-4.34¢
) Ruthor elea
= Experiment carbon. jxp
Seelerta ey
Solent ChroRoFoRM-
Coeation_Tine 3-PEB-2017 12:49:44
RevisionTime = 2-FEB 2017 13.52:34
- Carrenc Tine 17 3me-2018 10129130
2 Conment. single pulse decoupled gat
Data Format To"Cowelex
Dim Size o1
DimTitie Carbonis
Dim Units 1
Dimsnoions
. ire Tw-Ecsa00
P Spactromatar DELTA2_NMR
Field Strength = 9.389766[T] (400[Miz])
X_Acq Duration 1.04333312(s]
X bonain 13
X Freq 100.52530333 [MHz]
~ Xofset 100 [ppm]
Q KPoines 32768
X Prescans :
XResolution 0.95846665 [Hz]
Ksween 51720705518 [tz
Sween Clipped = 251256214 (ki)
T5s Donain Proton
_ TriFreq 355 75210838 [tz]
po Irr Offset 5[ppm]
Ciipped FALSE
Scans 64
Total_Scans 64
o Relaxation Delay = 2(s]
8 Recer. Ga
g o Temp_Get 19.3(dc]
g " X_90_Width .6[us]
2 XAcq_Time 1.04333312(s]
E KChnaTe 36deg)
cl Xatn -8[dB]
T T T T T T T T T T T T T T T T T T T T T T T X_Pulse 3.53333333[us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| I¥x_Atn bec 26351 (aB]
Irr_Atn_Noe 26.351[dB]
TriNoise ATz
gy 0115 ns]
z g z gog2g o8=g pvitrogat
H g 2 g28g “es§ [t firi}
e a Z £R98 ¥LL= Noe_Time = 2[s]
- = = Repatition Time = 3.04333312(s]
X : parts per Million : Carbon13
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3.0

| H NMR (400 MHz, CDCl)

(E)-2e

11.98

J— ING PARAMETERS -
dc_balance( 0, FALS

sexp(
trapezoid( 0[%]
zerofill( 1

0.2[Hz], 0.

E )

ofs] )
. O[%], 80[5], 100(5] )

£££( 1, TRUE, TRUE )

machinephase
ppm

Derived from: CJ-246 proton-1-1.jdf

<
b5
PP ——
Saria
o
=)
<+ Spectrometer
“ Field Strength 389766[T] (400 [MHz])
o h X_Acq_Duration 36731904 [s]
= 2 Xpomai 10
S XFreq 399.78219838 [Miz]
Xoffset 5(ppm]
ot {5
3
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]
= Proton
= ° 399.78219838 [MHz]
= 5[ppm]
o)
i -
- tppm]
g pie
= :
o2
o
3
g Relaxation Delay
£ Recvr Gain~
: | -
3 L - . I . . anl " [
£
: : : : : : : : : : : : : :
120 110 100 90 80 60 0 40 30 20 10 0 -0 20
| L ATN
2 z I T E T Daste Prasst NS
2 g 288 /8% 2 Repetition Time = 9.36731904[s]
2 k4 REE8= 832 2
X : parts per Million : Proton
|
S
Boc. N b
o H
2 Bn Bn 5
(o
1H NMR 400 MH CDCI :E ! dEH;][élo g%:% ’80[\] 100([%] )
AT IR Ry
( z, 3) zerofill( 1)
f£ft( 1, TRUE, TRUE )
S aeehinaphace
= ppm
-
s
=] 3
3
Frrp— e ———————l
et 154
e ment e yep
e oty A
e i
o artion Time  © SHMAvoON 11:33:24
] Revision_Time = 14-NOV-2018 19:40:21
R A S R
Coment cingle pulse
P pormat 3o Lonekek
Disegror P
a " Dt e
> < b DimUnits {ppm]
h 3 < Dimansions
e Hhos-zcsan
e tircnater L imms
Fleld Strength = 9.389766[T] (400[Miz])
- X Acq Duration = 4.36731904[s]
=] Pt 1
Fae 389_ 78219838 pate)
Xofset 5 [ppn]
Toreeet e
heentine 3
X Resolution 0.22897343 [sz]
e Qe titeyial
<=1 s EinetE clippad = 60034000k (KAL)
i ITr. Domain Broton
i 55958219038 ey
Irr offset 5(ppm]
ieain o)
= Tri_ Frec 399.78219838 [MHz]
= - Tri_Offset ppm]
| =3 Clipped FALSE
2 g Saart :
H— H
4 ¥
g Relaxation pelsy = 5(s]
g 24
] 211dc)
E] B ,,_J | . JL - J, ) ) 6lus]
2 4.36731904 [s]
T T T T T T T T T T T T T T T 451deg]
120 110 100 90 80 70 60 50 40 30 20 10 0 -0 20 o
o
o
ConednEm®E Folot = foontmasxnsa s FALSE
CFM = —=OQ 0T ol ° COFT—omoOSHHL =3 1[s]
A= === qaaaaa ScSrEneerRRggeT =3 Repetition Time = 9.36731904[s]
JRRNGEREEEEINARE 3 SGRNSSSSEEEE 8

X : parts per Million : Proton
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o]
=)
Boc. N N
H Solutons for lanovation
=] Bn Bn
S ---- PROCESSIN
13 dc_balance (
sexp( 2.0[Hz
C NMR (150 MHz, CDCI =
y
zerofill( 1)
t( 1, TRUE, TRUE )
=1 machinephase
< ppm
Derived from: CJ-trans(Bn) SM carbon-1-1.3df
2]
S
Filename Cy-trans (Bn) SM_carbon-1-3
Author delta
Experiment carbon. Jxp
Sample_Td CJ-trans (Bn) SM
" Solvent CHLOROFORM-D
<7 Creation_Time
Revision Time
Current_Tis
ne single pulse decoupled gat
Data_Format 1D COMPLEX
<1 Dim_Siz 26214
S Dim Title Carbon13
Dim Units Ippm]
Dimensions
1 M-ECS400
Spectrometer DELTAZ_NMR
] Field Strength = 9.389766[T] (400 [MHz])
s X Acq Duration = 1.04333312[s]
X Domain c
XFreq 100.52530333 [Mz]
Xoffset 100 {ppm]
CPoints 32768
X Prescans 1
o X Resolution 0.95846665 [1iz]
s X sweep 31.40703518 [kHz]
X Sweep_Clipped = 25.12562814 [kHz]
IFr_Domain Proton
Trr_Fre: 399.78219838 [Miz]
Irz offset 5 [ppm]
Cliped FALSE
=] sc 197
S Total_Scans 197
o Relaxation Delay
g
2
§
El
277
2 b 4.8[dB]
AABRARBSAN T T T T BARABARA BARARBARAN BARRRRRRN T X 3.53333333[us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0 gggg}{:}
WALTZ
= 0.115ns]
= axmnom gnge “ze ® o9 Decgupling TRUE
2 HRUESR 258% 4R8 5 3 Initial Wait =
g LAERSS RREE g 8 = Noe_Time 2(s]
- = jaininininie Repstition Time = 3.04333312[s]
X : parts per Million : Carbon13
=
< ©
=] Bn g \ ‘
= olutions for Innovation
4 OH N Bn
| ---- PROCESSING PARAMETERS -
% dc_balance( 0, FALSE )
=9 = seip( 0.2[Hz], 0.0[s] )
trapezoid( 0[4], 0[%], 80[%], 100[%] )
~ zerofill( 1)
-] ££¢( 1, TRUE, TRUE )
machinephase
<] ppm
- Derived from: CJ-870 (Bn) proton-2-1.jdf
e (E)-2f
1
=1 'H NMR (400 MHz, CDCl5)
= CJ-870 (Bn)_proton-2-3.jdf
] delta
= proton. jxp
€3-870 (Bn)
o ROFORM-D
-7 3-JUN-2019 19:02:28
3-JUN-2019 19:15:32
- 3-JUN-2019 19:16:09
- Comment. single pulse
- Data_Format 1D COMPLEX
=7 Dim_Size 26214
Dim Title Proton
o Dim Units tppm]
29 Dimansions
ite M-ECS400
0] Spectrometer DELTAZ_NMR
e E Field Strength = 9.389766[T] (400 [MHz])
- 2 X_Acq Duration = 4.36731904[s]
=4 “ X pomain 1
X Freq 399.78219838 [MHz]
: X offset 5 [ppm]
> - X Points 32768
e & X Prescans 1
& X Resolution 0.22897343 [z]
] X sweep 7.5030012 [kHiz]
s X Sweep_Clipped = 6.00240096 [kHz]
s IEr_Domain Proton
=] S IrrFreq 399.78219838 [Miz]
s o Irr offset Sippn]
Tri“Domain Proton
< TriTFre 399.78219838 [Miz]
< = - sla Trisoffset ppm]
g gl Clipped FALSE
o = — == Scans 8
=) Total_Scans 8
g .
g =3 Relaxation Delay = 5[s]
£ 30
ES 19.7dc]
3 6[us]
Jo _ » N
I o 4.36731904 ]
T T T T T T T 45[deq]
120 110 2.0 1.0 0 -0 2.0 Staet )
ofs
ofs
o s93g s Thuse
& 883% g 1(s]
& R2¥¥ 3 RepatitTon Time = 9.36731904[s]
PSEEE s
X : parts per Million : Proton
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abundance

=] Boc.
2 0C~\ AN
Fh-pr’ n-pr
"H NMR (400 MHz, CDCly)

1.99

7.96

trapezoid( 04]

6.14

ING PARAMETERS ----

FALSE )
0.0[s]")
. O[%], 80[s], 100(] )

RUE, TRUE )
ase

2.90

ion_Delay
ain

w
=3
»

—-o

3.032
3.017

X : parts per Million : Proton

Repetition Time

= Ca-trans (nPr) SM_proton-2-
delta
proton. jxp
CJ-trans (nPr) SM
CHLOROFORM-D
14-NOV-2018 19:36:09
14-NOV-2018 19:55:55

single_pulse
1D COMPLEX

INM-ECS400
DELTAZ_NMR

9.389766(T] (400 [MHz])
4.36731904(s]

i
399.76219838 [Miz)
5 [ppm)

32768

1

0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [MHz]
5(ppm]

Eroton

399.78219838 [MHz)
{ppm]

FALSE

8

H

5[s]

10

20.8[dC]

6[us]

4.36731904([s)

45 [deg]

1[s]
9.36731904(s]

abundance

Boc.
N XN

|'}1-Pr n-Pr
13C NMR (150 MHz, CDCls)

1.9 210 212223

1.8

1.7

et
b
h

1.3

1.
i

1.0 1.1

0.2 03 04 0.5 0.6 0.7 0.8 0.9

0.1

Solutions for Innovation

- PROCESSING

PARAMETERS ----
FALSE )
o

L0[s]")
1, 0[8], 80[3], 100[%] )

1
1, TRUE, TRUE )
o

: CJ-trans(nPr) SM carbon-1-1.3df

X Sweep_Clipped

Relaxation Delay =

m m " |
i Y "

T T T T T T T T T T T T T T T T T T
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40

155.841 ——
137.335 —
123.739 ——
78.649
77324
77.000
76.685
46.089 ——
42313

X : parts per Million : Carbon13

0.0 30.

37.002——
28.240 ——
27.239
18.257 ~_
16,408 ——
14711

. Time
Stition Time

CJ-trans (nPr) SM_carbon-1-
delta

carbon. jxp
CJ-trans (nPr) SM
LOROFORM-D
28-MAY-2018 10:36:31
12-JUN-2019 15:19:35
12-JUN-2019 15:19:46

single pulse decoupled gat
1D COMPLEX

9.389766[T] (400 [Miz])
1.04333312(s]

13c
10052530333 [MHz]
100 [ppm]

32768

I

0.95846665 [Hz)
31.40703518 [kiiz]
25.12562814 [kHz]
Proton
399.78219838 [MHz]

5 [ppm]
FALSE
50

= 50
2[s]

20.8[dc]

“6[us]
1.04333312[s]
30 [deg]

-8[dB]
3.53333333 [us]
26.351[aB]
26.351[aB]
WALTZ
0.115[ms]

2[s]
3.04333312(s]
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|
o - n
o n-Pr 5
B F| OH N * Solutions for Innovation
<
E n-Pr
| — ING PARAMETERS -
eE| dc_balance( 0, FALSE )
o = sexp( 0.2[Hz], 0.0[s] )
~ eapezoia( ofé1, ofa], sors1, 100131 )
S E| zerofill( 1
_ £££( 1, TRUE, TRUE )
& nachinéphase
o ppm
<3 o
& 2 Derived from: CJ-711 proton-1-1.3jdf
B (B)-29 °
=3 'H NMR (400 MHz, CDCl5)
=1 C3-711_proton-1-3.3df
= deita
S
ME|
|
4
2k
- S £ tes
23 pectrometer
n - o Field Strength 389766(T] (400 [MEz])
o = o X_Acq_Duration 36731904 [s]
24 & Xhonas T
bt X reeq 35978219838 paiz]
E X oreser Stopm)
< X Points = 32768
=3 H 3 3
s K] 8 0.228973431112]
< 7.5030012 [kHz]
| 6.00240096 [kHz]
= Proton
ek 399.78219838 [MHz]
=) ) 5(ppm]
< =1 9 Proton
=7 = ¥ 399.78219838 [MHz]
[ppm]
“©3 FALSE
< 8
ze
PEAE|
R
i Relaxation Delay
-1 Recve Gatn
= Temp_Ge!
2 J D SR VAV . |x 90TwWidtn
= rine
T T T T T T T T
12.0 11.0 10.0 9.0 . 4.0 3.0 -1.0 2.0
Ter ode
rods
5 7 N Dante. presat
£ IRI2BET 2RSSR 4 Tnician wait H
o ddaggzzociado 3 RepetitIon Time = 9.36731904[s]
X : parts per Million : Proton
NC.__ X z
=]
“ Ph Ph
1 )
H NMR (400 MHz, CDCly)
nachinéphase
ppm
Derived from: CI-524 proton-2-1.3df
|
3
|
&
Twu-Ecsaoo
Spectronster DeLras. MR
<1 Field_Strength 389766[T] (400 [Mz1)
o X_Acq_Duration 36731904 [s]
- X bonain i
= Xreeq 399.78219838 2]
X Offset 5[ppm]
Xpoines B
XPrencans 3
X Resolution 0.22897343[Hz]
_ feees 95030012 ki)
g Sween_Clipped = 6 00240096 (kAL]
& IFr_Domain Proton
- TrrFres 35578219838 2]
=4 Irr Offset 5[ppm]
Triponatn Broton
TriFreq 35578219838 putz]
Tri Offset 5ppm]
Clitped FATEE
Scans i
Total_scans Te
3 ¥
g Relaxation Delay
£ Recvr Gain
S Tomp. Get
g -L
5.1 ) Y | W W o A e
2
T T T T T T T T T T T T T
12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 0 -1.0 -2.0
CreetNRoN Sxsbh o
CEOoCTFTITmAG— —OSD% =3 1[s]
AAAafmnnn 25500 =3 Repetition Time = 9.36731904[s]
L N N e N R e ey e

X : parts per Million : Proton
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0.6

0.5

0.4

NC A

0‘.7

PH Ph
'3C NMR (150 MHz, CDCl,) S b8l phige )

-01s]')

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

ppm

Derived from: CJ-524 carbon-1-1.jdf

Filename €J-524_carbon-1-3.3df
delta

single pulse decoupled gat
1D COMPLEX

2.0

1.0

abundance

Dim Size 26214
DinTitle Carbon13
DinUnits {ppm]
] Dimensions
S 3 M4-ECS400
Spectrometer DELTAZ_NMR
Field Strength = 9.389766[T) (400[MHz])
X Acq Duration = 1.04333312(s]
XDomain C
XFreq 100. 52530333 [Miz]
o X offset 100{ppm]
24 CPoints 32768
Xrrescans I
XResolution 0.95846665 [1z]
Xsweep 31.40703518 [kkz]
X Sweep_Clipped = 25.12562814 [kiz]
IEz Domain Proton
399.78219838 [Mhz)
=] Rt
e 350
350
2(s]
“é 0
20.914c]
5 [us]
ER 1.04333312(s]
2 ]
H X 1.81as)
LR AR AR AR R AN R AN AN R AR A RN AR AARSN Ea A AARAN LA AARAN RS EARRIARAAN AR RBR AR F 3.53333333[us)
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0) I gggg}{:}
WALTZ
0.115[ms]
nida—a nge - coupling TRUE
g58823 o8g 2 Inicial Wait 1e
dednns s =
SRARRS ERE = Noe_Time 2(s]
. Bl Repetition Time = 3.04333312(s]
X : parts per Million : Carbon13
Y
Boc. N AN 2
=1 Solations fornnovation

---- PROCE: PARAMETERS -
dc_balance( 0, FALSE )

H pH Pn
H NMR (400 MHz, CDCly) sl SEal S ot
:::xved from: CJ-599 (HPLC)-2 proton-1-1.jdf

3.0
i
)

3
L
3
Bl

Filename = CJ-599 (HPLC)-2_proton-1-4
Author delta

Experiment proton. jxp

Sample_Td €3-599  (HPLC) -2

Solvent CHLOROFORM-D

31-MAY-2018 16:31:21
= 12-JUN-2019 17:30:15

3 Current_Time 12-30N-2019 17:30:26
Comment single pulse
Data_Format 1D COMPLEX
Dim Size 26214
Din Title Proton
Dim Units {ppn]
Dimensions
ite MM-ECS400
Spectrometer DELTAZ_NMR

Field Strength

9.389766[T] (400 ([MHz])
X_Acq Duration 1

4.36731904s:

X“Domain 18
Xrreq 399.78219838 [Maz]
8 X offset 5[ppm]
kS X Points 32768
i X Prescans 1

0.22897343 [Hz)

X Swee 7.5030012 [kHiz]

X Sweep_Clipped = 6.00240096 [kHz]
s IFr_Domain Proton
2 IrrFreq 399.78219838 [Miiz]

5[ppm]

Tri“Domain Proton
TriFre 399.78219838 [MHz]
B 2 Trisoffset ppm]
= - 2 cl. FALSE
2 Scans. 8
= Total_Scans 8
Relaxation Delay = 5[s]
30
20.2[dC]

6[us]
4.36731904 5]
45 [deg]

]

:
120 110 100 90 80 70 60 50 40 0 -0 20 Hithe
AN AN A |
o
SpsEmaverstzzosn  oooa 2 il
iRk o o =3 Repetition Time = 9.36731904[s]
TRNRANARCEARA0RY 38 g

X : parts per Million : Proton
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0.9

abundance
0

Boc.
N X

H py Ph
13G NMR (150 MHz, CDCly)

---- PROCESSIN
dc_balance (
sexp( 2.0[Hz
trapezoid( 0
zerofill( 1)

t( 1, TRUE, TRUE )
machinephase
ppm

Derived from: CJ-599 (HPLC)-2 carbon-1-1.jdf

T T T T T T T T
160.0150.0140.0130.0120.0110.0100.0 90.0 8

S

T T T T T T T T T
70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-2¢

=
°

Filename CJ-599 (HPLC) -2_carbon-1-4
Author delta

Experiment carbon. jxp

Sample_Td €J-599 (HPLC) -2

Solvent CHLOROFORM-D

single pulse decoupled gat
1D COMPLEX

Dim Siz 26214
Din Title Carbon13
Din Units {ppn]
Dimensions

i MM-ECS400
Spectrometer DELTAZ_NMR

Field Strength 9.389766[T] (400 [MHz])
sl

1,04333312(

¥ Doma C
XFreq 100.52530333 [MHz]
X offset 100 [ppm]

Points 32768

n
0.95846665 [Hz]

31.40703518 [kHiz]
25.12562814 [kHz]

X Swee;
X Sweep_Clipped
main

Ifz_Dor Proton
TrrFre 399.78219838 [MHz]
Irr Offset 5 [ppm]

Cliped FALSE

sc: 128

Total_Scans

Relaxation Delay

4.8[dB]
3.53333333us]
26.351[dB]

0
I

abundance

X : parts per Million : Proton

5.301
5.295
5.279

26.351 (8]
WALTZ
0.115[ms]
o 2wz Qo =% % cou A TRUE
3 & 83 ety R z Initial Wait 11
5§ IR £854 A 2 Noe_Tine 2ta1
- = ’ Repetition Time = 3.04333312(s]
X : parts per Million : Carbon13
OH N o Solations for lanovation
s
- = )
machinephase
ppm
Derived from: CJ-815 proton-1-1.3df
1
21 "H NMR (400 MHz, CDClg)
3-J0N-2019 1
3-J0N-2019 12:10:
S nt single_pulse
Data Format 1D COMPLEX
Dim Size 26214
Dim Title Proton
Dim Units {ppm]
Dinansions
sit: NM-ECS400
Spectrometer DELTAZ_NMR
Field Strength 389766[T] (400 [MEz])
= X_Acq Duration 36731504 (s
S X Domain 1
XFreq 39976219838 [Miiz]
X offset 5ppm]
XPoints 32768
Xprescans 1
X Resolution 0.22897343 [8z]
Xsweep 75030012 [kiiz]
X Sweep _Clipped = 6.00240096 [kiiz]
IEx Domain Proton
Irr Freq 39978219838 [Miz]
o Irr_Offset 5[ppm]
= Tri_Domain Proton
TriFreq 39976219838 [Miiz]
Trizoffset 5 [ppn]
3 (2 ° Clipped FALSE
= 3 £ Scans 8
s Total_Scans H
Relaxation Delay

Recvr_Gain
Temp_Get

X_90_Width

1[s]
Repetition Time = 9.36731904(s]




abundance

1[s]
Repetition Time = 9.36731904(s]

Boc.. N % JEOL
=] N Sotion or motion
z H
—~ erocasstve RS -
1 dc_balanca( 0, FALSE )
sexp( 0.2[Hz], 0.0[s] )
H NMR (400 MHz, CDCl3) trapezoid( 0[+1, O[s], 80[31, 100[5] )
ety
££t( 1, TRUE, TRUE )
nehiniphase
ppm
- Derived from: CJ-dimethyl (cis) proton-1-1.3df
=]
. Filensme PRy —
2 v ey
< Experiment proton. jxp
e B nataed (cte)
FRi CarameroRis
Gation time = CEonwooNr 10:07:27
<] Revision Time 12-JUN-2019
“ Current. Tis 12-JUN-2019 17:4
nt single pulse
Farepormat by
g Torte
DinBitte e
Dim Units tppm]
Dinaeions §
f —
itirometer - pETS R
<= Field Strength 9.389766[T] (400 [MHz])
o o X_Acq_Duration 4.36731904(s]
g Hhodb 4
E Faets 38570210830 e
Xotset 5 [ppm)
ot HitH
e 3
. X Resolution 0.22897343 [12)
2 Xsweep 7.5030012 [kHz]
S vtk clippea = §0040000thAn1
Yo penain Sroton
- 399.78219838 [MHz]
=7 5(ppm]
Sieem)
- 355 58210030 e
g . [
- ~ FALSE
S :
:
Relaxation belay = 5(a]
gty H
J Get 19.9[4C]
R - Mo Glis]
4.36731904([s)
: : : : : : : : : : : e
120 110 100 90 80 70 20 10 0 -0 20 Jiuss®!
AN
o
Sits
5935 = Dante prasat ;
838 g
EEEEE

X : parts per Million : Proton

abundance

= BOC\N AN Solutions for nnovation
13,
C NMR (150 MHz, CDCl)
<
S
pan|
S
Filename = Co-dimethyl (cis)_carbon-2-
Author delta
Experiment carbon
Sample_Td CJ-dimethyl (cis)
Solvent CHLOROFORM-D
+ Creation_Time 6-JAN-2017 10:17:48
= Revision Time = 19-FEB-2018 19:11:22
Current_Time 12-JUN-2019 17:38:09
Comment. single pulse decoupled gat
Data_Format 1D COMPLEX
Dim_Size 214
Dim_Title Carbon13
- Dim Units 1
24 Dimansions
ite M-ECS400
Spectrometer DELTAZ_NMR
Field Strength 9.389766(T] (400 [MHz])
X_Acq_Duration 1.04333312(s]
X pomain 13c
- X Freq 100.52530333 [Mz]
1] X offset 100 [ppm]
= X Points 32768
X prescans 1
X Resolution 0.95846665 [Hz]
X sweep 31.40703518 [kiz]
X Sweep_Clipped = 25.12562814 [kHz]
IEr_Domain Proton
IrrFreq 399.78219838 [Miiz]
=] Irr Offset 5ippm]
o Clipped FALSE
Scans 128
Total_Scans 128
Relaxation Delay = 2[s]
Recvr _Ga:
Temp Gat 20(dc]
- X_90 Width -6[us]
XAcg_Time 1.04333312(s]
X angTe 30 [deg]
X atn -8[dB]
T T T T T T T T T T T T T T T T T T T T T T T T T X_Pulse 3.53333333[us]
220.0210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| I¥=_Atn Dec 26.351[aB]
Irz_Atn Noe 26,351 [dB]
IrzNoise WALTZ
Trr_Pwic 0.115[ms]
o -~ = o o @ —w @ Decsupling
2 8 g A & 2 38 2 Initial Waic its)
bl 2 4 2 @ 588 = Noe_Time = 2[s]
- - - - Repatition Time = 3.04333312[s]
X : parts per Million : Carbon13

152




7

OH N : JEOL

< ---- PROCESSING PARAMETERS -
=7 dc_balance( 0, FALSE )

sexp( 0.2[Hz], 0.0[s] )
trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill( 1
££€( 1, TRUE, TRUE )

- machintpnace
<7 PPm
(2)-2a Derived from: CI-114 proton-i-1.3de

_3 "HNMR (400 MHz, CDCly)

6.0

5.0

4.0

C3-114_proton-1-3.3df
delta
5
E Spectrometer
= Field_Strength 389766[T] (400 (MHz])
N X_Acq_Duration 36731904 1s]
X Domai 18
X Freq 399.78219838 [Maz]
X Offset 5[ppm]
] X Points = 32768

3.0

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

0

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

1‘0 2‘0
1.00
0.95

FALSE
8
-8
8
E Relaxation Delay
= ‘ Recvr_Gain
S
- R _ i .
]
T T T T T T T T T T T T
12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 1 0 -1.0
AN AN, A .
2 2BIELRLRHIRLER zg 9388 2 g Initial Wait 1[s]
7 AgdSg %% $YT@aad na EEER & S Repetition Time = 9.36731904[s]
% EEEESEC M e BRI =
X : parts per Million : Proton
2
“
Boc. .
N X 5 JEOL
H s Solutions for nnovation
1 ---- PROCESSING PARAMETERS -
dc_balance( 0, FALSE )
H NMR (400 MHz, CDCly) vty i)
trapezoid( 0[4], O[%], 80[%], 100[%] )
zerofill( 1)
=] t( 1, TRUE, TRUE )
<+ machinephase
ppm
Derived from: CJ-204 proton-1-1.3df
.
5
2
> site MM-ECS400
< Spactrometer DELTAZ_NMR
Field_Strength 389766[T] (400 [Mz])
X_Acq_Duration 36731904 (5]
X_Domain 1
X Freq 399.78219838 [MHz]
Xoffset 5ipen]
X Points 32768
X prescans 1
X Resolution 0.22897343 (nz]
3 z X sweep 7.5030012 [kHz]
a o X Sweep_Clipped = 6.00240096 [kHz]
) TFr_Domain Proton
= IrrFreq 399.78219838 [MHz]
Irz offset 5[ppm]
Tri“Domain Proton
o - TriTFreq 399.78219838 [MHz]
= 5 Trisoffset 5(ppn]
S Clipy FALSE
Scans 8
Total_Scans 8
g =
2 Relaxation Delay
k] vz Gain™
g k prs
S — - - M o A VWL | % s0TwWidtn
C1
T T T T T T T T T T T T T T T
12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0
R ST 2 293 oL s T
GITLILBRR £g 228 ¢ %8 g ts]
FEERAE2R §8 == g S Repetition Time = 9.36731904[s]
A e PP PR PN S
X : parts per Million : Proton
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=] Boc. N X
H

™ Et
13C NMR (150 MHz, CDCly)

---- ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 2.0[Hz], 0.0[s] )
trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

Pem

€J-253_carbon-1-3.3df
delta

single pulse decoupled gat
1D COMPLEX

Dim Siz 26214
Din Title Carbon13
Din Units {ppn]
Dimensions

i MM-ECS400
Spectrometer DELTAZ_NMR

Field Strength 9.389766[T] (400 [MHz])
sl

1,04333312(

¥ Doma C
XFreq 100.52530333 [MHz]
X offset 100 {ppm]

Points 32768

n
0.95846665 [Hz]

31.40703518 [kHiz]
25.12562814 [kHz]

X Swee;
X Sweep_Clipped
main

Ifz_Dor Proton
TrrFre 399.78219838 [MHz]
Irr Offset ppn]

Cliped EFALSE

sc: 64

Total_Scans 64

Relaxation Delay

X : parts per Million : Proton

9
8
g
g
]
E
2
g X 1.8[a8]
RS RAAAS LSS RS A AR A RS A A B EAAR S AR RS AR EARAN LARAS RARS RRAR RARARRS F's 353333333 [us]
220.0210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0 I g:gg}{:}
WALTZ
0.115ms]
w 3= Sungn )  omow o cou : TRUE
bt 3} 3523 - = 2RE 2 Initial Wait 1(s]
- P P =2 R RUE
b ae 2REE @ 5o&8s = Noe_Time 2[s]
. - == Repstition Time = 3.04333312[s]
X : parts per Million : Carbon13
o “ Solutions for lanovation
S OH N
| P—
/ dc_balance (
sexp( 0:20nz )
trapezoi.
<3 Et zerofill( 1
% t( 1, TRUE,
machinephase
ppm
. Derived from: CJ-209 proton-1-1.3df
o (2-2i
N
1
H NMR (400 MHz, CDCl3)
=]
<
3-JUN-2019 1 5
3-JUN-2019 13:49:
S o
] « 3 nt single pulse
o Data_Format 1D COMPLEX
Dim Size 26214
DimTitle Proton
DimUnite tppm]
Dimsnsions
| Site JNM-ECS400
~ Spectrometer DELTAZ_NMR
IS . Field Strength 389766[T] (400 [MHz])
a 2 X_Acq Duration 36731904 1s]
X“Domain 18
o Xrreq 399.78219838 [Maz]
=3 Xoeeset 5[ppm]
X points 32768
Xprescans 1
X Resolution 0.22897343(52)
X Sweep. 7.5030012 [kHz]
X Sweep_Clipped = 6.00240096 [kHz]
<3 < TFx Domain Proton
& S IrrFreq 399.78219838 [Miz]
- Irroffset 5 [ppm]
TriTDomain Proton
TriFreq 399.78219838 [Maz]
Trisoffset 5 [ppm]
. Clipped FALSE
24 Scans 8
Total_Scans H
5 _
2 Relaxation Delay
k| Recvr Gain
E
5
s}l
8
T T T T T T
12.0 11.0 10.0 9.0 8.0 0 0
s 2z sza g
g g3 238 8 1s]
2 88 33 g Repetition Time = 9.38731904(s]
® e 3338 3




abundance

5‘.0

3.0

2.0

1.0

Boc\N N

H .
i-Pr
"H NMR (400 MHz, CDCls)

1.96

0.94
o~
0.99

o= ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 0.2[Hz], 0.0[s] )

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

ppm

Derived from: CJ-252 proton-2-1.jdf

X : parts per Million : Proton

0.000 — <=

€J-252_proton-2-4.jdf
delta

Spectrometer
Field Strength 389766 [T

1 (400 [MHz])
36731904 (s]

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

Relaxation Delay
Gain

Initial Wait

1[s]
Repetition Time = 9.36731904(s]

abundance

0‘9

0

Boc\N x

H )
i-Pr
13C NMR (150 MHz, CDCly)

Solutions for Innovation

machinephase
ppm

Derived from: CJ-252 carbon-1-1.jdf

156213 ——
139.575 ——

X : parts per Million : Carbon13

132682 —

78.945
77.315
77.000
76.676

T T T T T T T T T T T T T T T T T T
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0

37575 —

T T T T T T X
30.0 20.0 10.0 0 -10.0-20.0| %

18-JAN-2017 15:08:27
= 12-JUN-2019 17:55:58
12-JUN-2019 17:56:09

Comment single pulse decoupled gat
Data_Format 1D ComPLEX

Dim Size 214

Din Title Carbon13

DinUnits 1

Dimensions

ite MM-ECS400

Spectrometer DELTAZ_NMR

Field Strength 9.389766[T] (400 [MHz])
1

X Acq Duration = 1.04333312[s!
X“Domain 13c

(Freq 100.52530333 [MHz]
X ofset 100 {ppm)
X_Points 68

327
I

0.95846665 [Hz]
Csweep 31.40703518 [kiz]
X Sweep_Clipped = 25.12562814 [kHz]
IEr_Domain

Proton
399.78219838 [MHz]

IrrFre

Irr Offset 5Ippm]

Clipped FALSE
ans 200

Total_Scans 200

Relaxation Delay
Recvr_Ga

2(s]

Temp Gat 19.4[dc)
X_90_Width .6[us]
XAcg_Time 1.04333312[s]
X angTe 30[deg]

X atn -8[dB]
Cpulse 3.53333333 [us]
IFr_Atn_Dec 26.351[aB]
rr_Atn Noe 26.351[dB]
IrzNoise WALTZ
Trrpwi 0.115[ms]
Decsupling

Initial Wait 1(s]

Noe RUE

Noe

._Time = 2[s]
Repatition Time = 3.04333312[s]
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IQ.O

OH N
i-Pr

(2)-2j
TH NMR (400 MHz, CDCly)

3.60

1.00

1.99
1.97

J— ING PARAMETERS -
dc_balance( 0, FALS

sexp( 0.2[Hz], O
trapezoid( 0[%]
zerofill( 1

E )

L0[s]")
. O[%], 80[5], 100(5] )

£££( 1, TRUE, TRUE )

machinephase
ppm

Derived from: CJ-255 proton-1-1.jdf

Spectrometer

Field Strength
X_Acq_Duration

x
5

XFreq
Xoftset
XPoints

€J-255_proton-1-3.jdf
delta

389766(T] (400 [MHz])
36731904 (s]

18
399.78219838 [MHz]
5[ppm]
= 32768

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

abundance

Relaxation Delay
ain

-
1.00

T T
12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0
AN A AAL A
2 HQRg¥RT 2833228 28 zggge 2% g Initial Wait 11s]
T RSA3EE ZAIENES Zizazsh 33 ¢ sepeticion fime = 3.3e7s1004101
X : parts per Million : Proton
<
by Boc. N _
N 2
H ) Solutions for Innovation
1
H NMR (400 MHz, CDCl3)
<
<+
Filename = CJ-10-(4-8)_proton-1-5.3df
Author ie1ta
Experiment proton. jxp
< Sample_Td C3-10- (2-8)
] Solvent (LOROFORM-!
Creation_Time 16-MAY-2016 19:36:27
Revision Time = 12-JUN-2019 18:0
Current_Time 12-JUN-2019 18:0
Comment. single pulse
Data_Format 1D COMPLEX
Dim_Size 26214
Dim_Title Proton
Dim Units [ppm]
Dimansions
- ite M-ECS400
=] Spectrometer DELTAZ_NMR
S !
Field Strength 9.389766(T] (400 [MHz])
X_Acq_Duration 4.36731904 (5]
X pomain 1
X Freq 399.78219838 [MHz]
X offset 5 [ppm]
X Points 32768
X prescans 1
X Resolution 0.22897343 [Bz]
X sweep 7.5030012 [kHiz]
X Sweep_Clipped = 6.00240096 [kHz]
. IEr_Domain Proton
=4 IrrFreq 399.78219838 [Miiz]
Irr offset 5Ippm]
Tri“Domain Proton
S TriTFre 399.78219838 [Miz]
S Trisoffset ppm]
Cliped FALSE
S 2 Scans 8
g8 Total_Scans 8
g 2E e -
2 < Relaxation Delay = 5[s]
k] 10
ES u 20.31dc]
3 L . A . 6[us]
2 4.36731904 [s]
T T T T T T T 45[deq]
11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3'[2;?51
off
off
LaSERen=2 g Thuse
SUEEREC=2 @ 1ls]
fannannng o RepatitTon Time = 9.36731904[s]
X : parts per Million : Proton
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3.0

2.0

1.0

Boc.
OCN
H

13C NMR (150 MHz, CDCl3)

o= ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 2.0[Hz], 0.0[s] )
trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

ppm

Derived from: CJ-10 carbon-3-1.jdf

€J-10_carbon-3-4.jdf
delta

single pulse decoupled gat
1D COMPLEX

Dim Siz 26214
Din Title Carbon13
Din Units {ppn]
Dimensions

i MM-ECS400
Spectrometer DELTAZ_NMR

Field Strength 9.389766[T] (400 [MHz])
sl

1,04333312(

¥ Doma C
XFreq 100.52530333 [MHz]
X offset 100 {ppm]

Points 32768

n
0.95846665 [Hz]

31.40703518 [kHiz]
25.12562814 [kHz]

X Swee;
X Sweep_Clipped
main

Ifz_Dor Proton
TrrFre 399.78219838 [MHz]
Irr Offset ppn]

Cliped FALSE

sc: 20

Total_Scans 20

Relaxation Delay

o
g
2
§
<
£ = ol
2
8 X 4.8[dB]
T T T T T T T T T T T T T T T T T T T T T T T T T X 3.53333333[us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| 25391 1a0)
WALTZ
0.115[ms]
w = o exswn 2 2 2 8% & cou g TRUE
[ ] Sa8% 2§ § 88k § Initial Wait ite)
b 8 EERE $ 58 &88 2 Noe_Time 20s]
- = - - Repstition Time = 3.04333312[s]
X : parts per Million : Carbon13
&
Solutions for nnovation
| — s
dc_balance (
/ sexp( 0.2[Hz
trapezoid( 0 )
zerofill( 1
t( 1, TRUE,
machinephase
< PPm
-
Derived from: CJ-868 proton-1-1.3jdf
1
H NMR (400 MHz, CDCly
3-JUN-2019 1. 7
3-JUN-2019 15:37:
<
PN £ single pulse
Data_Format 1D COMPLEX
@ Dim Size 26214
“ Dim Title Proton
I Dim Units tppm]
Dimensions
sit MM-ECS400
. Spactrometer DELTAZ_NMR
! Field_Strength 389766[T] (400 [Mz])
X_Acq_Duration 36731904 (5]
X_Domain 1
X Freq 399.78219838 [MHz]
Xoffset 5ipen]
- X Points 32768
X prescans 1
- X Resolution 0.22897343 (nz]
X sweep 7.5030012 [kHz]
X Sweep_Clipped = 6.00240096 [kHz]
TFr_Domain Proton
IrrFreq 399.78219838 [MHz]
= o 2 Irz offset 5[ppm]
g 2 (3 Tri-Domain Proton
= A TriTFreq 399.78219838 [MHz]
Trisoffset 5(ppn]
Clipped FALSE
Scans 8
Total_Scans 8
g =
2 Relaxation Delay
k] Recvr_Gain
ES i Temp_Gat
2 I M Y X_90 Width
C1
T T T T T T T
12.0 11.0 10.0 9.0 8.0 0
% amtesw = IosazEanE S
¥ LnFang I3 I28LFER8Z 8 1ls]
a adaaes an géggnnnan 3 Repetition Time = 9.36731904[s]
PR e e R
X : parts per Million : Proton




4.0

3.0

2.0

1.0

Boc. N X
H

3 Et

TH NMR (400 MHz, CDClg)

b- o

1.96

1.00

abundance

10.69

zerofill

ppm

L0[s]")
. 0[%], 80[8], 100[%]

Derived from:

J— ING PARAMETERS ----
dc_balance( 0, FALS

sexp( 0.2[Hz],
trapezoid( 0[]

E )

£££( 1, TRUE, TRUE )
machinephase

€J3-218 proton-1-1.3df

X : parts per Million : Proton

4.566 ——
3124
3.108

t
Spectrometer

Field Strength

Relaxation Delay
Gain

Repetition Time

= CJ-218_proton-1-3.3df
delta

2-DEC-2016 15:33:
12-JUN-2019 18:15:44
12-JUN-2019 18:15:

single pulse
1D COMPLEX

9.389766(T] (400 [MHz])
4.36731904(s]

B
399.78219838 [MHz]
1

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton

399.78219838 [MHz]

5 [ppm)

Proton

399.78219838 [Maz]
tppm]

FALSE

8

H

5[s]

0

21.2[dC])

6[us]

4.36731904(s]

45[deg)

1(s]
9.36731904(s]

2.6

24

0.4

0.2

E Boc\N N
] H Et

22
i

13C NMR (150 MHz, CDCly)

ARAMETERS ----

E
FALSE )

0fs] )
41, 0[%], 80[%], 100(%] )

c

Dim Size

X Domain
X Freq
Xoffset

XPoints

X Swee;

Irr Freq

Clipped
Scans

Temp_Get

abundance

X AngTe

156.230 ——

X : parts per Million : Carbon13

T T T T T T T T T T T T T T T T T
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0

78.752
77.160
76,836
49.605 —
41.663 —

134,549
133.261

T T T T T T T X_Pul.
40.0 30.0 20.0 10.0 0 -10.0-20.0| B

‘omment
Data Format
Dim Units
Dimensions
ite
Spectrometer

Field Strength
X_Acq_Duration

X Prescans
X Resolution

X Sweep_Clippe
IFr_Domain

Irroffaet

Total_Scans

Relaxation_Del:
Recvr _Gain’

X 90 Width
X“Acq_Time

TriNoise
Triei
o cmmny becoupling
o 23233 nicial wai
S SExgg Initial Mait
vi xoaioiT oe
4 Asdes Yo

Time
Repatition Time

CHLOROFORM-D
17-MAY-2018 13:16:09
17-MAY-2018 19:09:38
17-MAY-2018 19:12:41

single pulse decoupled gat
1D COMPLEX

9.389766[T] (400 [Miz])
1.04333312(s]

13c
10052530333 [MHz]
100 [ppm]

32768

I

0.95846665 [Hz)

31.40703518 [kHz]
25.12562814 [kHz]
Proton
399.78219838 [MHz]
5 ppm)

FALSE

100

100

ay = 2[s]

20.7[dc]
10.6[us]
1.04333312[s]
30 [deg]
-8[dB]
3.53333333 [us]
26.351[aB]
26.351[aB]
WALTZ
0.115[ms]

2[s]
3.04333312(s]




3.0

2.0

1.0

9.88

OH N

Y Py T——
dc_balance( 0, FALSE )

Et sexp( 0.2[Hz], 0.0[s] )
trapezoid( 0[], 0[%], 80[%], 100[%] )

zerofill( 1

££€( 1, TRUE, TRUE )

machinephase

ppm

(2)-2k berived froms €3-227 proten-i1.jit
"H NMR (400 MHz, CDCl3)

€J-227_proton-1-3.jdf
delta

Spectrometer

Field Strength
X_Acq_Duration

349

389766(T] (400 [MHz])
36731904 (s]

x
5

18
X Freq 399.78219838 [Mnz]
X 0ffset 5[ppn]
X Points = 32768

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

0
|
[ 1.00
[
|
{ 1
i
|
|
E 1.94
L
2.03
=_
=
f 3.04
|
H
i
5

N
g Relaxation petey
E k Gain
]
2 S
]
\ \ \ \ : : \ \ \ \ \ \ \ : \
120 110 100 90 80 70 60 50 40 30 20 10 0  -lo 20
| AN AN A TARK
I CRRLIad BIA398E8 Fa 2 8SERT 95 g Initial Wait 1(s]
a ANNRRRR NS OIS v n == inn oo =3 Repetition Time 9.36731904 [s]
o SJUZREEIANAEG%E 38 Z5SthREE 8
X : parts per Million : Proton
Boc. o
£
i-Pr - PROCESSING PARAMETERS -
dc_balance( 0, FALSE )
_ Sexp( 0.2[Hz], 0.0[s] )
;7 trapezoid( 0[%], O[%], 80[%], 100[%] )
zerofill( 1 )
H NMR (400 MHz, CDCl5) Fee( 1, Thve, TRUE )
Rainionace
ppm
Derived from: CJ-251(12-18) proton-1-1.jdf
Filename ©J-251(12-18)_proton-1-3.3
<] Ruthor ey
o Experiment.
Sample Td 832251 (12-18)
FRi nsrban
Seition mime = S5-onN B0 11:59:50
Seliome I BTUWRon i
Smaedme DT B3
Comment single puise
St emmat et
DiegTor 1oose
Dt Featon
DinUnite tppm]
< Dimsuaions
< ite INM-ECS400
- iltromstar 1 PRBS A
i Field Strength 9.389766[T] (400 [MHz])
X Acq Duration = 4.36731904[s]
hoaar 1
rves 385 78210838 e
Xofset 5 [ppn]
dbeines 35es
*beencons H
o X Resolution 0.22897343 [Hz]
X Sweer 715030012 [kiz]
- “ Xsweep_Clipped = 6.00240096 [kiz]
-] e Srotan
- Irr_Freq 399.78219838 [MHz]
o Irr offset 5(ppm]
g bt el
& TriFre 399.78219838 [Miiz]
Tri_Offset ppm]
Ciipoes s
s o o
g g 2 SarE :
- = - Total Scans 8
4 g
g Relaxation pelay = 5(s]
g )
] 19.6(dc]
=2 — 6[us]
£ o e - 5 150a 101
T T T T T T T T T T T 35 [deg]
120 110 100 90 80 70 60 50 40 0 -0 20 o
ok
o
Coroamun T fog mEmmons o maLSE
TA—=3 0o = nTN—=3 Mmoo na k=3 1[s]
A= N =TEEERY hnnT AR =3 Repetition Time = 9.36731904(s]
995297 SSSRRRS ik
X : parts per Million : Proton
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X : parts per Million : Proton

s
2
0C N o ot
=3 H ) g TrrrTT—
i-Pr Gc_balance( 0, FALSE )
sexp( 2.0[Hz], 0.0[s] )
eapezeid( ofé1, ofa], sors1, 100131 )
ety
££t( 1, TRUE, TRUE )
13C NMR (150 MHz, CDCly) nachincphase
Derived from: CJ-251 carbon-i-1.3d
]
S
Filonane Co-251_carbon-1-4.3d¢
Rutnor deiea
Experinent
Serple ta
Solent
] Creation_Time
< Revision Time
Correnc i
nt single pulse decoupled gat
Data. Format o Comebex
- Dim i Ze21a
et Dimritie Carbonts
Dim Units [ppm]
L Tw-Ecsa00
Spectromster DerTAS. MR
s Field Strength 9.389766[T] (400 [MHz])
=1 X_Acq_Duration 1.04333312(s]
Kbonas c
X Freq 10052530333 [MHz]
orraet 100 pem]
hoincs 50768
Krrescans i
o X_Resolution 0.95846665 [Hz]
=7 X_Sweep 31.40703518 [kiiz]
XSweep Clipped = 25.1256214 [kiia]
I5s Donain Proton
Irr_Frec 399.78219838 [MHz]
Irr Offset 5 [ppm]
Ciipped FALSE
-1 Sc: 500
< Total_Scans 500
o Relaxation Delay
8
5 J ‘
g |
E] N . TR |
= Lk 4 n " Lol
2 1.8[aB]
T T T T T T T T T T T T T T T T T T T T T T T 3.53333333[us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10. 0 §§§§H:}
nin
0.115[ms]
) T noo Aot cou : TRUE
5 SO =8% 28Y3] Initial Wait 1ls]
= s 2 e B Gemai RUE
bl ? = (NI S ESENR RS Noe_Time 2[s]
. - - - Repetition Time = 3.04333312[s]
X : parts per Million : Carbon13
b1
= Solutions for Innovation
=] Y
2 f
i-Pr
! ( )
H NMR (400 MHz, CDCl, Titoname prav e
- ita
=]
B Revision Tine 3-T0N-2010 14:16.24
2 Carrent. Tine 3 Ton-016 1:1¢.40
nt single pulse
Data Format 1o Couphex
Dim Sise Zerta
. Dinrisie Broton
b Dim Units [ppm]
P - Dimensions
-] Twu-Ecsaoo
N Spectrometer DELTA2_NMR
Field_Strength 389766[T] (400 [Mz1)
X_Acq_Duration 36731904 [s]
X bonain i
Xreeq 399.78219838 2]
X Offset 5[ppm]
Xpeines B
XPrencans 3
X Resolution 0.22897343[Hz]
feees 95030012 ki)
- Sween_Clipped = 6 00240096 (kAL]
<] 2 I7r Domain Proton
= z TrrFres 35578219838 2]
Irr_Offset 5[ppm]
Triponatn Broton
- < o Tri_Freq 399.78219838 [MHz]
s * o Tri Offset 5ppm]
- - =3 Clipped FALSE
Seant B
Total_scans H
3 ¥
g Relaxation Delay
s ﬂ vz Gain~
£
2
g
5 ) -
2
T : T T T T
12.0 11.0 10.0 9.0 -1.0 -2.0

1[s]
Repetition Time = 9.36731904(s]
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3.0

2.0

1.0

abundance

Boc. "
H N < Soltion forinnoation
Ph Ph —— ING PARAMETERS --
1 :Eihﬂlanca( 0, FALSE )
#p( 0.2[Hz], 0.0[s] )
H NMR (400 MHz, CDCl3) e oia ek o). aorar, 100081 5
ity
££t( 1, TRUE, TRUE )
nachinephase
pom
=
&
Filename DiPh-Me-cis_proton-2-4.3f
Ruthor Gerta
Experiment proton. jxp
Sempierza St
SoTvent Catonorom-D
Creation Time o 17-7EB-201710:27
RevieionTine = 17-WAv-2018
Correnc Ty 17-uav-301s 16:0
ne single puise
Dava: Format 1o Consiex
Frigrts Sease
Dinpitie Beoton
Dim Units tppm]
Dimnsions i
f —
Shectroneter ey
Field Strength 9.389766[T] (400 [MHz])
X_Acq Duration 4.36731904(s]
K bonain i
Xrees 35978219838 (e
Xotset 5 [ppm)
ooines HiH
Y reeacans 3
X Resolution 0.22897343 [Hz]
. Yweep 92350022 prae
g oSveep_Clipped = 600240096 (KAE]
S Tre borain Proten
=+ 399.78219838 [MHz]
K 5(ppn]
Bekon
35575210838 (e
- (ppm]
N o ATEE
8 2 :
2 g H
Relaxation Delay = 5(s]
Recve: casn i
Get 20.8[dC]

6[us]
4.36731904(s]
45[deg]

Initizl Wait
Repetition Time

1[s]
9.36731904(s]

X : parts per Million : Proton

1.3
i

12
i

Boc. N N

N JEOL
PH Ph St

13C NMR (150 MHz, CDCly) P A
s ( 2.0[Hz], 0.0[s] )

trapezoid( 0[%], 0[%], 80[%], 100[%] )

EEe D) dave, mRoE )

PP

Derived from: CJ-604(7-11) carbon-1-1.jdf

Filename = C3-604(7-11)_carbon-1-3.3d
Author delta

Experiment carbon. jxp

Sample_Td €J-604 (7-11)

Solvent CHLOROFORM-D

29-MAY-2018 21:13:36

Revision Time = 12-JUN-2019 18:30:47
Current_Time 12-30N-2019 18:30:59
Comment single pulse decoupled gat
Data_Format 1D ComPLEX

Dim Size 214

Din Title Carbon13

DinUnits 1

Dimensions

ite MM-ECS400

Spectrometer DELTAZ_NMR

Field Strength

9.389766[T] (400 ([MHz])
X_Acq Duration 1

1.04333312]s:

X“Domain 13c
X Freq 100.52530333 [MHz]
X ofset 100 {ppm)

X_Points 68

327
I

0.95846665 [Hz)
31.40703518 [kiiz]

abundance

X Sweep_Clipped = 25.12562814 [kHz]
IEr_Domain Proton
Irr Freq 399.78219838 [MHz]
IaE| Irr_Offset 5[ppm]
< Clipped FALSE
Scans 375
Total_Scans 375
] Relaxation Delay = 2[s]
Recvr_Ga:
Temp_Get 21.3(dc]
1 L Lo X_90Width ~6[us]
. XTAcq_Time 1.04333312[s]
g W X AngTe 30[deg]
Xata -8[aB]
L S A A A A A A A A A A R AR RS AR BN RS IR RS SARAS RS AR AR L P 3.53333333 [us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| I¥x_Atn Dec 26.351[dB]
Irr_Atn_Noe 26.351[dB]
IrrNoise WALTZ
| I |l e i,
© axcagSan=So cegw -2 e g® DecBupling
3 £3REgRnaEs 2AgE gzl § §% mEhthe T
R B e P P P con P
n OIINIBEREESS 2ERE ne5 g == Noe

._Time = 2[s]
Repatition Time = 3.04333312[s]

X : parts per Million : Carbon13
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abundance

Ph

Y

13.19

(2)-2h
"H NMR (400 MHz, CDCly)

0.90

---- PROCESSING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 0.2[Hz], 0.0[s] )

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

Pem

)

12.0 11.0 10.0 9.0 8.0 l
AR
g2 ®ran
S= 884
6% e

X : parts per Million : Proton

6.056
6.051
5.754
5297
5280
5241
4379
4376
4344
4341

€J-277_proton-1-5. jdf
delta

3-JUN-2019 1

single pulse
1D COMPLEX

INM-ECS400
DELTAZ_NMR

Spectrometer

Field Strength
X_Acq_Duration

389766 [T

1 (400 [MHz])
36731904 (s]

XD 18
X Freq 399.78219838 [Mnz]
X 0ffset [ppn]
X Points 32768

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

Relaxation Delay
ain

“Mode
Danfe_Presat
Initial Wait

1[s]
Repetition Time = 9.36731904(s]

2.0 3.0 4.0

1.0

abundance

Boc. N AN

HpH Ph Bt
H NMR (400 MHz, CDClg)

1.70

machinephase
ppm

Derived from: CJ-909 proton-2-1.jdf

2.07

L.08
1.00

—

12.0 11.0 10.0 9.0 8.0 7.0
nyoaxm—n
RAGJASST
AR

X : parts per Million : Proton

°

5.937
5.908

5.640

5.621

5.603

5.592

4385 ——
3.934
319
0.000 — =

site INM-ECS400
Spectrometer DELTAZ_NMR

Field Strength

389766[T] (400 [Miiz])
36731904 [s]

10
399.78219838 [Mz]

Xrreq

Xoeeset 5[ppm]
X points 32768
Xprescans 1

0.22897343[Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Tx D Proton
IrrFreq 399.78219838 [Miz]
Irr_Offset 5[ppm]
TriTDomain Proton

TriFreq 399.78219838 [Maz]
Trisoffset 5 [ppm]

Clipped FALSE

Scans 8

Total_Scans 8

Relaxation Delay
Gai

1[s]
Repetition Time = 9.36731904(s]




X : parts per Million : Proton

6027 ~_ o
5998 — o

4.0 30 2.0
a8 BBLRBYELN
ae NRRIIESS
3 R D

0.625

o Boc. X
- Ph Ph Et — e —
=7 13 dc_balance( 0, FALSE )
sexp( 2.0[Hz], 0.0[s] )
C NMR (150 MHz, CDC|3) trapezoid( 0[4], 0[%], 80[8], 100[%] )
Zerofill
<] ££t( 1, TRUE, TRUE )
— machinephase
pom
|
3
= Filenane 3-293_carbon-1-3.3af
Author delta
Experiment
Sanple 1d
- Solvent
59 Creation_Tine
Revision_Tine
Caxrent. i
© nt single pulse decoupled gat
29 Data Format 1> Somsiex
Din Siz 26214
DinTitle Cazbon13
Dim Units [ppm]
" Dinensions
ps f T-EC8400
Spectrometer DELTAZ MR
Field Strength 9.389766[T] (400 [MHz])
~ X_Acq_Duration 1.04333312(s]
=7 X Domais C
X Freq 10052530333 [MHz]
Xottset 100jppn]
Croints 32765
] Xbrescans i
=) X_Resolution 0.95846665 [Hz]
Xsweep 3140703518 [ktz])
X Sweep_Clipped = 25.12562814 [kiz]
Tz bonain Proton
(k| Irr_Frec 399.78219838 [MHz]
< Irr Offset 5 [ppm]
Clipped FALSE
Se. 180
Total_Scans 180
W S Relaxation Delay
g
g }
] ! e J i " L iy L . "
E Y P " 4 y f
1 X 4.8[dB]
T T T T T T T T T T T T T T T T T T T T T T T T T X 3.53333333[us]
220.0210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| T 26351 1am)
WALTz
0.115[ms]
g g 2% %8y £z 8 2 feiel Was s
g 8 22 azsy 52 R Initial Wait i)
g 3 24 RISSS e I - Noe_Time 21s)
. - - - Repetition Time = 3.04333312[s]
X : parts per Million : Carbon13
<
= Ph g
- OH N = Solutions for Innovation
e | Ph
=Y /
24
N Et
=S
o
=4 2)-2m
1
=1 '"H NMR (400 MHz, CDCly)
2]
<
o "
= Revision Time 3-JUN-2019 1 4
Carrent. Tine 3-TUN-2019 15:11:33
<
= nt single pulse
Data Fornat 1> ComPLEX
Dim Size 26214
=3 DimTitle Proton
o6 Dim Units [ppm]
Dinansions
- Site u-ECs400
] Spectrometer DELTAZ NR
N i
Field Strength 389766 (1] (400 (z1)
B X_Acq_Duration 36731904 (s]
<7 X_Domain 1H
XFreq 39978219838 [Miz]
X offset 5ppm]
<1 XPoints 32768
a X rrescans b
X Resolution 0.22897343 [Hz]
- = XSwaep. 7.5030012 [kiz]
2] 5 X Sweep Clipped = 6.00240096 [kiz]
o Irr_Domain Proton
2 Irirreq 39976219838 [iz]
< © S Irr Offset 5[ppm]
P = Tri_Domain Proton
= TeiTrreq 39576219838 [Miz]
Tri Offset 5ppm]
23 =) o a Clipped FALSE
N < == = Scans 8
= 5 . Total_Scans H
8
221 Relaxation Delay
3 Recvr_Gain’
] | i Temp, Gat
I — S - I WO W B — X_90_Width
g

1[s]
Repetition Time = 9.36731904(s]
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Chapter 3

Boc. N 2 bbb
<] H : P —
: dc_balance( 0, FALSE )
sexp( 0.2[Hz], 0.0[s] )
trapezoid( 0[+], O[+], 80[%], 100[%] )
zerofill( 1 )
fft( 1, TRUE, TRUE )
1 machinephase
H NMR (400 MHz, CDClj) e
Derived from: CJ-323(2) proton-1-1.3df
Filename ©J-323(2)_proton-1-6.3df
Author delta
Experiment proton. j
=Y Sample_Id ©3-323(2)
i Solvent 'CHLOROFORM-D
Creation_Time 18-APR-2017 13
Revision Time 13-J0N-2019 1
Current_Time 13-0N-2019 15:1:
Comment single pulse
Data Format 1p COMPLEX
Dim_Size 26214
Dim Title Proton
Dim Units [ppm]
Dimensions X
site JNM-ECS400
Spectrometer = DELTAZ NMR
4 Field Strength = 9.389766[T] (400 [Mz])
E X Acq Duration = 4.36731904[s]
“ X Domain 1
CFreq 399.78219838 [Mz]
= | X offset 5[ppm]
— X Points 32768
] X Prescans
& X Resolution 0.22897343[52]
X Sweep 7.5030012 [kHz]
X Sweep_Clipped = 6.00240096 [kHz]
IFr Domain zoton
Irs Freq 399.78219838 [Miz]
Irr Offset 5[ppm]
TriDomain roton
s TriTFreq 399.78219838 [MHz]
b = Tri offset 5 [ppml
5 Cliped FALSE
S Scans 8
° Total_Scans 8
g Relaxation Delay = 5[s]
E] Recvr_Gai a2
2 21.11dc)
5 6lus
g 4.36731904(s]
T T T T T T T T T T T 45 [d
10.0 9.0 8.0 7.0 6.0 5.0 20 1.0 0 -1.0 g[lg]
ofe
ofe
Szangmsx o AozaeTsmsIy 3 2t L
giacngzse ¢ ASRTASTZL 8RS g € (s]
SETTAaS= ERMANGTITA8S S Repetition Time = 9.36731904[s]
DRI I ==aZ22 === 3
X : parts per Million : Proton
o
N D_ D
o JEOL '
o Boc. A
N Solutions for nnovation
et
g H e
> dc_balance( 0, FALSE )
2 sexp( 2.0[Hz], 0.0[s] )
- trapezoid( 0(%], 0[%], 80[5], 100[%] )
Rt zerofill( 1)
13, £t( 1, TRUE, TRUE )
=3 C NMR (150 MHz, CDCl5) pachinephase
=3 Derived from: CJ-deuterated (Cy) SM carbon-1-
e
"
= Filename CJ-deuterated (Cy) SM_carb
<+ Author lta
3 Experinent carbon. jxp
Sample_Td Cy-deuterated (Cy) SM
3 Solvent CHLOROFORM-|
hl Creation_Time 18-MAY-2018 21:06:23
Revision Time 13-J0N-2019 15:13:00
E! Current_Time 13-3UN-2019 15:13:09
- Comment single pulse decoupled gat
== Data_Format 1D COMPLEX
Dim Size 26214
< DinTitle Carbon13
=4 Dim_Units m]
Dingnsions
B Site JNM-ECS400
s Spectrometer DELTAZ_NMR
24 Field Strength = 9.389766[T] (400[MHz])
X Acq Duration = 1,04333312(s]
o~ X Domain 13c
=1 X Freq 100.52530333 [MHz]
Xoffset 100 [ppm]
L 32768
1
“- 0.95846665 [z]
s 31.40703518 [kHz]
< 25.12562814 [kHz]
< Proton
=1 399.78219838 [MHz]
5ppm]
3 FALSE
S Scans 64
o Total_Scans 64
0 ° Relaxation Delay = 2[s]
8~ Recvr_Gain 60
£ 24 21.1(dc]
_g \ .6[us]
2 " 1.04333312(s)
2 " " y 30[deg]
& 8[dB]
LR AR A A A RN A A S A A AR AR LRSS AR RS AR A RS RARRS EARAS AR RE RN E'S 3.53333333 [us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| T gsggi{‘z}
2
0.115[ms]
2 2 8 3 9guse F82238939 e
2 8 = 0% £308% 235323132 Fnitial Wait e
a8 2 2 FEERE ARRERESE Noe_Time 2(s]
. - = = = Repatition Time = 3.04333312(s]
X : parts per Million : Carbon13
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3.0

2

1.0

abundance

D D
OH N
=

d2-(E)-1a
TH NMR (400 MHz, CDCly)

|
1.00
———

7

10.

---- ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 0.2[Hz], 0.0[s] )

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

Pem

3.01

3

X : parts per Million : Proton

0.000 —— =+

€J-332_proton-1-6.jdf
delta

INM-ECS400
DELTAZ_NMR

Spectrometer

Field Strength 389766 [T

1 (400 [MHz])
36731904 (s]

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

Relaxation Delay
Gain

Initial Wait

1[s]
Repetition Time = 9.36731904(s]

17 IIX l‘.9 2‘.0 Zil 2‘.2 2.‘3

1.5 1.6
B

1.1 12 13 1.4
TS ST T T ST PO P

02 03 (J.‘4 0.5 0.6 0.7 0.8 09 1.0

0.1
i

49
TH NMR (400 MHz, CDCl,)

10.17

Solutions for Innovation

machinephase
ppm

Derived from: CJ-572 proton-1-1.jdf

2.00

0.99

abundance

E
i
L N
‘ ‘ ‘ ‘
10.0 9.0 8.0 7.0
= fzszssi
Z f23852%
SRIIIZD

X : parts per Million : Proton

468
66—

0.000 —— =+

3.
3.

site
Spectrometer

INM-ECS400
DELTAZ_NMR

Field Strength

389766[T] (400 [Miiz])
36731904 [s]

10
399.78219838 [Mz]
Slppm]

32768

1

0.22897343[Hz]
7.5030012 [kHz]
6.00240096 [kHz]

TEr_D Proton
IrrFreq 399.78219838 [MHz]
Irr_Offset 5[ppm]

Tri“Domain Proton

TriTFreq 399.78219838 [MHz]
Trisoffset 5 [ppm]

Clipped FALSE

Scans 8

Total_Scans

Relaxation Delay
Recvr_Gain
Temp_Get

1[s]
Repetition Time = 9.36731904(s]




2.0

1.0

59
H NMR (400 MHz, CDCly)

3.60

0.89

abundance

<«

o

6.30

o= ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 0.2[Hz], 0.0[s] )

trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

ppm

Derived from: CJ-581 proton-1-1.jdf

2,05

X : parts per Million : Proton

0.000 — <=+

€J-581_proton-1-3.jdf
delta

Spectrometer

Field Strength 389766 [T

1 (400 [MHz])
36731904 (s]

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

Relaxation Delay
Gain

Initial Wait

1[s]
Repetition Time = 9.36731904(s]




Chapter 4

<] NC
« 2
o Solutions for Innovation
HO  erocessivG eAmIETERS -
dc_balance( 0, FALSE )
sexp( 0.2[Hz], 0.0[s] )
trapezoid( 041, 0[3], 80[%], 100%] )
zerofill( 1)
££t( 1, TRUE, TRUE )
1a machinephase
1
H NMR (400 MHz, CDCl,) bexived. fram: Con421.(3 proton-ict. et
< €
> | Filename ©J-421(3)_proton-1-6.3df
hal - wthor delta
Experiment proton. J
Sample_Td €3-421(3)
Solvent CHLOROFORM-D
Creation_Time 21-SEP-2017 19:2
Revision Time 18-AN-201
Current_Ti 18-JAN-2019 1
Comment single pulse
Data Format 1D COMPLEX
Dim Siz 26214
Dim Title Proton
Dim Units [ppm]
Dimansions X
ite INM-ECS400
o Spectrometer DELTA2_NMR
S Field Strength 9.389766(T] (400 (MHz])
2 X_Acq_ Duration 4.36731904s]
omain 5
24 X Freq 399.78219838 [MHz]
X Offset 5 [ppm]
X Points 32768
X presc 1
X Resolution 0.22897343 [152]
X_Sweep 7.5030012 [kHz]
X Sweep_Clipped = 6.00240096 [kiz]
TEr_Domain Proton
IrrFre 399.78219838 [MHz]
Irr Offset 5[ppm]
D Proton
TriFre 399.78219838 [MHz]
Tri Offset 5 [ppm]
Clipped FALSE
Scans 8
Total_Scans s
5 ¢
2 Relaxation Delay = 5[s]
] Recvr_Gain 4
= J Temp_Get 21.3[dc]
S R X_90 Width 6us)
5 X“Acq_Time 4.36731904(s]
A Ve O ‘ o e
12.0 11.0 10.0 9. 8.0 7.0 0 X Poise 3ius)
IEr_Mode ofs
Tri Mo ofs
Danfe_Presat FALSE
ZRE8LEEST g Initial Wai 1(s]
FEIIEa4a8 = Repetition Time = 9.36731904[s]
PRI 3
X : parts per Million : Proton
Solutions for lanovation
]
) HO
1
machinéphase
S
2 1a :
13,
C NMR (150 MHz, CDClj3)
S
a1 Filenane CJ-745_carbon-1-3.3df
Author delta
Experinent carbon. jxp
Sample_1d 745
Solvent CHLOROFORM-|
Creation_Time 3-0CT-2018 15:58:24
Revision Time 18-JAN-2019 13:41:32
=Y Current_Tis 18-JAN-2019 16:02:28
<
ne single pulse decoupled gat
Data_Format 1D COMPLEX
Dim Size 26214
Din Title Carbon13
Din Units {ppn]
Dimensions
< i MM-ECS400
] Spectrometer DELTA2_NMR
Field Strength = 9.389766[T] (400[MHz])
X_Acq_Duration 1.04333312(s]
X Domain 13c
X Freq 100.52530333 [MHz]
X offset 100 [ppm]
< X Points 32768
] X Prescans 1
X Resolution 0.95846665 [Hz]
X Sweep 3140703518 [Kciz]
X Sweep_Clipped = 25.12562814 [kHz]
TEr_Domain Proton
Trr e 399.78219838 [MHz]
Irr_Offset 5[ppm]
=] Clipped FALSE
= Scans 83
Total_Scans 83
Relaxation Delay = 2[s]
8 Recvr_Gain~
g Temp 1 19.57dc]
5 0.6[us]
E 1.04333312[s]
23 30 [deg]
g 4.8[as]
T T T T T T T T T T T T T T T T T T T 3.53333333[us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 7 0.0 50.0 40.0 30.0 20. gggg“x}
WALTZ
= 0.115[ns]
Zhara 2 = me 2 DecBupling TRUE
SS2E3 g s ZF8 Initial Wait it
E5288 2 § 28R Noe_Time 2[s]
. Eininiel Repstition Time = 3.04333312[s]
X : parts per Million : Carbon13




abundance

o=

2a
H NMR (400 MHz, CDCl3)

1.00

ING PARAMETERS -
ALSE )

L0[s]')
1, 0[%], 80[%], 100[%] )

RUE, TRUE )
ase

X : parts per Million : Proton

€J-453_proton-1-5.jdf
delta

1
18-JAN-2019 1

single pulse
1D COMPLEX

INM-ECS400
DELTAZ_NMR

389766 [T

1 (400 [MHz])
36731904 (s]

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

11s]
9.36731904(s]

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

abundance

NC
o=

2a
13C NMR (150 MHz, CDClj)

Solutions for Innovation

190.576
137.506

X : parts per Million : Carbon13

T T T T T T T T T T T T T T T T T T
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30

-

77315
77.000
76.676
52344 —
28.612
28.402
18.858 —

= 18-JAN-2019 13:45:04
18-JAN-2019 15:47:10

single pulse decoupled gat
1D COMPLEX

INM-ECS400
DELTAZ_NMR

9.389766[T] (400 [Miz])
1.04333312(s]

13c
100.52530333 [MHz]
100 [ppm]

32768

N

0.95846665 [Hz]
31.40703518 [kHz]
25.12562814 [kHz]
Proton
399.78219838 [MHz]
5[ppm)

FALSE

200

200

2(s]

19.6[dC)

10.6[us]
1.04333312[s]
30 [deg]
-8[dB]
3.53333333 [us]
26.351[aB]
26.351[aB]
WALTZ
0.115[ms]

= 2[s:
3.04333312(s]




5.0

3.0

2.0

1.0

(E)-3a
TH NMR (400 MHz, CDCly)

4‘.0

2.06

100

0.97

ROCESSING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 0.2[Hz], 0.0[s] )

trapezoid( 0[%], O[%], 80[%], 100[%] )
zerofill( 1

££t( 1, TRUE, TRUE )

machinephase

ppm

Filename CJ-781 (HPLC)_proton-1-5.3
elta

Current_Time 18-JAN-2019 18:1
Comment. single pulse
Data_Format 1D_COMPLEX
Dim_Size 26214
Dim Title Proton
Dim Units [ppm]
Distnsions ¥

TNM-ECS400
Spectronster = DELT
Field Strength 3-309766(T) (400 0mz])
X3 ation 436731904
¥ boniin
XFreq 55578210838 (]
Xotfset 5[ppm]
XPoints 32768

XPrescans 1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

roton
399.78219838 [MHz]
5 [ppm]

roton
399.78219838 [MHz]
5 [ppm]

FALSE
8

cans.
Total_Scans

X : parts per Million : Carbon13

8
8
g Relaxation Delay = 5[s]
2 19 - 41dc)
5
g8 e K 56731004181
‘ ‘ ‘ ‘ oiaR)
12.0 11.0 10.0 -1.0 3ius)
ofe
ofs
._Presat FALSE
Initizl W 1(s)
RepetitTon Time = 9.36731904[s]
X : parts per Million : Proton
NG Solutions for nnovation
SING PARAMETERS -
dc_balance( 0, TALsE )
sexp( 2.0[Hz], 0.0
= rapezoid( Lot ott] soter, 10001 )
zerofill (1)
el £E6( 1, TRUE, TRUE )
S machinephase
e
(B-3a
13,
C NMR (150 MHz, CDCly)
Filename CJ-781 (HPLC) carbon-1-3.3
Author delta
Experiment arbon. jxp
Sample_td c3-781 (L)
Solvent CHLOROFORM-D
o Creation_Time 17-JAN-2019 18:11:57
= Revision Time 18-JAN-2019 13:01:27
Current_Time 18-02N-2019 15:44:37
Comment single pulse decoupled gat
Data Format 1D &
Dim_Size 26214
Dim Title Carbon13
Dim Units m]
Dimensions
site MM-ECS400
Spectrometer DELTAZ_NMR
Tisld stengwn = 38976601 (400[Rz))
Acg Duration = 1,04333312(
X Domain
= XFreq mo 52530333 [Miz]
S Xoffset 0 [ppm]
50768
1
0.95846665 [1z)
31.40703518 [kHz]
2512562814 [kBz]
Proton
399.78219838 [MHz]
5 [ppm]
FALSE
Scans 17
Total_Scans 17
o Relaxation Delay = 2[s]
g Recvr Gain 0
E Temp_Ge: 1914c]
3 X_90_Width - 6[us]
El XAcq_Ti 1.04333312(s)
32 X AngTe 30[deg]
Cl Xatn 8[as]
AR T Pulse 3.53333333 [us]
210 020001900180 017001600150 014001300120 011001000900 800 700 600 500 400 300 20.0 10.0 0 Irz_Atn Dec gsggi{$=
12
0.115[ms]
T s om on UE
- 2§ 3% Initial Wait 1(s]
R Noe E
¢ a8 2= Noe_Time 1

< 2(s
Repstition Time = 3.04333312(s]




A t Ir i
- Solutions for lnnovation
3 HoN o
- ---- PROCESSING PARAMETERS ----

dc_balance( 0, FALSE )

< = sexp( 0.2[Hz], 0.0[s] )

) frapezoid( 0[4], O[3], 8031, 100[%] )
zerofill
££t( 1, TRUE, TRUE )
machinephase

& (E)-4a 5

1 Derived from: CJ-463 (2nd) proton-2-1.jdf
=] '"H NMR (400 MHz, CDCl3)
<
=7 Filename = CJ-463 (2nd)_proton-2-4.3d
Author delta
Experiment proton. jxp
= Sample_td CJ-463 (2na
7 Solvent CHLOROFORM-D
Creation_Time 13-NOV-2017 18:04:46
o Revision Time 13-JUN-2019 16:17:35
° 3 Current_Tis 13-JUN-2019 16:18:00
* nt single pulse
Data_Format 1 COMPLEX
Dim_Biz 26214
<] 2 Dim Title Proton
F Dim Units Ippn]
Dimensions x
ite M-ECS400
=1 Spactromatar DELTAZ NMR

Field Strength

9.389766(T] (400 [MHz])
4.36731904(s]

i
399.76219838 [Miz)
5 [ppm)

32768

1

0
1.00
1.00

0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [MHz]

5 [ppm)
Proton
- 399.78219838 (Maz)
> [ppm]
o FALSE
8
8
3 2]
g - Relaxation Delay = 5[s]
k] Recvz Gain m
S \ Get 21.1[dc]
5 Il 6lus]
] 4.36731904(s]
T T 45 [deg]
10,0 9.0 80 7.0 60 5.0 40 0 Sjuts™
ofs
ofs
T T T L T s FALSE
CIERRAREINS ACEREIERYRS2E 8 X 1ls]
AZ=Tamm==38 iRy N— s =S S RepetitTon Time = 9.36731904[s]
E R R R S S i e 3
X : parts per Million : Proton
<4
Solutions for nnovation
o
3 HoN T T——
0, FALSE )
_— Hz], 0.0[s] )
{41, 0[%], 8031, 100(3] )
1)
| ££t( 1, TRUE, TRUE )
S ase
(E)-4a
1
51 13C NMR (150 MHz, CDCly)
Filename €3-463 (2nd)_carbon-1-4.3d
- Author elta
> Experiment carbon. jxp
< Sample_Id CJ-463 (2nd)
Solvent ROFORM-D
Creation_Time 13-NOV-2017 18:07:40
Revision Time 18-JAN-2019 14:12:16
- Current_Time 18-JAN-2019 15:52:28
S Comment single pulse decoupled gat
Data_Format 1D COMPLEX
Dim Size 214
im i Carbon13
Dim Units 1
1 Dimansions
S ite M-ECS400
Spectrometer DELTAZ_NMR
Field Strength = 9.389766[T] (400 [MHz])
X_Acq Duration = 1.04333312[s]
] X pomain 13c
s X Freq 100.52530333 [Mz]
X offset 100 {ppm)
X Points 32768
X Prescans 1
X Resolution 0.95846665 [Hz]
o X sweep 31.40703518 [kiz]
s X Sweep_Clipped = 25.12562814 [kHz]
IEr_Domain Proton
IrrFreq 399.78219838 [Miiz]
Irr_offset 5ippm]
Clifped FALSE
- Scans 256
= Total_Scans = 256
o Relaxation Delay = 2[s]
g Recvr_Ga: 60
g Temp Gat 21(dc)
3 X_90 Width ~6[us]
£ o] XAcg_Time 1.04333312[s]
E X AngTe a1
& X atn -8[dB]
T T T T T T T AR BARASRRRRY T Pulse 3.53333333 [us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| I¥x_Atn Dec 26.351[dB]
Irz_Atn Noe 26.351[aB]
IrzNoise WALTZ
Trrpwi 0.115[ms]
azgzeny nge oo T oo Decoupling
fuzggesy FE8 a8 3§ £ midhiwhe  Zi
2EBAGAGA ERE ol a8 z= Noe_Time 2[s]
- i Repatition Time = 3.04333312[s]
X : parts per Million : Carbon13

170




= % JEOD
< 2
OH N « Solutons for lanovation
dc_balance( 0, FALSE )
= Sewp( 0.2[Hz], 0.0[s] )
trapezoid( 0[4], O[%], 80[%], 100[%] )
o zerofill
2 £££( 1, TRUE, TRUE )
3— “ machinephase
2 Pem
i
=] (S,E)- and (R,E)-1
11
H NMR (400 MHz, CDCl5)
CJ-446_proton-1-4.3df
delta
proton. 3xp
446
CHLOROFORM-D
o 13-Nov-2017 1
< 18-JAN-2019 1
o = 18-JAN-2019 1
- single pulse
< 1D COMPLEX
& 26214
Proton
[ppm]
TNM-ECS400
Spectrometer DELTAZ_NMR
Field_Strength 389766[T] (400 (MHz])
36731904(s]
18
399.78219838 [Mnz]
9 s Iz [ppm]
= S e 32768
- 1
- 0.22897343[5z]
3 7.5030012 [kHz]
- 6.00240096 [kHz]
Proton
399.78219838 [MHz]
5(ppn]
Proton
399.78219838 [MHz]
[ppm]
FALSE
a
g
E Relaxation Delay
E u Recvr Gain
S
]
T T T T T T T T T T T T T T T
12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0
| AN A N A
£ 285Iss 2H3IKES 85883 28F¥ foIRgzkec Initial Wait 1(s]
A AJG==3 LS82d4dn  gxx%x CEE Xxxns38eyg Repetition Time = 9.36731904[s]
B A T % R B PP PR PR P I B -
X : parts per Million : Proton
= H JEOL
= g
- PROCESSING PARAMETERS -
N dc_balance( 0, FALSE )
sexp( 0.2[Hz], 0.0[s] )
- H tapezoia( 0141, 0(s], 80[31, 100(41 )
& zerofill( 1)
££t( 1, TRUE, TRUE )
Br machinéphase
ppm
=
(S.B)- and (R,E)-2 2
< 1
byl H NMR (400 MHz, CDGly)
Filename = CJ-443 (1st)_proton-1-5.3d
Author delta
Experiment
S sample_1d
- z Solvent
- i Creation_Time
> ] Revision Time o
< Current_Time 31-MAY-2018 10:12:19
single pulse
1D COMPLEX
26214
Proton
[ppm]
- X
24 TNM-ECS400
Spectrometer DELTAZ_NMR
v Field Strength = 9.389766[T] (400[Mz])
& X Acq Duration = 4.36731504(s]
X Domain 18
X Freq 399.78219838 [MHz]
X offset 5 [ppm]
- X points 32768
< Cprescans
X“Resolution 0.22897343 [Hz]
o < X Sweep 7.5030012 [kHz]
g|= = X_Sweep_Clipped = 6.00240096 [kHz]
z= 3= IFr_Domain Proton
Irr_Freq 399.78219838 [MHz]
Irr offset 5 [ppm]
Tri“Domain Proton
) Tri“Freq 399.78219838 [MHz]
=1 Tri_offset 5 [ppm]
Clifped FALSE
Scans 8
Total_Scans 8
3 .
2 Relaxation Delay = 5[s]
3 Re ain 50
g L 21.3[dc]
< 4.36731904(s]
T T T T T T T T T T ;5_[1‘1351
120 11,0 100 90 80 70 60 50 0 S0 20 Stusi
| I off
ose
SALaTAEmEon CarTh oo s FaLse
29533050829 588558 g a. =1[s]
ARITYEIASSS gaaads S Repetition Time = 9.36731904[s]
R - D D 5
X : parts per Million : Proton

171




ING PARAMETERS ----

dc_balance( 0, FALS

X : parts per Million : Proton

<] E )
3 H Sehplengel s PaE ),
trapezoid( 0[4], O[%], 80[s], 100[2] )
zerofill
Br ££€( 1, TRUE, TRUE )
machinephase
pom
(S,E)- and (R,E)-2
13,
C NMR (150 MHz, CDCly)
]
S Filename €3-444_carbon-1-4.3df
Author elta
Experiment carbon. jxp
sample 1d 1
Solvent CHLOROFORM-D
Creation Time 19-FEB-2018 20:41:01
Revision_Time 22-FEB-2018 17:10:28
Current_Tiz 13-JUN-2019 16:30:42
nt single pulse decoupled gat
Data _Format 1p CoMPLEX
Dim Siz 26214
o DimTitle Carbon13
24 DinUnits {ppm]
Dimensions
3 M4-ECS400
Spectrometer DELTAZ_NMR
Field Strength 9.389766[T] (400 [MHz])
X_Acq_Duration 1.04333312(s]
CDomain C
zeq 100.52530333 [Miz)
Xoffaet 100 ppm]
CPoints 32768
Xrrescans I
_ XResolution 0.95846665 [1z]
= Csweep 31.40703518 [kitz]
< X Sweep_Clipped = 25.12562814 [kiiz]
IEz Domain Proton
Irr_Freq 399.78219838 [MHz]
Irr Offset 5(ppm]
Clipped FALSE
Scan 300
Total_Scans 300
Relaxation Delay
3 Relaxasion
g Temp, Got
3 X S0 Width
S X“Acq_Time
H X“AngTe
] XTatn 1.81as)
T T T T T T T T T T T T T T T T T T T T T T T T T X_Pulse 3.53333333[us]
220.0210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0 i:;_::_ﬁ:: gggg}{:}
IrrNoise WALTZ
IrrPwidth 0.115[ms]
= e nge = se Decdupling TRUE
2 BEEREE G282 28 25 Inicial Wait 1e
€ EHASERSSS ERER 24 - Noe_Time 2(s]
. = e alaiate Repetition Time = 3.04333312(s]
X : parts per Million : Carbon13
= Boc :
- \N > Solutions for Innovation
- H PROCESSING PARAMETERS ———-
£ (0, FALSE )
5 HO 0.0(s] )
41, 0141, 80121, 100081 )
TRUE )
=] 3b
1
H NMR (400 MHz, CDCly)
2]
Ca-764_proton-3-4.3df
1ta
=] proton. xp
= Ca-164
CHLOROFORY-
21-Nov-2018 13:43:24
21-Nov-2018 13:42:49
13-70N-2019 16:39:20
=]
o single_pulse
1b COMPLEX
26214
Proton
s 3 [ppm]
= 3
M4-ECS400
Spectrometer DELTAZ TR
- Field Strength = 9.389766[T] (400([Mz])
=] 2 X Acq Duration = 4.36731504(s]
- « XDomain 10
XFreq 399.78219838 [Miz)
XToffaet 5[ppm]
X Points 32768
= " w X Prescans 1
== ) ] XResolution 0.22897343[12)
o e Xsweep 7.5030012 [kitz]
& X sweep_Clipped = 6.00240096[kiiz]
Ifr Domain Proton
IrrFreq 399.78219838 [Miz]
<] Irr_Offset 5[ppm]
N TriDomain Proton
2 TriFreq 399.78219838 [Miz]
2 2 Tri Offset 5[ppm]
2 Clipped FALSE
- Scans 8
=3 Total_Scans H
8
2 Relaxation Delay = 5[s]
g cvr Gai 38
g Temp. G 19.214c]
2 o3 R - A _ﬂ]7 . %90 Width 6[us]
] XTAcq_Time 4.36731904 [s]
11.0 10.0 9.0 8.0 7.0 6.0 0 -1.0 -2.0 Crulse 3fus)
Fr Mode ot
A A |
Danfe_Presat FaLsE
C2nEanRg2 2 P s
"Rt oIIs g Repetition Time = 9.36731904(s]
CREEERERRRE 3

172




0.4

03

0.2

0.1

Boc.
N
H
HO

3b
8C NMR (150 MHz, CDClj)

dc_balance( 0, FALSE )
sexp( 2.0[Hz], 0.0[s] )
trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

Pem

ING PARAMETERS -

Field Strength

Relaxation Delay

abundance

¥

3

ST N W ——

157.491 ——
138.965
137.812
129.478
127.457

X : parts per Million : Carbon13

P
w
24
P=S

18953 — S
=]

T T T T T T T T T T T T T T T
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 6

Initial Wait

30.633 ~_

126294
125393
80.185 ——
67.837——
46504 —— =
253581

Noe_Time
Repstition Time

CJ-764_carbon-3-4.3df
delta

single pulse decoupled gat
1D COMPLEX

Dim Siz 26214
Din Title Carbon13
Din Units {ppn]
Dimensions

i MM-ECS400
Spectrometer DELTAZ_NMR

9.389766[T] (400 [MHz])
1.04333312(s]

¥ Doma C
XFreq 100.52530333 [MHz]
X offset 100 [ppm]

Points 32768

n
0.95846665 [Hz]

X swee 31.40703518 [kHz]
X Sweep_Clipped = 25.12562814 [kHz]
IFr_Domain Proton

Trr_Fre: 399.78219838 [Miz]
Irr Offset 5(ppm]

Clipped TRUE

sc 1141

Total_Scans 1141

4.8[dB]
3.53333333us]
26.351[dB]
26,351 [dB]

WAL’

0.115[ms]
TRUE

21s]
3.04333312(s]

5.0

4.0

3.0

2.0

1.0

0

abundance

Boc

(2-5b
TH NMR (400 MHz, CDCly)

8.97

Solutions for Innovation

machinephase
ppm

Derived from: CJ-703 proton-2-1.jdf

4.04

3.02

2.08

X : parts per Million : Proton

1.828

1.820
1.802

1-DEC-2018 1;

1-DEC-2018 12:05:
nt single pulse

Data_Format 1D COMPLEX

Dim_Size 26214

DimTitle Proton

Dim Units {ppm]

Dimsnsions

site TNU-ECS400

Spectrometer DELTAZ_NMR

Field Strength

389766[T] (400 [Miiz])
1

X_Acq Duration 36731904(s.
X“Domain 18

Xrreq 399.78219838 [Maz]
Xoeeset 5[ppm]

X Points

32768
1

0.22897343[Hz]
7.5030012 [kHz]
6.00240096 [kHz]

TEr_D Proton
IrrFreq 399.78219838 [MHz]
Irr_Offset 5[ppm]

Tri“Domain Proton

TriTFreq 399.78219838 [MHz]
Trisoffset 5 [ppm]

Clipped FALSE

Scans 8

Total_Scans

Relaxation Delay
Recvr_Gain
Temp_Get

X_90_Width

1[s]
Repetition Time = 9.36731904(s]




E Boc

12
i
I=

. (2)-5b
~1 13C NMR (150 MHz, CDCls)

o= ING PARAMETERS -
dc_balance( 0, FALSE )

sexp( 2.0[Hz], 0.0[s] )
trapezoid( 0[], 0[%], 80[%], 100[%] )
zerofill

££€( 1, TRUE, TRUE )

machinephase

ppm

Derived from: CJ-703 carbon-1-1.jdf

X : parts per Million : Proton

]
S
Filename ©J-703_carbon-1-4.3df
o Author delta
2 1 Experiment
S Sample,Td
Solvent
Creation_Time
~ Revision Time
= Current_Tis
nt single pulse decoupled gat
Data_Format 1D COMPLEX
E Dim_Siz 26214
S Dim Title Carbon13
Dim Units Ippm]
Dimensions
- 1 M-ECS400
pes Spectrometer DELTAZ_NMR
Field Strength 9.389766(T] (400 [MHz])
X_Acq_Duration 1.04333312(s]
-« X Domain c
=7 XFreq 100.52530333 [MHz]
Xoffset 100 {ppm]
CPoints 32768
X Prescans 1
4 X_Resolution 0.95846665 [Hz]
S XSweep 31.40703518 [kiz]
X Sweep_Clipped = 25.12562814 [kHz]
IFr_Domain Proton
~ TrrT 399.78219838 [MHz]
s Irz offset ppm]
cL
sca 300
Total_Scans 300
5 < Relaxation Delay = 2[s]
2 19.1[dc]
g . ol | T
E " " " 1.04333312(s]
3 30 [deg]
8 X 4.8[dB]
T T T T T T T T T T T T T T T T T T T T T T T T T X 3.53333333[us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 100 0 -10.0-20.0| §:§§H:}
WALTZ
0.115[ms]
8 22g¥833g 2288 2 g IESTE3 Stial wai o
8  ZRE8IER Zn8% 8 & B8IRXS Initial Wait 0]
¢ Zrcoxgw FERS S I cdpszes RUE
£ 8583888 BREE 2 ARR&E2T Noe_Time 20s]
- it Repstition Time = 3.04333312[s]
X : parts per Million : Carbon13
= =
- H2N 2 = <
) @ Solutions for nnovation
- i =
= 5
= —
<
A
< (2-6b
=91
H NMR (400 MHz, CDCl5)
=
21
Filename = CJ-709(1st)_proton-2-4.3df
=1 Author ie1ta
e Experiment proton. jxp
Sample_Td €3-709 (1st)
Solvent RM-D
o Creation_Time 13-SEP-2018 09:59:52
= Revision Time = 20-NOV-2018 16:21:44
Current_Time 13-JUN-2019 16:45:53
Comment. single pulse
=1 Data Format 1D COMBLEX
= Dim Size 26214
Dim_Title Proton
Dim Units tppm]
o Dimansions
& ite M-ECS400
Spectrometer DELTAZ_NMR
, Field Strength 9.389766(T] (400 [MHz])
=] X AcqDuration = 4.36731904[s]
“ i X pomain 18
> X Freq 399.78219838 [MHz]
2 4 X Offset 5[ppm]
< £ X Points 32768
<] X prescans 1
X Resolution 0.22897343 [Bz]
X sweep 7.5030012 [kHiz]
X Sweep_Clipped = 6.00240096 [kHz]
=] Tz Domdin Proton
o IrrFreq 399.78219838 [Miiz]
Irr offset 5Ippm]
Tri“Domain Proton
= TriTFre 399.78219838 [Miz]
o Trisoffset ppm]
Cliped FALSE
Scans 8
0 =] Total_Scans 8
g~ Relaxation Delay = 5[s]
k] 38
ES 19.8[dc]
P . ,, I . 6[us]
8| e 4.36731904[s]
‘ ‘ ‘ ‘ ! oied]
12.0 11.0 10.0 -1.0 -2.0 3fus]
off
off
FALSE
[

1[s]
Repetition Time = 9.36731904(s]

174




0.8

0.7

0.6

0.5

0.4

0.2

HoN

(2)-6b
13C NMR (150 MHz, CDClg)

= ING PARAMETERS -
dc_balance( 0, FALS

sexp(
trapezoid( 0[%]
zerofill

2.0(Hz], 0.

E )

ofs] )
. O[%], 80[s], 100(] )

£££( 1, TRUE, TRUE )
ase

machinept
pem

Spectrometer

Field Strength

X Swee;
X Sweep_Clipped
IFr_Domain

Irrl

Irr Offset

€3-709 (1st)_carbon-1-3.3df
delta

single pulse decoupled gat
1p CoMPLEX

26214

Carbon13

[ppm

NM-ECS400

DELTAZ_NMR

9.389766[T] (400 [MHz])
1.04333312(s]
c
10052530333 [MHz]
100 [ppm]
32768
n
0.95846665 [Hz]

31.40703518 [kHiz]
25.12562814 [kHz]

Proton
399.78219838 [MHz]
ppm]

200
4 fos]
g 1.04333312(s]
2 g]
2 X 4.8[dB]
T T T T T T T T T T T T T T T T T T T T T T T T T X 3.53333333[us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| I §§§§H$}
/A AN AL I e
0.115[ms]
FANARNY AN Lo Lalll %t
8g83-532 =3t EREEE S fiielmeic -]
ISEAESS NN d g dggex Noe_Time 2(s]
. - - Repetition Time 3.04333312(s]
X : parts per Million : Carbon13
-
=3 z
= v Solutions for Innovation
« OH N
E 7
-
- (S,9- and (S,2-1
=
27 "H NMR (400 MHz, CDClj)
Filename = CJ-726(1st)_proton-1-4.3jdf
— - Sample_Id CJ-726(1st)
- = > Solvent CHLOROFORM-D

abundance

1.0

1.0
S —
Y00

0.95

00

2
1.87

0.99

1.84

8.288 —

X : parts per Million : Proton

3

>°

3.790
3.788

0.000 — <=+

T
-1.0

2.0

ite
Spectrometer
Field Strength

X_Acq_Duration
X Domain

Total_Scans

Relaxation Delay

Repetition Time

= 18-SEP-2018 11:43:44
18-JAN-2019 16:06:57

single pulse
1D COMPLEX
26214
Proton

{ppn

INM-ECS400
DELTAZ_NMR

9.389766(T]

(400 [MHz])
4.367319041s]

1
399.78219838 [MHz]
5[ppm]

32768

1

0.22897343 [Hz)
7.5030012 [kHz]
6.00240096 [kHz]

Proton

399.78219838 [MHz]

5[ppm]

Proton

399.78219838 [MHz]
ppm]

FALSE

8

8

50s]

16

19.4[dc]

6[us]
4.36731904 5]
45 [deg]

]

1(s]
= 9.36731904(s]
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9.0

4.02

= ING PARAMETERS -
dc_balance( 0, FALS

E )

=3 sexp( 0.2[Hz], 0.0[s] )
o trapezoid( 041, O[3], 80[21, 100%] )
zerofill
££t( 1, TRUE, TRUE )
Br machinéphase
ppm
] o
= o
(S2-and (R2-2 [~ §
1 N b
H NMR (400 MHz, CDCl3)
o Filenane CJ-743 (£xom 1st)_proton-1-
39 Author delta
Experinent proton. jxp
Sample_Id €J-743 (£rom 1st)
Solvent CHLOROFORM-D
Creation_Time 27-5EP-2018 17:07:
Revision Time 9-0CT-20:
< Current_Ti 13-JUN-2019 16:5:
b
ne single pulse
Data_Format 1D COMPLEX
Dim Siz 26214
o Din Title Proton
= Din Units {ppn]
=4 Dimensions X
-+ 1 JNM-ECS400
Spectrometer DELTAZ_NMR
Field Strength 9.389766[T] (400 [MHz])
X_Acq_Duration 4.36731904(s]
X“Domain N
=1 X rreq 399.76219838 [Miiz]
b X Offset 5 [ppm]
CPoints 32768
- w X Prescans 1
3% X Resolution 0.22897343[8z)
TS X Sweep 7.5030012 [kHz]
P X Sweep_Clipped = 6.00240096 [kiiz]
NG TEr_Domain Proton
399.78219838 [MHz]
5(ppm]
Proton
399.78219838 [Miz]
(ppm)
S FALSE
= 8
8
8
g Relaxation Delay = 5[s]
£ Recvr_Gain 32
g J Get 19.4[dC]
2 o] S I | B ol S 6[us]
] 4.36731904(s]
T T T T T T T T T 45 [deg]
120 110 100 40 30 20 10 0 -lo 20 Sjuts™
1 ofe
os
FALSE
SRREZE 188 S2352838 8 Initial Wait 1(s]
BRER8L Xus aRR8=== g Repetition Time = 9.36731904[s]
X : parts per Million : Proton
| )‘K@\ Solutons for nnovarion
= N
o
2 Br
S,2)- and (R,2)-2
L (82 ,
=
C NMR (150 MHz, CDCl5)
~] Filenane = CJ-743 (£xom 1st)_carbon-1-
] Author elta
Experinent carbon. jxp
Sample_Id CJ-743 (£rom 1st)
Solvent CHLOROFORM-D
w3 Creation_Time 27-SEP-2018 17:12:13
S Revision Time = 20-NOV-2018 16:25:54
Current_Time 13-J0N-2019 16:51:36
Comment single pulse decoupled gat
“ Data_Format 1D ComPLEX
peE Dim_Size 214
Din Title Carbon13
DinUnits 1
Dimensions
ite MM-ECS400
<3 Spectrometer DELTA2_NMR
Field Strength = 9.389766[T] (400[MHz])
X Acq Duration = 1.04333312[s]
X“Domain 13c
n X Freq 100.52530333 [MHz]
29 X ofset 100 {ppm]
X Points 32768
X Prescans 4
X Resolution 0.95846665 [Hz]
X Sweep 31.40703518 [Kiiz]
k! X Sweep_Clipped = 25.12562814 [kHz]
S IEr_Domain Proton
Irr Fre 39978219838 [MHz]
Irr_Offset 5[ppm]
Clipped FALSE
- Scans 70
=3 Total_Scans 70
o Relaxation Delay = 2[s]
3 Recvr_Ga
g Temp_Get 15.7(dc)
= o X_90_Width .6[us]
E " XTAcq_Time 1.04333312[s]
E X AngTe 30 [deg]
&l Xata -8[aB]
L S A A A A A A A A A A R AR RS AR BN RS IR RS SARAS RS AR AR L P 353333333 [us]
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0-20.0| I¥x_Atn Dec 26.351[dB]
Irr_Atn Noe 26.351[dB]
IrrNoise WALTZ
Irr—pwi 0.115ns]
s 853858 0nz528 488 2@ 848 23 Errevtgs T
a SRLIEna=nag “3% g2 82 98 Initial Wait Ls]
© SECM = 0LCOT =g o L33 o T Sog
8 SEENRAERESS RES $3 B 2= Noe_Time = 2(s)
o = Enheialeieiebe b Repatition Time = 3.04333312(s]
X : parts per Million : Carbon13
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=
A

2.0

1.0

abundance

(R)- and (S)-3
"H NMR (400 MHz, CDClj)

5.00

ING PARAMETERS ----
ALSE )

L0[s]')
1, 0[%], 80[%], 100[%] )

RUE, TRUE )
ase

X : parts per Million : Proton

0.000 —— =+

= CJ-777_proton-1-4.3df
delta

6:28:52
13-JUN-2019 16:56:44

single pulse
1D COMPLEX

9.389766(T] (400 [MHz])
4.36731904(s]

B
399.78219838 [MHz]
1

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton

399.78219838 [Maz]
tppm]

FALSE

8

H

5[s]

36

19.2[dc]

6[us]

4.36731904(s]

45[deg)

1(s]
9.36731904(s]

1.1

1.0

0.9

(J.‘S

0.6 0.7

0‘.5

0.4

03

(J.‘2

(R)- and (5)-3
13C NMR (150 MHz, CDCly)

-

ARAMETERS ----

E
FALSE )

0fs] )
41, 0[%], 80[%], 100(%] )

Relaxation Delay =

abundance

'W\‘ y.JHm )

" b X

X : parts per Million : Carbonl

T T T T T T T T T T T T T T T T T
210.0200.0190.0180.0170.0160.0150.0140.0130.0120.0110.0100.0 90.0 80.0 70.0 60.0 50.0

A

2z
<
N
=
2
3

77.324
77.000
76.685

40.0 30.0 20.0 10.0 0
252 22 233
gan 28 Sox
93 28 20X

30-NOV-2018 12:01:16
13-JUN-2019 16:57:18

single pulse decoupled gat
1D COMPLEX

9.389766[T] (400 [Miz])
1.04333312(s]

13c
10052530333 [MHz]
100 [ppm]

32768

I

0.95846665 [Hz)
31.40703518 [kiiz]
25.12562814 [kHz]
Proton
399.78219838 [MHz]

5 [ppm]
FALSE
300

= 300

2(s]

19.2[dc)

“6[us]
1.04333312[s]
30 [deg]

-8[dB]
3.53333333 [us]
26.351[aB]
26.351[aB]
WALTZ
0.115[ms]

2[s]
3.04333312(s]




1.7

et

07 08 09 IIU

0.6

02 03 04 05

0.1

5.8

N
H

Br (S.E)- and (R.E)-5

H NMR (400 MHz, €DClg)

1.97

1.00

0.92
5

abundance

- PROCESSING PARAMETERS -

dc_balance( 0, FALSE )

sexp( 0.2[Hz], 0.0[s] )

trapezoid( O[#1, O[], 80[%], 10081 )
zerofill

££E

(1)
(1, TRUE, TRUE )

machinephase
ppm

Derived from: CJ-510-2 proton-1-1.3df

Filename

cr
Revision= Time
Current_Time

2.86

1.95

Field Strength
X_Acq Duration

X prescans
X Resolution
X swex

1.00

Total_Scans

Relaxation Delay

LN

T T T
12.0 11.0 10.0 9.0 8.0 7.0

6.0
gngzwsmazn 299
ZRETRR0ATL R 28
fanRnnd=s =8
B O e

X : parts per Million : Proton

°

o

Repetition Time

1.780
1.761
1741
1125
1109
0.000 — =+

€J-510-2_proton-1-5. jdf
delta

proton. jxp
€3-510-2
CHLOROFORM-D
11-JAN-2018 19:
31-MAY-2011 5:31
31-MAY-2018 10:05:58

Comment single pulse
Data Format 1D COMPLEX
m Size 26214
Dim Title Proton
Dim Units [ppm]
Dimensions X
ite NM-ECS400
Spectrometer DELTAZ_NMR

9.389766[T] (400 [MHz])
4.36731904(s]

XDomain 18
XFreq 399.78219838 [MHz]
XToffset 5 [ppm:
XPoints 32768

0.22897343 (2]
75030012 [kiiz]
6.00240096 [kHz]

Proton
399.78219838 [MHz]
5 (ppm]

Proton
399.78219838 [MHz]
pm]

5(s]
a4
19.5[dcC]
6lus
4.36731904(s]
45[deg]

dB]

9.36731904(s]

0.8

=
S

0.5

0.4

0.2

abundance

Nonancs

(S,E)- and (R,E)-5
3C NMR (150 MHz, CDCl5)

PROCESSING PARAMETERS

dc_balance( 0, FAL 2,

sexp( 2.0[Hz], 0.0

trapezoid( 0[4],
i1l

ofs], sors1, 100181 )

zer 1)

££t( 1, TRUE, TRUE )
machinephase

ppm

Derived from: CJ-510 carbon-1-1.jdf

X_Acq Duration

166.501 ——

X : parts per Million : Carbon13

77.000
76,685
45.908 ——

31-MAY-2018 10:00:17

single pulse decoupled gat
1o Cowrlz

arbon13

[epm]

INM-ECS400
DELTAZ_NMR

Spectrometer
Field Strength 9.389766[T] (400 [MHz])
1.04333312(s]

13c
100.52530333 [MHz]
100 [ppm]
32768

1

0.95846665 [Hz]
31.40703518 [kHz]
25.12562814 [kHz]

zoton
399.78219838 [MHz]
5 ppm]
FALSE

300
300

Scans
Total_Scans

Relaxation Delay = 2[s]
Recvr_Gain =60

Temp_Get 18.5[dc]
X 90 Width 10.6[us]
Chcq Time 1.04333312(s]
X AngTe 30 [deg]
Atn 4.8[as]
Pulse 3.53333333[us]
IFr_Atn Dec 26.351 [dB]
rAtn Noe 26351 [aB]
TrsNois WALTZ
Trspwids 0.115[ns]
Decaupling TRUE
Initial Wait 1[s]
Noe TRUE
Noe

Time 2[s]
Repatition Time = 3.04333312[s]




Ph

X : parts per Million : Proton

o] ©
N Ph 2
| o Solutions for Innovation
= ---- PROCESSING PARAMETERS -
dc_balance( 0, FALSE )
sexp( 0.2[Hz], 0.0[s] )
trapezoid( 0[], 0[%], 80[%], 100(%] )
P zerofill ( 1
=1 f££¢( 1, TRUE, TRUE )
machinephase
(E)-1b een
1 Derived from: CJ-917 proton-1-1.3df
H NMR (400 MHz, CDClj
1 S o Filename €3-917_proton-1-3.3df
zZ 1ta
Comment.
<] Data Format
« Dim_Siz
Dim Title
Dim Units
Diménsions
site
Spectrometer
- Field Strength 9.389766[T] (400 [MHz])
2 - g X_Acq Duration = 4.36731904[s]
< 2 5 = X_Domain i
& s X Freq 399.78219838 [MHz]
XToffset 51ppm]
32768
0.22897343 (Hz]
7.5030012 [kHz]
6.00240096 [kHz]
roton
= 399.78219838 [Mz]
5[ppn]
<] Proton
- 399.78219838 [MHz]
5(ppm]
FALSE
Scans 8
Total_Scans 8
3 .
g Relaxation Delay = 5[s]
£ Recvr Gain 50
El Temp_Ge: 19(ac]
5.1 e . - P - 55 U X_90 Width 6[us]
g X“Acg_Time 4.36731904[s]
T T T T T T T T T ﬁ,::gle 35;?‘99%
12.0 11.0 10.0 9.0 8.0 . . 4.0 3.0 2.0 1.0 0 XPulse 3fus]
[ IEr Mode ott
TriMode ofe
Danfe_Presat FALSE
& TRER Qe 21093 g Initial 1(s]
& dddd an sE8 S Repetition Time = 9.36731904[s]
PRI << ——— S
X : parts per Million : Proton
)
= Ph
OH N Ph 2 Slatons o Imovation
| 2
< ---- PROCESSING PARAMETERS -
) = dc_balance( 0, FALSE )
2] sexp( 0.2[Hz], 0.0[s] )
trapezoid( 0[%], 0[%], 80[%], 100[%] )
zerofill( 1
££6( 1, TRUE, TRUE )
Cl machinephase
e
(B)-1c berived froms G918 proson-i-i.jdf
=] 1
b H NMR (400 MHz, CDCJ3)
Filename €3-918_proton-1-3.3df
Author delta
Experiment
sample_Id
o Solvent
b Creation_Time
Revision Time 3
Current_Time 13-JUN-2019 17:25:25
Comment single pulse
Data Format 1D COMPLEX
- Dim_Siz 214
=S Dim Title Proton
- o Dim Units tppm]
2 Dimensions X
site TNM4-ECS400
Spectrometer A2 )
Field Strength = 9.389766[T] (400 [MHz])
X Acq Duration = 4.36731904(s]
» 1
S 399.78219838 [Mz]
= 5[ppm]
< 32768
o =1
0.22897343(Hz]
7.5030012 [kHz]
6.00240096 [kHz]
Proton
s 3 2 399.78219838 [Mnz]
S S & = 5(ppn)
= < roton
399.78219838 [MHz]
5(ppm]
FALSE
8
-8
8
2 51s]
] 16
E 19.31dc]
21 . - _ . us]
2 4.36731904(s]
T T T T T T T T T gsgd;g!
12.0 11.0 10.0 9.0 8.0 4.0 3.0 2.0 1.0 0 3i“§| 1
oft
ofs
FALSE
Z ggo £89 222 2 QERY g Initial Wait 1(s]
S dda 33S adad “@ SEES S petition Time = 9.36731904(s]
% e CEE v < RpRPRE! S
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OH

Ph
Ph

6336

X : parts per Million : Proton

)
= | - ST
dc_balance( 0, FALSE )
= sexp( 0.2[Hz], 0.0[s] )
trapezoid( 041, O[3], 80[2], 100%] )
zerofill( 1
££t( 1, TRUE, TRUE )
machinéphase
ppm
Derived from: CJ-919 proton-1-1.jdf
_ (B-1d
«l 1 (
H NMR (400 MHz, CDClj3 P py————r
delta
<] &
B
Spectrometer
- Field Strength 389766(T] (400 [MHz])
8 X_Acq_Duration 36731904(s]
& X Domai 10
© X Freq 399.78219838 [Maz]
= Xofset 5[ppm)
X Points = 32768
1
0.22897343 [Hz]
P 7.5030012 [kHz]
=4 6.00240096 [kHz]
- Proton
(5 =1 399.78219838 [MHz]
3= = 5 [ppm)
3 Proton
399.78219838 [Maz]
tppn]
FALSE
8
-8
8
g Relaxation Delay
£ Recvr_Gain
2 | hJ | Temp_Ge:
5 - - . 7% S i T e . X_90 Width
|° Time
T T T T T T T T T T T T T T
12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0
I ANAA AN \
Mode
ZLVS Nl 2N Danfe_Presat
2 R8osg 23Ig 838 2 TheT 8 Initial Wait 1(s]
S qadaq3 533 833 7 SRR g Repetition Time = 9.36731904[s]
% mERRE 888 mnn o RN 3
X : parts per Million : Proton
5
OH N Ph o Soios for mevation
| Q .
=] = ! de_balance (
L sexp ( [Hz!
trapezoid( 0 )
zerofill( 1
t( 1, TRUE,
machinephase
ppm
(B)-1e pestvad £rom: €9-633 proten-i-i.fas
1
H NMR (400 MHz, CDClj3
g
=4
&
site TNU-ECS400
Spectrometer DELTAZ_NMR
Q s Field Strength 389766[T] (400 [MHz])
= ] X_Acq Duration 36731904 1s]
- X Domain 1
Xrreq 399.78219838 [Maz]
- Xoeeset 5[ppm]
2 X points 32768
X prescans 1
X Resolution 0.22897343(52)
X Sweep. 7.5030012 [kHz]
X Sweep_Clipped = 6.00240096 [kHz]
TFx Domain Proton
IrrFreq 399.78219838 [Miz]
Irr Offset 5[ppm]
TriTDomain Proton
TriFreq 399.78219838 [Maz]
Trisoffset 5 [ppm]
Clipped FALSE
Scans 8
Total_Scans H
5 _
2 Relaxation Delay
k| l ‘ cvr_Gais
E
z L . FLAW Y. SN S, D . - TN "
8
T T T T T T T T T T T
120 110 100 9.0 0 7.0 6.0 5.0 4.0 3.0 0 1.0 0
AL A A AL |
239D Tz ShE® o g zony 3
XToA—S Vo ST w %A e =3 1[s]
A9da8 38 2884 4 & EERE g Repetition Time = 9.38731904(s]
SRRRE 83 dhne 9 P QPR PR 3
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4.0

3.0

2.0

1.0

Ph
OH N Ph

-~ PROCESSING PARAMETERS -
= de_balance( 0, FALSE )
sexp( 0.2[Hz], 0.0[s] )
trapezoid( 0[%], O[%], 80[%1, 100[s] )

zerofill( 1
3 ££6( 1, TRUE, TRUE )

~N machinephase
(0] pem

(E)-1f Dezived from: C3-534 proton-i-L.jdf

TH NMR (400 MHz, CDCls)

€J-934_proton-1-3.jdf
delta

9
297

Spectrometer

Field Strength

389766(T] (400 ([MHz])
X_Acq Duration 1

36731904 (s

1.88

@ X 18
& X Freq 399.78219838 [Mnz]
= X 0ffset 5[ppm)

X Points = 32768

1
0.22897343 [Hz]
7.5030012 [kHz]
6.00240096 [kHz]

Proton
399.78219838 [Mz]
5lppm]

Proton
399.78219838 [MHz]
[ppm]

FALSE

Relaxation Delay
ain

abundance

i
092
S [S——
080
100
H
2
3

Temp_Ge:
S SRS L ,}k - X_90_Width
Tine
T T T T T T T T T T T T T T T
120 1.0 100 90 80 70 60 50 40 30 20 10 0 L0 20
l I TEx Mode
Mode
L 7N 2NN Danfe_Presat
o ggeogpusazane 2 3 ekig g Tlfsien it
S AAAA mees aaac M 2eEE 3 RepetitIon Time = 9.36731904[s]
SORRRREEES AAAA @ 4 JESE I S

X : parts per Million : Proton

5.0

2.0 3.0

1.0

abundance

o a Solutions for nnovation
] Ph do paiancel
dc_balance (
N sexp( 0.2[Hz
trapezoid( 04 )
H zerofill( 1
“Ph £££( 1, TRUE,
o machinephase
Br < =
1 Derived from: CJ-961 proton-2-1.3df
H NMR (400 MHz, GDCl5)
8
8 site MM-ECS400
i Spactrometer DELTAZ_NMR
Field_Strength 389766[T] (400 [Mz])
3 X_Acq_Duration 36731904 (5]
X_Domain 1
X Freq 399.78219838 [MHz]
Xoffset 5ipen]
X Points 32768
X prescans 1
X Resolution 0.22897343 (nz]
« (o X Sweep 7.5030012 [kHz]
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B. DFT CALCULATIONS

Chapter 3
Table B1. Protonation of R1 (Z/a) with CSA.
structure E H G AG
CSA -1089.6692452 | -1089.392560 | -1089.457192
CSA- -1089.2111636 | -1088.946593 | -1089.011573
CSA---R1 ({a) -1766.660002 | -1766.025501 | -1766.138629 0.00
CSA"---RI-H' ({1a) -1766.662992 | -1766.026056 | -1766.144933 -3.96
Table B2. 2-Azonia-[3,3]-sigmatropic rearrangement of R1-H".
structure E H G AG
ACl1 -677.4222199 -677.051055 -677.124263 0.00
TS-acl -677.3929236 -677.023357 -677.089522 21.80
AC2 -677.4278451 -677.056605 -677.127905 -2.29

Table B3. H1-N and C1-N distances (A) between N1 and R1 in TS10-syn.
Short contacts less than the sum of van der Waals radii (H-N, 2.75 A; C-N, 3.25 A) are

shown in red. These distances correlate well with AGs (kcal/mol).

TS10-syn HI-N CI-N AG

Ib 2.26 3.12 0.00

la 2.18 3.13 0.61

2b 2.47 3.20 0.94

2a 2.88 3.45 1.09

3b 4.05 4.93 3.92

3a 4.00 4.87 4.17

Table B4. Ene-aldimines and their products.
structure E H G AG

4b (1a) -674.7972744 -674.474627 -674.547269 0.00
5b (1b) -674.8003797 -674.477074 -674.549133 -1.17
4f (1b) -712.8686753 -712.538693 -712.612493 0.00
5f (1b) -712.8696253 -712.539572 -712.611182 0.82
4g (1b) -752.2022724 -751.841100 -751.918047 0.00
5g (1b) -752.2084318 -751.847265 -751.921086 -1.91
4h (1b) 791.5160191 | -791.124440 | -791.202694 | 0.00
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5h (1b-2) -791.5209020 | -791.128719 [ -791.205433 -1.72
4h (I1b) -791.5160191 -791.124440 -791.202694 0.00
5h (1b-2) -791.5209020 -791.128719 -791.205433 -1.72
4i (1b) -714.1013707 -713.748423 -713.826298 0.00
51 (1b) -714.1051095 -713.751580 -713.827539 -0.78
4k (I1b) -753.4083513 -753.025530 -753.105315 0.00
5k (1b) -753.4093112 -753.026277 -753.106637 -0.83
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Chapter 4

CSA and 2-azonia-[3,3]-sigmatropic rearrangement.

(a) (b)

(0.0) (-2.5)

Figure B1. Protonation of R1(Za) with CSA. (a) CSA, (b) R1-H*(/a), (¢c) CSA and R1(/a)
without SMD, and (d) with SMD (DCE). The O-H and N-H distances are given in A.
Although protonation is not complete in vacuum (c), an ion pair of CSA™ and R1-H*(/a) with
a hydrogen bond (1.65 A) is formed in DCE (d). Optimized geometries and the Gibbs free
energies in parentheses (AG, in kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-
311+G(d,p) level at 333 K for (a), (b), and (d). For (c), SMD(DCE)/M06-2X-D3/6-
311+G(d,p)//M06-2X- D3/6-311+G(d,p) level was used at 333 K (Table BS).

Table BS. Protonation of R1 (Z/a) with CSA.

structure E H G AG
CSA -1089.6692452 | -1089.392560 | -1089.457192
CSA- -1089.2111636 | -1088.946593 | -1089.011573
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v

v

R1 (a) (0.6) R1 (2a) (0.8)

R1 (3a) (1.3)

) v v

R1 (2b) (1.5) R1 (3b) (1.1)

R1 (7b) (0.0)

Figure B2. 3D Structure for conformations of R1. Imino groups are located at the equatorial
position. Optimized geometries and the Gibbs free energies in parentheses (AG, in kcal/mol)

were calculated at the SMD(DCE)/M06-2X-D3/6-311+G(d,p) level at 333 K (Table B6).

Table B6. 3D Structure for Conformations of R1

structure E H G AG
R1 (1b) -676.9673460 -676.611224 -676.683192 0.00
R1 (3b) -676.9663795 -676.610300 -676.682570 0.39
R1 (1a) -676.9669579 -676.610862 -676.682418 0.49
R1 (3a) -676.9663040 -676.610197 -676.682251 0.59
R1 (2a) -676.9666553 -676.610392 -676.682134 0.66
R1 (2b) -676.9665543 -676.610357 -676.682079 0.70
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R1-H* (a) (0.0) R1-H* (2a) (1.9) R1-H* (3a) (1.2)

WY o
v A4

RI1-H* (1b) (0.4)

v

RI1-H* (2b) (1.3)

R1-H* (3b) (1.4)

Figure B3. 3D structure for conformations of R1-H*. Imino groups are located at the
equatorial position. Optimized geometries and the Gibbs free energies in parentheses (AG, in
kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-311+G(d,p) level at 333 K
(Table B7).

Figure B7. 3D Structure for Conformations of R1-H".

structure E H G AG
RI-H' (1a) -560.7005877 -560.397996 -560.463721 0.00
RI-H* (1b) -560.7005420 -560.397918 -560.463164 0.35
RI1-H* (2a) -560.6985432 -560.395546 -560.460624 1.94
RI1-H* (2b) -560.6983543 -560.395621 -560.461674 1.28
RI1-H* (3a) -560.6984492 -560.395926 -560.461837 1.18
R1-H* (3b) -560.6985125 -560.395921 -560.461444 1.43
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A1 (0.0)

R1-H* (/b) (0.0)

TS1 (20.5)

TS2 (19.1)

) v

v

A2 (4.3)

v v

A3(5.2)

Figure B4. 2-Azonia-[3,3]-sigmatropic rearrangement via concerted chair transition

states. (a) o-Substituted ene-aldimine and (b) [-substituted ene-aldimine. Optimized

geometries and the Gibbs free energies in parentheses (AG, in kcal/mol) were calculated at

the SMD(DCE)/M06-2X-D3/6-311+G(d,p) level at 333 K (Table BS).

Table B8. 2-Azonia-[3,3]-Sigmatropic Rearrangement

via Concerted Chair Transition

States

structure E H G AG
Al -560.7030206 -560.400999 -560.466866 0.00
TS1 -560.6740695 -560.373280 -560.434191 20.5

A2 -560.7075684 -560.405470 -560.473745 -4.32
RI-H* (1b) -560.7005420 -560.397918 -560.463164 0.00
TS2 -560.6721483 -560.371404 -560.432681 19.1

A3 -560.6896152 -560.387469 -560.454827 5.23
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E-N*4trans
(0.0)

E-TS*Ivtrans
(12.1)
AG* = 12.1 kcal mol?

E-N*5trans
(-9.0)

E-N*4cis
(0.2) (16.8)
AG* = 16.6 kcal molt

E-TS*Ivcis E-N*5cis

(~6.5)

Figure BS. DFT calculation for 2-azonia-[3,3]-sigmatropic rearrangement step in
asymmetric formal [1,3]-rearrangement of (R,E)-ene-aldimine substrate. The Gibbs free
energies in parentheses (AG, in kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-
311+G(d,p) level at 333 K. Compound name of “cis” and “trans” is based on the relative

configuration of the allyl group to the benzo group of tetrahydronaphthalene (Table B9).

Table B9. 2-Azonia-[3,3]-Sigmatropic Rearrangement of E-N*4trans to E-TS*5trans

structure E H G AG
E-N*4trans -1232.8784638 -1232.309218 -1232.414375 0.00
E-TS*IVtrans -1232.8617322 -1232.293608 -1232.395089 12.10
E-N*5trans -1232.8936525 -1232.323971 -1232.428676 -8.97

E-N*4cis -1232.8781095 -1232.310042 -1232.414110 0.17
E-TS*IVcis -1232.8527388 -1232.285760 -1232.387679 16.75
E-N*5cis -1232.8894494 -1232.320015 -1232.424762 -6.52
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v

Z-N*4trans Z-TS*Ivtrans Z-N*5trans
(6.1) (19.1) (-2.2)
AG* =12.9 kcal mol?

Z-N*4cis Z-TS*Ivcis Z-N*5cis
(7.9) (24.8) (-0.2)
AG* = 16.9 kcal mol?

Figure B6. DFT calculation for 2-azonia-[3,3]-sigmatropic rearrangement step in
asymmetric formal [1,3]-rearrangement of (R,Z)-ene-aldimine substrate. The Gibbs free
energies in parentheses (AG, in kcal/mol) were calculated at the SMD(DCE)/M06-2X-D3/6-
311+G(d,p) level at 333 K. Compound name of “cis” and “trans” is based on the relative

configuration of the allyl group to the benzo group of tetrahydronaphthalene (Table B10).

Table B10. 2-Azonia-[3,3]-Sigmatropic Rearrangement of Z-N*4 to Z-TS*Strans

structure E H G AG
Z-N*4trans -1232.8726928 -1232.302816 -1232.404622 6.12
Z-TS*IVtrans -1232.8505636 -1232.282687 -1232.384016 19.05
Z-N*5trans -1232.8844443 -1232.314190 -1232.417935 -2.23
Z-N*4cis -1232.8664020 -1232.297356 -1232.401758 7.92
Z-TS*IVcis -1232.8420455 -1232.274295 -1232.374870 24.79
Z-N*5cis -1232.8802710 -1232.311046 -1232.414670 -0.19
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Chapter 4

C. CRYSTAL DATA REPORTS

1. X-ray diffraction analysis for (R,E)-2 (CCDC 1847527)

P =
k@ _

(RE)-2
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

==y

V olume/A3

V4

Peale g/cm’

w/mm’!

F(000)

C21H22BrNO
384.31

123
orthorhombic
P2,2:2
9.8209(2)
11.2922(3)
16.3132(2)
90

1809.23(7)

1.411
2.285

792.00
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Crystal size/mm?
Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 ()]

Final R indexes [all data]

Largest diff. peak/hole / e A

Flack parameter

0.300 x 0.300 x 0.300
Mo Ka (1= 0.71073 A)

6.038 to 54.866

-12<h<10,-14<k<14,-21<[<21

16722
3958 [Rin=0.0182]
4872/0/218

1.072

Ri=0.0186, wR>= 0.0474

R1=0.0201, wR>= 0.0479

0.23/-0.46

0.028(4)
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2. X-ray diffraction analysis for (S,E)-2 (CCDC 1847529)

Empirical formula C21H22BrNO
Formula weight 384.31
Temperature/K 123

Crystal system orthorhombic
Space group P212:2

alA 9.8257(5)
b/A 11.2965(6)
c/A 16.2909(10)
a=p=y° 90

V olume/A3 1808.23(17)
Z 4

Peale g/cm’ 1.412

w/mm’! 2.287

F(000) 792.00
Crystal size/mm? 0.300 x 0.300 x 0.300
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Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 ()]

Final R indexes [all data]

Largest diff. peak/hole / e A

Flack parameter

Mo Ka (1= 0.71073 A)

6.038 to 54.940

-12<h<12,-14<k<14,-19<[<21

17226
3958 [Rin=0.0452]
4105/0/218

1.070

Ri=0.0251, wR>=0.0577

R1=0.0285, wR>= 0.0587

0.46/-0.46

0.028(4)
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3. X-ray diffraction analysis for (R,Z)-2

Figure C1. ORTEP diagram of (R,Z)-2 substrate by Sponge X-ray analysis
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4. X-ray diffraction analysis for (R,E)-5 (CCDC 1847526)

NER LS _
N =
Br (RE)-5
Empirical formula C21H22BrNO
Formula weight 384.31
Temperature/K 123
Crystal system orthorhombic
Space group P212:2
alA 17.6389(6)
b/A 21.2175(7)
c/A 4.9308(3)
a=p=y° 90
V olume/A3 1845.37(14)
Z 4
Peale g/cm’ 1.383
w/mm! 2.241
F(000) 792.00
Crystal size/mm? 0.356 x 0.272 x 0.150
Radiation Mo Ka (1=0.71073 A)
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20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 ()]

Final R indexes [all data]

Largest diff. peak/hole / e A

Flack parameter

4.480 to 54.966

-22<h<18,-26<k<27,-4<I1<6

9247

4130 [Rint= 0.0233, Rsigma= 0.0236]

4130/0/217

1.081

R1=0.0343, wR>= 0.0820

R1=0.0442, wR>= 0.0858

0.39/-0.52

-0.010(4)

197



5. X-ray diffraction analysis for (S,E)-5 (CCDC 1847528)

Empirical formula C21H22BrNO

Formula weight 384.31
Temperature/K 123

Crystal system orthorhombic

Space group P212:2

alA 17.6276(9)

b/A 21.2274(9)

c/A 4.9342(2)

a=p=y° 90

V olume/A3 1846.32(14)

Z 4

Peale g/cm’ 1.382

w/mm! 2.240

F(000) 792.00

Crystal size/mm? 0.333 x 0.298 x 0.123
Radiation Mo Ka (1=0.71073 A)
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20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 ()]

Final R indexes [all data]

Largest diff. peak/hole / e A

Flack parameter

4.480 to 62.504

-23<h<22,-27<k<22,-6<I<7

12666

4872 [Rint= 00397, Rsigma= 00571]

4872/0/217

1.036

R1=0.0382, wR,=0.0724

R1=0.0581, wR,=0.0769

0.33/-0.42

~0.017(6)
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Chapter 5

6. X-ray diffraction analysis for ($)-4a

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

==y

V olume/A3

V4

Peale g/cm’
w/mm’!

F(000)

e @
/
3
I
¢

Co4Hp>BrNO

420.35

123

orthorhombic

P212124

9.5491(5)

10.0701(5)

21.5141(11)

90

2068.7(2)

1.349

2.005

864.00

200



Crystal size/mm?
Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 ()]

Final R indexes [all data]

Largest diff. peak/hole / e A

Flack parameter

0.464 x 0.424 x 0.261
Mo Ka (1= 0.71073 A)

4.666 to 54.968

9<h<12,-13<k<9,-27<1<27

4389
4389 [Rin=0.0979, Rsigma= 0.1096]
4389/0/253

0.965

Ri=0.0564, wR>=0.1039

R1=0.0859, wR,=0.1136

0.39/-0.26

-0.010(13)
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7. X-ray diffraction analysis for (R)-4a

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

==y

V olume/A3

VA

Peale g/cm’
w/mm’!

F(000)

Crystal size/mm?

Radiation

/\(F"‘)/\( Ph g ®
Ph ’

(R)-4a, 94%

Cy4Hy>BrNO
420.35

123
orthorhombic
P212124
9.5545(5)
10.0690(7)
21.5034(10)
90

2068.7(2)

1.350

2.005

864.00

0.648X 0.490X 0.321

Mo Ka (1=0.71073 A)
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20 range for data collection/° 5.704 to 54.962

Index ranges -12<h <9, -13<k<12,22<[<67
Reflections collected 4451

Independent reflections 4451 [Rint= 0.0856, Rsigma= 0.0822]
Data/restraints/parameters 4451/0/253

Goodness-of-fit on F? 0.978

Final R indexes [>=2¢ (/)] R1=0.0511, wR>=0.1001

Final R indexes [all data] R1=0.0780, wR2=0.1092

Largest diff. peak/hole / ¢ A 0.29/-0.27

Flack parameter -0.006(11)
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