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ABSTRACT

Asymmetric CuH-catalyzed Reductive Coupling of Allenamides with Carbonyl and Imine
Electrophiles

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor

of Philosophy at Virginia Commonwealth University.

By Stephen A. Collins

Virginia Commonwealth University, 2024

Advisor: Dr. Joshua D. Sieber, Assistant Professor, Department of Chemistry

The carbon scaffold of many drugs and natural products contain multiple stereogenic
centers bearing heteroatoms. As a result of this, chemists have long sought methods to efficiently
install these multi-heteroatom functionalities. Reductive coupling reactions have been extensively
studied over the past decades, and the allylation of carbonyls via the reductive coupling approach
has been a key method for generating chiral allylic alcohols. This work utilizes inexpensive Cu for
the asymmetric reductive coupling of allenamides with carbonyls or imines to simultaneously install

two heteroatoms (either oxygen and nitrogen or nitrogen and nitrogen, respectively) onto the



product. These molecules have a polarity profile that makes them difficult to make using traditional
methods. Herein, we report a method for the asymmetric reductive coupling reactions. Chapter 1
describes the development of a regio- and diastereoselective CuH-catalyzed reductive coupling of
N-based allenes and imines, where stereoselectivity is controlled by a chiral auxiliary. This protocol
provides access to branched products bearing the 1,2-diamine motif. Chemical transformations
were performed on one of the branched products to furnish an aminopiperidine derivative that is a
valuable intermediate to a major fragment of the potent NK-1 inhibitor compounds CP-99,994 and
CP-122,721. Chapter 2 details the development of an asymmetric enantioselective aminoallylation
of ketones, which builds on work previously published by our laboratory. This new protocol
massively increases the enantiocontrol over this transformation by preventing an on-cycle
carbamate migration that eroded enantioselectivity in the previous work and used allenamide
protecting groups that were easier to cleave. This protocol provides an atom-economical approach
for the synthesis of 1,2-aminoalcohols. Chapter 3 describes ongoing attempts to develop an
asymmetric enantioselective aminoallylation of aldimines. This protocol would provide the same
branched 1,2-diamine motif, as stated previously, but in a manner that would be more atom

economical due to the chirality being provided by the catalyst instead of a chiral auxiliary.
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Chapter 1 Development of Asymmetric CuH-Catalyzed Reductive Coupling of a Chiral

Allenamide with Aldimine Electrophiles

l. Introduction

Chiral molecules containing multi-heteroatom functional groups are ubiquitous in drugs
and natural products.’® These compounds, such as aminoalcohols* and diamines®, have
widespread applications in these areas and thus it has become necessary to develop synthetic
methodologies to access these motifs in a high yielding and highly sterio- and enantioselective

manner.

Depending on the substitution pattern these multi-heteroatom functional groups can
range from simple to extremely challenging to synthesize. These methodologies are difficult to
develop when the polar functional groups are arranged in configurations that result in a
mismatch of the heteroatom induced polarization throughout the carbon framework of the
molecule.® These particular substitution patterns need to be prepared through unconventional
routes such as reversing the polarity of one of the reactants.” Perhaps one of the simplest ways
to effect a transformation that would bring together two fragments containing electron-

withdrawing groups would be through the use of reductive coupling.

This work advances the field of CuH-catalysis for organic synthesis by inverting the
inherent polarity profiles of allenamide containing fragments to generate dissonant molecules
that would otherwise be difficult to synthesize. This chapter discusses the development of a
diastereoselective CuH-catalyzed reductive coupling of a chiral N-substituted allenamide

derived from Evans’ oxazolidinone and aldimine electrophiles (Scheme 1.1).
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Scheme 1.1: Method Development for CuH-Catalyzed Reductive Coupling

of Allenamides and Imine Electrophiles

o)
Ar? o cat. Cu(OAc I

J PN FEC § Ph N)Qo

NT 07 NN cat. PCy, : 1
1)I \{ '\ (MeO),MeSiH AT

Ar Ph tBuOH HN

then NH4F j

1.1 1.2 13 AP

Il. Background

A. Multi-Heteroatom Containing Natural Products and Drugs
In both nature and the pharmaceutical industry many examples can be found of highly

functionalized molecules.®*! These molecules (Fig 1.1) often contain multiple chiral
heteroatoms, especially amines and alcohols, and can be challenging to synthesize.
Consequently, unique methodologies must be developed to synthesize them in an

enantioselective and high yielding manner.

Figure 1.1: Multi-Heteroatom Containing Natural Products and Drugs

(@ H2N COZEt
\NH OMe )
O AcHN®
N ey, O Et
H T
Bt BUO,S

CP-99,994 tamiflu

jorumycin jogyamycin massadine
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B. Methods of Introducing Chiral Amines and Alcohols
There are many possible methods of synthesizing chiral amines and alcohols.

Enantioselective hydroamination'? and hydroxylation®® represent one potential method of
accessing these motifs. Asymmetric transfer hydrogenation of carbonyl and imine containing
compounds showcases another approach.'* These methods all depict viable ways of accessing
chiral amines or alcohols, but one potential issue with these reactions is that they are mainly
only focused on introducing one chiral functional group into the molecule. There exists a
plethora of examples, like the ones shown before, where molecules contain multiple chiral
functional groups. Thus, it would be a great addition to the chemist’s toolkit for reactions that

introduce multiple chiral heteroatomic functional groups into a molecule in a single step.

C. Consonant/Dissonant Theory
When considering synthetic pathways to synthesize a compound containing multiple

heteroatoms the difficulty is dependent on the congruence of the polarities induced by the
heteroatoms. If the heteroatoms have a substitution pattern that results in a matching of the
induced polarizations, termed “consonant charge affinity” (Fig 1.2 A), then the disconnection is
easily achievable through two-electron logic.*>*® However, if the substitution pattern is such that
there is a mis-match in the induced polarizations, termed “dissonant charge affinity” (Fig 1.2 B),
then common two-electron logic is not easily applicable. In these cases, either one-electron

logic (radical chemistry) or polarity inversion (umpolung) is typically applied.718
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Figure 1.2: Consonant and Dissonant Theory in 1,n-substituted
molecular frameworks with electron-withdrawing heteroatom

groups*®

A: 1.n-Heteroatom Substitution (n = odd integer): Consonant Charge Affinity
Het" Het? ! et
j\ i \/ Het J; Easily accessible throuh 2 e
R 5* %16+ — R)\OS logic, e.g. aldol or Mannich

&* g §* ~matched Well developed disconnection

donor acceptor
1,3-substituion synthon synthon

B: 1.n-Heteroatom Relationship (n = even integer): Dissonant Charge Affinity
polarity reversal

1

Het! Het "umpolung” et
2 _ Het? Het?
R6+(§35’+,Het == R/é t o N
& g mis-matched acceptor  donor
acceptor acceptor
1,2-substitution synthon synthon

matched

Challenging disconnection for 2 e logic
Requires polarity inversion or 1 e logic

D. Coupling Theory
The idealized strategy for forming molecules containing multiple functional groups would

be using cross-coupling, wherein fragment X containing functional group 1 could be coupled to
fragment Y containing functional group 2 using some catalyst to generate molecule X-Y (Fig 1.3
A).2° However, reality is far from ideal, and the simplicity of this process is dependent on the
nature of the functional groups in question. If one fragment has an electron-donating group and
the other has an electron-withdrawing group, then classical, or redox neutral, cross-coupling can
be employed (Fig 1.3 B).? However, if both fragments contain a functional group that is
electron-donating, then oxidative cross-coupling must be utilized.?? In this case, the catalyst
must be accompanied by an external oxidant to accept excess electrons from the substrates
(Fig 1.3 C). Lastly if both fragments contain electron-withdrawing groups, then reductive cross-
coupling must be implemented, wherein the catalyst is accompanied by an external reductant to

donate electrons to the substrates (Fig 1.3 D).?
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Figure 1.3: Examples of Different Types of Coupling

A |dealized cross-coupling strategy for functional group (FG) introduction:

FG' FG2 FG!
| . | cat. '\ R?
R1" .\RZ R1’ \T/
X Y FG?
X=Y
B Electron-donating/withdrawing FG's (“classical” cross-coupling):
EWG EDG EWG
‘ + ‘ cat. | )
R1,. 6® 66 .\RZ e 1/o\./R
14 15 (redox netural) |
o oo 1.6 EDG
electrophilic nucleophilic
C Electron-donating FG's (oxidative cross-coupling):
EDG EDG EDG
| + ‘ cat. | R?
it © 2 —— gt
w
1.7 1.8 1.9 EDG
nucleophilic nucleophilic

D Electron-withdrawing FG's (reductive cross-coupling; aka cross-electrophile):

EWG EWG EWG
‘ o . @\ cat. /l g2
1.10 1.1 142 VG
electrophilic electrophilic

E. Reductive Coupling
Due to the electron-withdrawing ability of both alcohols and amines, it would be

necessary for reactions involving coupling fragments containing them to utilize reductive
coupling. Catalytic reductive coupling processes are known to go through two types of
mechanistic pathways based on the nature of the reducing agent (Fig 1.4).2>%* One of these
involves external electron reductants that provide the requisite electrons (Type 1 process) such
as stoichiometric transition metal reductants (e.g. Zn or Mn)?®, photocatalysis?®, or
electrochemically?’. The other mechanistic pathway involves utilizing a terminal reductant (e.g.
HSiRs, ZnR2, B2(OR)4, etc)?* to enable catalyst turnover through incorporation of atoms from the

reductant into the final product (Type 2 process).
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Figure 1.4: The Two Mechanistic Classes of Reductive Coupling?°

A Mechanistic classes of reductive cross-coupling:

Type 1: External e” reductant Type 2: Reduction by atom transfer
0 0
" NG
—_ — +
A—B A B Xy A
R?* RO
RO = Zn, Mn, etc. X-Y = [Si]-H, [B]-[B], etc.
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into product

o R3S 3
RN\
Br | R .
XN Q\R1 Y o \ N
U R! ¥ RY R
~ot R, R'” "R? /\/
=
Z=0,NR® R
cat. Ni cat. Ni, Ir, Rh, Ru, Cu
Zn, Mn, light, electrode X—=Y
R3
1
R R R X ~o R
OH :
' OH
0" o i N R2 ! . R X R2
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S~ U\ L . X R'
ZH < . R3 = R OH J\XOH
. N
h R4 R2
TN R’ :
I ' 3
U . R

< 3 X = H, B(OR),, SiR,

F. Catalytic Allylative Reductive Coupling
One form of reductive coupling that has attracted much interest over the past few

decades is metal catalyzed allylative reductive coupling (Scheme 1.2). Pioneered by Krische in
the mid-2000s, these processes typically involve a pronucleophile such as enynes?, 1,2-
dienes?®, and 1,3-dienes®® being converted into their nucleophilic forms by a metal hydride.
These nucleophilic organometallic reagents proceed to react with electrophiles to generate the

coupled products such as homoallylic alcohols when aldehydes are used as the electrophilic

partner.?®
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Scheme 1.2: Examples of Catalytic Allylative Reductive Coupling

R
R
R Z
S 'V'e\/')\'\’”-*n er 7 E
L* M—H N 119
enyne RN, n 1.16 R7X E E ' R
113 X [H7] reductant ML* E 1.20 |
1,2-diene " 147 ML%, '
RN (611”(::6) R'A\)\’V‘e R'MM‘E
1,3-diene ' B 118 - b
1.15

One disadvantage of the systems pioneered by Krische is that they all require
expensive precious metals such as Ir3!, Rh3?, and Ru®°. The extreme costs associated
with these metals necessitated further research to expand the chemistry to more earth
abundant metals. Research into the field by Buchwald showed that similar reactivities
could be obtained by using copper as the catalytic system for enyne33, 1,2-diene®*, and
1,3-diene® pronucleophiles. Pronucleophiles containing heteroatoms are also viable
coupling partners with a copper catalytic system to furnish coupled products containing

heteroatoms such as nitrogen.36:37

lll. Research Design

A. Past Work
Prior studies in the Sieber lab revealed that chiral auxiliary containing allenamides can

undergo hydrocupration to furnish an allylcopper intermediate which can then proceed to react
with electrophiles in either a branched or linear selective manner (Scheme 1.3).%"*8 These
works were able to showcase the utilization of catalytic reductive coupling to efficiently install
both an alcohol and an amine synthon in a single step. They were also able to showcase

effective deprotection sequences and functionalization into natural products.
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Scheme 1.3: Past Work From the Sieber Lab Involving Catalytic Reductive Coupling

1.23

©
HO R o 5 mol % Cu(OAc), IL Me CI_  Me
s 5 mol % Cu(OAc), o )L 6 mol % SIMeseHCI Ph N (o] I\
Ry ./ﬁ . 6 mol % (PhO),PNMe, )L o 5.5 mol % KOBu N N\//N
P N__o  (MeO)MeSiH \—( (MeO),MeSiH WRL Me ® Me
"(_\f toluene, rt, 24 h tolklheneNr't_' 2F4 h RS OH Me Me’
o then NH,4F en NHy o
linear (1) 4 1.22 1.2 18 examples SiMeseHCI
21 examples 35 - 90%
t 0,
53 - 94% up to 96% de
up to 83% de 1.24

B. This Work
While the previous works were focused on using ketone electrophiles to access their

desired products, it was believed that intermediate |1-1.25 could also react with aldimine

electrophile 1.1 to produce chiral 1,2-diamine 1.27 upon cleavage of the auxiliary (Scheme 1.4).

Ideally this would occur, similarly to the previous works, in a single step and with high yields and

selectivity. These 1,2-diamines could then be functionalized into natural products that contain

the aforementioned motif.

Scheme 1.4: Proposed Strategy Towards Accessing Chiral 1,2-Diamine Synthons

AI’Z Ar2
) Ar2

N 0=N< _.Ph pn AT
N < ouy j’

1-1.25 b-1.3

>//.O

N @)
s {
¥

1.27

chiral 1,2-diamine synthon
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IV. Aldimine Reductive Coupling Protocol Employing a Chiral Auxiliary

A. Reaction Development

Table 1.1: Ligand Optimization for the Reductive Coupling Using 1.1a.?

1.1a

DMB. = )
N/\©\

5 mol % Cu(OA IO on
§ e L,
N : Ph NJ‘<
N

X 6 mol % ligand

(0]
\ { "\ (MeO),MeSiH X~ P-CF3Ph .
Ph toluene, rt, 24h : N ~DMB
then NH4F HN .
1.2 ) DMB p-CF4Ph
1.3a 1.29a
Entry Ligand %Yield 1.3a° %Yield 1.29a°
1 dcpe <5 8
2 PCy3 <5 86
3 P(adam)s <5 28
4 XPhos <5 2
5 P(NMez)s <5 66
6 P(OEt)s <5 60
7 (PhO)2PNMe:2 <5 66
8 SIMes <5 8
9° PCy3 <5 51
10¢ PCy3 <5 54
11¢ PCy3 <5 5
12! PCy3 <5 a1
139 PCy3 90 <5

2129 mg (0.400 mmol) 1.1a, 96.6 mg (0.480 mmol) 1.2, 5 mol % Cu(OAc)2, 6 mol % ligand, and 1.0 mL of toluene. A
single diastereomer of product was obtained in all cases by analysis of the unpurified reaction mixture by *HNMR
spectroscopy.” Yield determined by *H NMR spectroscopy on the unpurified reaction mixture using dimethylfumarate as
analytical standard. °Reaction performed in MTBE. YReaction performed in dioxane. ®Reaction performed in CHzCl>.
Reaction performed in THF. 9Performed using 2.0 equiv of t-BuOH as additive. DMB = 2,4-dimethoxybenzyl.

Similarly to the Sieber lab’s previously published work, the investigation began by
using an allenamide derived from the Evans’ Oxazolidinone (1.2, Table 1.1).3° The main
reasons for selecting this auxiliary were because it is commercially available and

reasonably priced and allenamide 1.2 can be easily synthesized from it.*° We began the
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studies by investigating the impact of various ligands on the system with other reaction
conditions similar to those from previous publications of ours (Table 1.1).3841 These
results were obtained in collaboration with Dr. Toolika Agrawal. A variety of mono- and
bidentate ligands were tested and it was observed that, in all cases, cyclic urea product
1.29a was produced exclusively with PCys providing the highest yield. Changes of the
solvent were also examined but it was observed that no solvent provided higher yields
than the starting solvent of toluene. Diamine product 1.3a could also be obtained

exclusively with the addition of two equivalents of tert-butanol to the reaction mixture.

Table 1.2: Effect of Imine N-Substitution on Reactivity?

o) 2 5 mol % Cu(OAc),
P& AN 6 mol % PCys Ph j\
10 N/\. . (MeQ),MeSiH (\
\_< N O toluene, 65°C  OH
Ph then NH4F =
1.2 1.30
Entry Ar? % yield®

1 2,4-dimethoxyphenyl 17
2 4-methoxyphenyl 58
3 Phenyl 70
4 4-fluorophenyl 71
5 4-trifluoromethylphenyl 79

aConditons: 1.30 (0.400 mmol), 106 mg (0.480 mmol) of 1.2, 5 mol % Cu(OAc)2, 6 mol % PCys 99 pL (0.80 mmol) of
(MeO):MeSiH, and 1.0 mL of toluene. A single diastereomer of product was obtained in all cases by analysis of the unpurified
reaction mixture by *H NMR spectroscopy. PYield determined by *H NMR spectroscopy on the unpurified reaction mixture using

dimethylfumarate as analytical standard.
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The nature of the aldimine protecting group was next examined (Table 1.2), and
a clear trend of reactivity was observed. As the electron-withdrawing ability of the
protecting group increases, the yield of the reductive coupling process increased.
However, the drawback to using more electron-deficient protecting groups that promote
higher reactivity is that they are more difficult to cleave, as evidenced by the fact that
2,4-dimethoxyphenyl is cleavable with acid while phenyl and 4-trifluoromethylphenyl
require functional group incompatible conditions such as hydrogenation.*>43 Due to the
fact that the ability for further functionalization of the allyl moiety that is produced in this
reaction was desired, it was decided that most of the substrates would be run with

protecting groups with more mild deprotection conditions.

B. Catalytic Cycle
Similarly to our previous work and the work of Buchwald, the proposed catalytic

cycle for this process begins with allenamide 1.2 undergoing hydrocupration to furnish
allylcopper intermediate 1.33.2637.44 This intermediate can then react with an
electrophile, such as aldimine 1.1a, to produce copper amide complex 1.34. It is at this
point that the divergence of products in the presence of an alcohol becomes apparent.
Due to the high basicity of the nitrogen on complex 1.34, the nitrogen can attack the
carbonyl in the auxiliary and open up that ring while forming the cyclic urea product
1.29a after silylation and aqueous fluoridic workup. However, in the presence of an
alcohol, the copper amide complex 1.34 can be protonated to produce the diamine
product 1.3a along with a copper alkoxide intermediate that can be transmetalated back

to the active catalyst with silane.*® Further support for the catalytic cycle given in Fig 1.5

23



was obtained by DFT molecular orbital calculation performed by our collaborator Prof.

Osvaldo Gutierrez.46

Figure 1.5: Catalytic Cycle For Allenamide-Imine Reductive Coupling

o[si] )01\
J: 0 0" NN,
Ph N% LCuH N

. 1.32 Ph
WN\DMB 12
1.36 [Si]OBu .
p-CF3Ph
NH4V [Si]-H [ST-H
Ph

1.29a J:O\Cué LCuOBu ﬁ/\o

LCu N
: N~
X DMB t-BuOH
1.35 p-CF3Ph o
_DMB

A |

N Ar /©)
/N FsC

LCu DMB 11a

1.34
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C. Substrate Scope

Scheme 1.5: Imine Generality in the Cu-Catalyzed Reductive Coupling to Access 1,2-Diamino

Synthons.?

(e} O
O 5 mol % Cu(OAc)
L (AH 6.5 mol % PCys phfg\/%o Ph’q%o CF3
OUONTY, lN (MeO),MeSiH : ] S
\—{ \\ r > \/\/Ar -

t-BuOH (2 equiv)

Ph 2 N 2 HN.
Ar toluene, rt, 24h HN._ Ar DMB
1.2 1.1 then NH4F 1.3 1.3a
>98:2 dr 85%
L3 L3 L3 L3 L3
Ph )§o Ph )§o Ph /\Qo Cl ph )§o F Ph )§o CN
N N N N N
% % A % %
N-pvB N N-ovB N-pvB N-pvB
1.3b 1.3c 1.3d 1.3e 1.3f
80% 89% 74% 77% 81%

(0] OMe IO IO
%O NO; pp N/\QO
: S

o Ph™ >y
.

DMB
1.3g 1.3h
66% 53%

0] 0
/Q%o OMeph/Q)%o
b \ b

Ph
X

HN. HN._ OMe HN. HN.
DMB Bn DMB DMB
1.31 1.3m? 1.3n 1.30
73% 74% 81% 75%

3 L5 L5 L5 L5

Ph N)io Ph pp N)*o Me pp N)io Ph N)io Ph N%o

X : A : \/\/@ \/\/@ W@\B
: : S ©s CosT
HN\DMB HN\DMB HN\DMB HN\DMB HN\DMB
1.3q 1.3r 1.3s 1.3t 1.3u
67% 76% 86% 74% 79%

aConditions: 1.1a-u (0.400 mmol), 1.2 (96.6 mg, 0.48 mmol), Cu(OAc)2 (5 mol %), PCys (6.5 mol %), t-BuOH (76 uL, 0.80 mmol), Me(MeO).SiH (99 L,
0.80 mmol), and 1.0 mL of toluene, rt 24 h followed by treatment with NHsF/MeOH. A single diastereomer of product was obtained in all cases by analysis

of the unpurified reaction mixture by *H NMR spectroscopy. Yields represent isolated yield. PReaction performed at 65 °C.
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With the optimal reaction conditions in hand, the scope of the reaction was investigated

using a variety of sterically and electronically different aldimines (Scheme 1.5). These results

were obtained in collaboration with Dr. Toolika Agrawal. Overall, this reaction provided a high

degree of generality across a wide range of substrates with electron deficient (1.3a, 1.3d-k) and

electron rich (1.3I-0) aromatic aldimines performing similarly well and providing single

diastereomers of product. Interestingly, even ortho-substituted aromatic aldimines (1.3m)

performed quite well. Aliphatic aldimines were unsuccessful in the transformation.

Scheme 1.6: Imine Generality in the Cu-Catalyzed Reductive Coupling to
Access Chiral Ureas.2
X e
5 mol % Cu(OAc), :
OOONTY, 4 INV 6.5 mol % PCys (\N N AR
N\ >
— N (MeO),MeSiH ~ OH
Ph Ar? toluene, rt, 24h
1.2 1.1 then NH4F
>98:2 dr
Ph O Ph i Ph O Ph jl
- - .DMB - : A~
U NN (N7 N7 p-CFRgPh (N N p-CFgPh
OH OH \—b OH | OH
1.29a 1.29b 1.29¢? b Q
94%  CF3 86% 71% cl 1.29d
79%
Ph O Ph O Ph O
A A A e 2
N~ N p-CFsPh N7 N-BR N~ “n-DMB K\NXN’DMB
OH: OH g OH g OH |
Br 7\ - s
1.29¢b 1.20 1209 1.20n 7
74% F 69% 99% 99%
"R Df o DS " 3
N~ ON-DMB N” ON-Bn N~ ON-DPMB (\N N-DMB
OH ! OH . OH OH )
f— ~ N S o
MeO 0 /
. 1.291
1.29i 1.29j° 1.29k 0 o
4%  OMe 69% 98% 83%
aConditions: 1.29a-1 (0.40 mmol), 1.2 (96.6 mg, 0.48 mmol), Cu(OAc)2 (5 mol %), PCys (6.5 mol %), Me(MeO).SiH (99 uL, 0.80
mmol), and 1.0 mL of toluene, rt 24 h followed by treatment with NHsF/MeOH. See the supporting information for more details.
A single diastereomer of product was obtained in all cases by analysis of the unpurified reaction mixture by *H NMR
spectroscopy. Yields represent isolated yield. PReaction performed at 65 °C.

26



The synthesis of cyclic ureas under reaction conditions lacking tert-butanol as an
additive was also investigated (Scheme 1.6). Not surprisingly, similar generality to that
of the process containing tert-butanol was obtained considering the pathway diverges
after the stereodetermining step. Both electron rich (1.29i-k) and electron deficient
(1.29a,c,e,f) aromatic aldimines performed comparably well to provide high yields of
single diastereomers. Also, sterically demanding meta- (1.29f) and ortho-(1.29j)

substitution patterns were well tolerated.

D. Synthetic Applications

Scheme 1.7: Phenethanol Group Cleavage
(0]

Ph j\ 1. MsCl )%
ONTON-PMB 2 kOB HN™ ~N-DMB
OH 3. H,S0, :

70%
CF
1.29a cFs 1.37 ’

Cyclic urea product 1.29a contains a phenethanol side chain that occurs due to the
opening of the cyclic carbamate during the rearrangement process (Scheme 1.7). This
phenethanol unit can be cleaved in a three-step telescoped process developed by Toolika
Agrawal. This process involves alcohol activation by mesylation, followed by base mediated
elimination with potassium tert-butoxide to generate the enamine intermediate, followed by an
acidic hydrolysis to cleave off the enamine and produce the free urea product 1.37. This urea can
then undergo further substitution on the nitrogen as is desired for whatever chemistry needs to

be accomplished.
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Scheme 1.8: Application of Reductive Coupling Methodology Towards NK-1
Inhibitor Fragment
1.2a
PMB. =
N/\
O
0 L A
)L 2% Cu(OAc), Ph )%o allylBr Ph N/&o
NER 2.5% PCys K,CO3, TBAI 2
AN Ph ————— X Ph
\—Q \\ (MeO),MeSiH W MeCN, 85°C Y
t-BuOH, tol., rt HN. 0 N.
pvB  82% >""puB
1.2 then NH4F 1.3¢
91% >Qé'2 g 1.38
1.0 g scale 2 ar 5 mol % HG-2
"bench-top” setup PhMe, 90 °C
78%
OMe OMe I)Q
~._.~Ph ~_.~Ph :> O Ph :>
O\IH CF;0 O\JH G “PMB
CP-99,994 CP-122,721 1.39

The diamine selective reaction employing allenamide 1.2 and aldimine 1.2a was
successfully scaled up to a 1.0 gram scale without issue to generate branched product 1.3c

(Scheme 1.8). This product was then allylated with allyloromide and underwent ring closing

metathesis with the Second Generation Hoveyda-Grubbs catalyst to produce cyclic amine 1.39.

This aminopiperidine derivative is a valuable intermediate to compound 1.40 which is a major

fragment of the potent NK-1 inhibitor compounds CP-99,994 and CP-122,721.1

V. Conclusion

This strategy for the stereoselective reductive coupling of aldimines and chiral

allenamides to selectively generate both cyclic ureas and 1,2-diamine synthons is an effective

tool for accessing molecules with a dissonant charge affinity. The low costs associated with the
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catalyst and the starting materials make this a process that lends itself well to applications in the
industrial sector. This generally high yielding protocol generates branched products with high
diastereoselectivity owing to the chiral auxiliary. Applications have been shown towards the
removal of the phenethanol side chain on the urea to allow for further functionalization and

towards the synthesis of drug fragments from the diamine reductive

VI.  Experimental Methods

General. *H NMR spectra were recorded on Bruker 600 MHz spectrometers. Chemical shifts are
reported in ppm from tetramethylsilane with the solvent resonance as the internal standard
(CDCls: 7.26 ppm). Data are reported as follows: chemical shift, integration, multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, p = pentet, h = hextet, hept = heptet, br = broad, m =
multiplet), and coupling constants (Hz). 1*C NMR spectra were recorded on Bruker 600 MHz (151
MHz) instrument with complete proton decoupling. Chemical shifts are reported in ppm from
tetramethylsilane with the solvent as the internal standard (CDCI3: 77.0 ppm). Liquid
chromatography was performed using forced flow (flash chromatography) on silica gel purchased
from Silicycle. Thin layer chromatography (TLC) was performed on glass-backed 250 um silica
gel Fus4 plates purchased from Silicycle. Visualization was achieved by using UV light, a 10%
solution of phosphomolybdic acid in EtOH or potassium permanganate in water followed by
heating. HRMS was collected using a Jeol AccuTOF-DART™ mass spectrometer using DART
source ionization. All reactions were conducted in oven or flame dried glassware under an inert
atmosphere of nitrogen or argon with magnetic stirring unless otherwise noted. Solvents were
obtained from VWR as HPLC grade and transferred to septa sealed bottles, degassed by argon
sparge, and analysed by Karl-Fischer titration to ensure water content was < 600 ppm.
Me(MeO),SiH was purchased from Alfa Aesar and used as received. Allenamides 15 were

prepared in one step as described in the literature.?® Aldehydes were purchased from Sigma
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Aldrich, Combi-Blocks, TCI America, Alfa Aesar or Oakwood Chemicals and used as received.
Tricyclohexylphosphine and Cu(OAc). were purchased from the Strem Chemical Company and
used as received. All other materials were purchased from VWR, Sigma Aldrich, Combi-Blocks,
or Alfa Aesar and used as received. Imines 1.1a,* 1.1b,*’ 1.1c,*® 1.1h,%° 1.1i,° 1.1j,% 1.11,%
1.1m,* 1.1u* were synthesized as described in the literature. Compounds’ whose spectra are

not shown below were synthesized by Dr. Toolika Agrawal.

General Procedure A for the synthesis of imines. A 25 ml round bottom flask equipped with a
magnetic stirring bar was charged with aldehyde (6.0 mmol, 1.0 equiv) and dichloromethane (8
ml). Anhydrous magnesium sulfate was added to this solution while stirring followed by 2,4-
dimethoxy benzylamine (6.0 mmol, 1.0 equiv) dropwise. The reaction mixture was stirred at room
temperature for 12 h under a nitrogen atmosphere. After the reaction is complete the crude
reaction mixture was filtered through celite to remove magnesium sulfate. The filtrate was

concentrated in vacuo to yield the pure imine, which was stored under nitrogen in the fridge.

Characterization Data:

(E)-1-(4-chlorophenyl)-N-(2,4-dimethoxybenzyl)methanimine  (1.3d).  Following  General
Procedure A, 4-chloro benzaldehyde (0.84 g, 6.0 mmol), 2,4-dimethoxybenzylamine (1.0 g, 6.0
mmol) magnesium sulfate (2.0 g) and dichloromethane (8 ml) were used. The title compound was
obtained as a pale-yellow solid (1.54 g, 89%). m.p. — 59.5-60.5 °C. *H NMR (600 MHz, CDCls) &
8.28 (s, 1H), 7.70 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 7.21 — 7.15 (m, 1H), 6.51 — 6.43
(m, 2H), 4.75 (s, 2H), 3.81 (s, 6H). 3C{1H} NMR (151 MHz, CDCls) 5 160.3, 160.2, 158.3, 136.4,
134.9, 130.2, 129.4, 128.8, 119.6, 104.1, 98.5, 58.9, 55.4. HRMS (DART) m/z calcd for

Ci16H17CINO2 [M + H]": 290.0948; Found [M + H]*: 290.0950.
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(E)-N-(2,4-dimethoxybenzyl)-1-(4-fluorophenyl)methanimine  (1.3e). Following General
Procedure A, 4-fluorobenzaldehyde (0.742 g, 6.0 mmol), 2,4-dimethoxybenzylamine (1.0 g, 6.0
mmol) magnesium sulfate (2.0 g) and dichloromethane (8 ml) were used. The title compound was
obtained as a yellow solid (1.36 g, 84 %). m.p. — 39.7-41.1 °C. *H NMR (600 MHz, CDCIz) d 8.29
(s, 1H), 7.76 (dd, J = 8.5, 5.7 Hz, 2H), 7.23 — 7.16 (m, 1H), 7.08 (t, J = 8.6 Hz, 2H), 6.52 — 6.45
(m, 2H), 4.76 (s, 2H), 3.81 (s, 6H). 3C{1H} NMR (151 MHz, CDCls) & 165.06 (C-F, 1J C-F =
250.66 Hz), 163.40 (C-F, 1J C-F = 250.66 Hz), 160.23, 160.21, 158.32, 132.80 (C-F, 3J C-F =3.02
Hz), 132.78 (C-F, 3J C-F = 3.02 Hz), 132.2, 130.15, 130.11, 130.06, 119.84, 115.66 (C-F, 2J C-
F = 22.65 Hz), 115.51 (C-F, 2J C-F = 22.65 Hz), 104.1, 98.54, 58.85. *°F NMR (565 MHz, CDCly)
5 -109.87. HRMS (DART) m/z calcd for CisHi7FNO2 [M + HJ*: 274.1243; Found [M + H]*:

274.1269.

(E)-4-(2,4-dimethoxybenzyl iminomethyl)benzonitrile (1.3f). Following General Procedure A, 4-
formyl benzonitrile (0.784 g, 6.0 mmol), 2,4-dimethoxybenzylamine (1.0 g, 6.0 mmol) magnesium
sulfate (2.0 g) and dichloromethane (8 ml) were used. The title compound was obtained as a
yellow solid (1.59 g, 95 %). m.p. — 54.0-56.2 °C. *H NMR (600 MHz, CDCls) & 8.32 (s, 1H), 7.84
(d, J = 8.0 Hz, 2H), 7.67 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 9.0 Hz, 1H), 6.51 — 6.44 (m, 2H), 4.80
(s, 2H), 3.80 (s, 6H). *C{1H} NMR (151 MHz, CDCls) 5 160.4, 159.6, 158.4, 140.3, 132.3, 130.3,
128.6, 119.0, 118.6, 113.7, 104.2, 98.5, 59.1, 55.4. HRMS (DART) m/z calcd for C17H17N20; [M

+ H]*: 281.1290; Found [M + H]*: 281.1306.

Methyl (E)-4-(2,4-dimethoxybenzyl iminomethyl)benzoate (1.3g). Following General Procedure
A, methyl-4-formyl benzoate (0.982 g, 6.0 mmol), 2,4-dimethoxybenzylamine (1.0 g, 6.0 mmol)
magnesium sulfate (2.0 g) and dichloromethane (8 ml) were used. The title compound was
obtained as a yellow solid (1.87 g, 100 %). m.p. —54.5-56.3 °C. *H NMR (600 MHz, CDCls) & 8.35
(s, 1H), 8.06 (d, J = 8.0 Hz, 2H), 7.82 (d, J = 8.1 Hz, 2H), 7.19 (d, J = 9.0 Hz, 1H), 6.48 (m, 2H),

4.79 (s, 2H), 3.91 (s, 3H), 3.79 (s, 6H). 3C{1H} NMR (151 MHz, CDCls) 5 166.7, 160.6, 160.2,
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158.3, 140.3, 131.6, 130.2, 129.7, 128.0, 119.4, 104.1, 98.5, 59.1, 55.3, 55.3, 52.2. HRMS

(DART) m/z calcd for C1gH20NO4 [M + H]*: 314.1392; Found [M + H]*: 314.1422.

(E)-N-(2,4-dimethoxybenzyl)-1-(pyridin-3-yl)methanimine (1.3k). Following General Procedure
A, 3-pyridinecarboxaldehyde (0.64 g, 6.0 mmol), 2,4-dimethoxybenzylamine (1.0 g, 6.0 mmol)
magnesium sulfate (2.0 g) and dichloromethane (8 ml) were used. The title compound was
obtained as a pale-yellow oil (1.51 g, 99 %). *HNMR (600 MHz, CDClI;)d: 8.85 (s, 1H), 8.63 (d, J
= 4.8 Hz, 1H), 8.34 (s, 1H), 8.14 (d, J = 7.9 Hz, 1H), 7.33-7.31 (dd, J = 7.9 Hz, 4.8 Hz, 1H), 7.19
(d, J = 8.9 Hz, 1H), 6.49-6.47 (m, 2H), 4.78 (s, 2H), 3.81 (s, 3H), 3.80 (s, 3H). *C{1H} NMR (151
MHz, CDCls) 6 160.3, 158.7, 158.3, 151.3, 150.2, 134.5, 131.9, 130.3, 123.6, 119.2, 104.1, 98.5,
59.1, 55.3. HRMS (DART) m/z calcd for CisH17N2O2 [M + H]*: 257.1290; Found [M + H]":

257.1297.

(E)-1-(benzo[d][1,3]dioxol-5-yl)-N-(2,4-dimethoxybenzyl)methanimine (1.3n). Following General
Procedure A, piperonal (0.89 g, 6.0 mmoal), 2,4-dimethoxybenzylamine (1.0 g, 6.0 mmol)
magnesium sulfate (2.0 g) and dichloromethane (8 ml) were used. The title compound was
obtained as a pale-yellow solid (1.77 g, 99 %). m.p. — 54.3-55.7 °C. *HNMR (600 MHz, CDCl3)d:
8.2 (s, 2H), 7.4 (s, 1H), 7.18 (d, J = 8.9 Hz, 1H), 7.12 (d, J = 7.9 Hz, 1H), 6.8 (d, J = 7.9 Hz, 1H),
6.47-6.46 (m, 2H), 5.9 (s, 2H), 4.71 (s, 2H), 3.808 (s, 3H), 3.802 (s, 3H). *C{1H} NMR (151 MHz,
CDCl;) 6 160.8, 160.0, 158.2, 149.7, 148.2, 131.3, 130.0, 124.3, 120.1, 107.9, 106.7, 104.0,
101.4, 98.5, 58.6, 55.3. HRMS (DART) m/z calcd for C17H1sNO4 [M + H]*: 300.1236; Found [M +

H]*: 300.1253.

(E)-1-(2,3-dihydrobenzofuran-5-yl)-N-(2,4-dimethoxybenzyl)methanimine  (1.30).  Following
General Procedure A, 2,3-dihydrobenzofuran-5-carbaldehyde (0.886 g, 6.0 mmol), 2,4-
dimethoxybenzylamine (1.0 g, 6.0 mmol) magnesium sulfate (2.0 g) and dichloromethane (8 ml)
were used. The title compound was obtained as a pale-yellow oil (1.94 g, 72 % purity, 78 % yield).

IH NMR (600 MHz, CDCls) & 8.24 (s, 1H), 7.73 (s, 1H), 7.44 (d, J = 12 Hz, 1H), 7.19 (d, J = 8.9
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Hz, 1H), 6.78 (d, J = 8.2 Hz, 1H), 6.49 — 6.43 (m, 2H), 4.71 (s, 2H), 4.60 (t, J = 8.7 Hz, 2H), 3.80
(s, 6H), 3.20 (t, J = 8.7 Hz, 2H). 3C{1H} NMR (151 MHz, CDCl3) 5 162.3, 161.3, 160.0, 158.2,
130.0, 129.8, 129.6, 127.7, 124.2, 120.3, 109.0, 104.0, 98.4, 71.7, 58.7, 55.3, 29.2. HRMS

(DART) m/z calcd for C1sH20NOs [M + H]*: 298.1443; Found [M + H]*: 298.1466.

(E)-1-([1,1'-biphenyl]-4-yl)-N-(2,4-dimethoxybenzyl)methanimine  (1.3q). Following General
Procedure A, 4-phenylbenzaldehyde (1.09 g, 6.0 mmol), 2,4-dimethoxybenzylamine (1.0 g, 6.0
mmol) magnesium sulfate (2.0 g) and dichloromethane (8 ml) were used. The title compound was
obtained as a white solid (1.82 g, 94 % purity, 86 % yield). m.p. — 91.3-93.9 °C. *H NMR (600
MHz, CDCls) & 8.41 (s, 1H), 7.88 (d, J = 8.0 Hz, 2H), 7.70 — 7.63 (m, 4H), 7.49 (t, J = 7.6 Hz, 2H),
7.40 (t, J = 6 Hz, 1H), 7.29 — 7.23 (m, 1H), 6.55 — 6.50 (m, 2H), 4.83 (s, 2H), 3.86 (s, 3H), 3.84
(s, 3H). C{1H} NMR (151 MHz, CDCls) & 161.3, 160.1, 158.3, 143.2, 140.5, 135.4, 130.3, 130.1,
129.0, 128.8, 128.7, 128.5, 127.7, 127.4, 127.2, 127.1, 120.0, 104.1, 98.5, 59.0, 55.4. HRMS

(DART) m/z calcd for C22H2:NO2 [M + H*: 332.1651; Found [M + H]*: 332.1667.

(E)-N-(2,4-dimethoxybenzyl)-1-(p-tolyl)methanimine (1.3r). Following General Procedure A, p-
tolualdehyde (0.72 g, 6.0 mmol), 2,4-dimethoxybenzylamine (1.0 g, 6.0 mmol) magnesium sulfate
(2.0 g) and dichloromethane (8 ml) were used. The title compound was obtained as a pale-yellow
oil (1.28 g, 80%). *H NMR (600 MHz, CDCls) 8 8.36 (s, 1H), 7.72 (d, J = 7.8 Hz, 2H), 7.27 (d, J =
7.4 Hz, 3H), 6.55 — 6.51 (m, 2H), 4.81 (s, 2H), 3.86 (s, 6H), 2.38 s, 3H). 3C{1H} NMR (151 MHz,
CDCls) 6 161.7, 160.1, 158.2, 140.7, 133.8, 130.0, 129.8, 129.7, 129.2, 128.2, 120.1, 104.0, 98.5,
58.9, 55.3, 21.5. HRMS (DART) m/z calcd for C17H20NO [M + H]": 270.1494; Found [M + H]":

270.1495.

(E)-N-(2,4-dimethoxybenzyl)-1-(furan-2-yl)methanimine (1.3s). Following General Procedure A,
furfural (0.57 g, 6.0 mmol), 2,4-dimethoxybenzylamine (1.0 g, 6.0 mmol) magnesium sulfate (2.0
g) and dichloromethane (8 ml) were used. The title compound was obtained as a brown oil (1.6

g, 91 % purity, 99 % yield). *HNMR (600 MHz, CDCls)5: 8.08 (s, 1H), 7.49 (s, 1H), 7.18 (d, J =
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8.1 Hz, 1H), 6.73 (d, J = 3.4 Hz, 1H), 6.47-6.45 (m, 3H), 4.73 (s, 2H), 3.80 (s, 3H), 3.79 (s, 3H).
13C{1H} NMR (151 MHz, CDCl5)5: 160.28, 158.46, 151.96, 150.13, 144.51, 130.69, 119.30,
113.59, 111.53, 104.07, 98.47, 58.89, 55.40, 55.33. HRMS (DART) m/z calcd for C1H1sNO3 [M

+ H]*: 246.1130; Found [M + HJ*: 246.1126.

(E)-N-(2,4-dimethoxybenzyl)-1-(thiophen-2-yl)methanimine (1.3t). Following General Procedure
A, thiophene-2-carboxaldehyde (0.67 g, 6.0 mmol), 2,4-dimethoxybenzylamine (1.0 g, 6.0 mmol)
magnesium sulfate (2.0 g) and dichloromethane (8 ml) were used. The title compound was
obtained as a yellow solid (1.15 g, 74 %). m.p. — 47.4-50.2 °C. *H NMR (600 MHz, CDCI;) d 8.36
(s, 1H), 7.37 (d, J = 6 Hz, 1H), 7.29 (d, J = 3.6 Hz, 1H), 7.18 (d, J = 8.4 Hz, 1H), 7.06 (t, J = 6 Hz,
1H), 6.50 — 6.46 (m, 2H), 4.74 (s, 2H), 3.80 (s, 6H). 3C{1H} NMR (151 MHz, CDCls) & 160.2,
158.3, 154.8, 142.9, 130.3, 130.2, 128.6, 127.2, 119.6, 104.1, 98.4, 58.2, 55.4, 55.3. HRMS

(DART) m/z calcd for C1aH1sNO,S [M + H]*: 262.0902; Found [M + H]*: 262.0915.

General Procedure B for the synthesis of 1.3. To a 20 ml crimp cap vial with a stir bar in an Ar
filled glove-box was charged Cu(OAc). (3.6 mg, 20 umol) and PCys (7.3 mg, 26 pmol) followed
by toluene (1.0 ml) and tert-butanol (76.5 pl, 2 eq). The mixture was stirred for 5 mins. Allenamide
1.2 (96.6 mg, 480 umol) followed by imine (400 pumol) was then charged and the vial was sealed
with a crimp-cap septum and removed from the glove box. Dimethoxymethylsilane (0.099 ml, 2
eq) was then charged to the reaction mixture (caution: dimethoxymethylsilane should be handled
in a well-ventilated fume hood because it is known to cause blindness. Syringes were quenched
with 2M NaOH, gas evolution! prior to disposal). The mixture was then stirred at RT for 24 h. The
reaction was quenched by addition of 200 mg of NH4F and 2.5 ml of MeOH followed by agitation
at RT for 30 mins. 10 ml of 5% NaHCO3z; was then added to the mixture followed by extraction

with DCM (2X5 ml). The combined organics were dried with Na>SO., filtered, and concentrated
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in vacuo. Crude product was purified by flash chromatography on silica gel to afford the desired

product.

Characterization Data:

(S)-3-((1S,2S)-1-((2,4-dimethoxybenzyl)amino)-1-(4-(trifluoromethyl)phenyl) but-3-en-2-yl)-4-

phenyloxazolidin-2-one (1.3a). According to the general procedure B, the product was purified by
silica gel chromatography (5 % E.A. in DCM) to provide 180 mg (85 %) of 1.3a as a white foam
as a single diastereomer. Ry = 0.43 (50 % EtOAC/hexanes). *H NMR (600 MHz, CDCls) 8 7.50 (d,
J=8.0 Hz, 1H), 7.36 (dd, J = 5.1, 1.8 Hz, 2H), 7.30 (d, J = 8.0 Hz, 1H), 7.21 — 7.17 (m, 1H), 6.99
(d, J = 6 Hz, 1H), 6.49 (s, 1H), 6.47 (d, J = 8.3 Hz, 1H), 5.15 — 5.09 (dt, J = 18 Hz, 12 Hz, 1H),
4.73 (d, J = 12 Hz, 1H), 4.70 (d, J = 17.1 Hz, 1H), 4.61 (t, J = 8.2 Hz, 1H), 4.52 (t, J = 12 Hz, 1H),
4.17 (d, J = 6 Hz, 1H), 4.11 (t, J = 8.0 Hz, 1H), 3.93 (t, J = 9.6 Hz, 1H), 3.83 (s, 6H). 3.66 (d, J =
12 Hz, 1H), 3.36 (d, J = 18 Hz, 1H). 3C{1H} NMR (151 MHz, CDCls) & 160.3, 158.8, 158.3, 145.2,
138.2, 132.6, 130.5, 129.94 (C-F, 2Jc.r = 31.71 Hz), 129.73 (C-F, 2Jc.r = 31.71 Hz), 129.51 (C-F,
2)ck = 31.71 HZ), 129.29 (C-F, 2Jcr = 31.71 HZ), 129.17, 129.11, 128.8, 127.8, 126.90 (C-F, 1J .
= 271.8 Hz), 125.12 (C-F, 3Jcr = 4.53 Hz), 125.09 (C-F, 2Jc.r = 4.53 Hz), 123.29 (C-F, Wcr =
271.8 Hz), 121.49 (C-F, YJcr=271.8 Hz), 120.5, 119.6, 103.6, 98.6, 70.2, 63.4, 61.2, 59.3, 55.4,
55.2, 46.0. *F NMR (565 MHz, CDCls) 5 -62.36. HRMS (DART) m/z calcd for CagHzoF3N204 [M +

H]*: 527.2158; Found [M + H]*: 527.2153.

(S)-3-((1S,2S)-1-((2,4-dimethoxybenzyl)amino)-1-phenylbut-3-en-2-yl)-4-phenyloxazolidin-2-one
(1.3b). According to the general procedure B, the product was purified by silica gel
chromatography (10 % E.A. in DCM) to provide 147 mg (80 %) of 1.3b as a colourless foam as a
single diastereomer. R; = 0.35 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCls) & 7.32 (dd, J

=45,23Hz, 3H),7.25-7.22(d, J=6Hz, 2H), 7.22 -7.19 (d, J = 6 Hz, 1H), 7.18 — 7.16 (d, J
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=12 Hz, 2H), 7.15 — 7.14 (m, 2H), 7.03 (d, J = 8.0 Hz, 1H), 6.48 (s, 1H), 6.46 (d, J = 8.3 Hz, 1H),
5.05 — 4.97 (dt, J = 18 Hz, 12 Hz, 1H), 4.70 (d, J = 17.0 Hz, 1H), 4.64 (d, J = 10.2 Hz, 1H), 4.59
(t, J = 6 Hz, 1H), 4.46 (t, J = 8.6 Hz, 1H), 4.12 — 4.04 (dt, J = 18 Hz, 6 Hz, 2H), 3.99 (d, J = 10.0
Hz, 1H), 3.81 (s, 6H), 3.67 (d, J = 13.4 Hz, 1H), 3.34 (d, J = 13.4 Hz, 1H). C{1H} NMR (151
MHz, CDCls) & 160.2, 158.8, 158.6, 140.6, 138.9, 133.3, 130.6, 128.98, 128.96, 128.4, 128.2,
127.8, 127.4, 120.9, 119.0, 103.6, 98.6, 70.2, 63.2, 61.5, 58.9, 55.4, 55.2, 45.8. HRMS (DART)

m/z calcd for CasHaiN2O4 [M + H]*: 459.2284; Found [M + H]*: 459.2300.

(S)-3-((1S,2S)-1-((4-methoxybenzyl)amino)-1-phenylbut-3-en-2-yl)-4-phenyloxazolidin-2-one

(1.3c). According to the general procedure B, the product was purified by silica gel
chromatography (10 % E.A. in DCM) to provide 153 mg (89 %) of 1.3c as a white solid as a single
diastereomer. M.p. 101 — 104°C. R:=0.41 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCls) &
7.37 —7.33 (m, 3H), 7.31 (m, 2H), 7.27 (m, 3H), 7.20 (d, J = 6 Hz, 2H), 7.18 — 7.14 (m, 2H), 6.96
(d, J = 12 Hz, 2H), 5.10 (dt, J = 16.5, 9.6 Hz, 1H), 4.76 — 4.69 (m, 2H), 4.66 (t, J = 8.4 Hz, 1H),
4.60 (t, J = 12 Hz, 1H), 4.18 (t, J = 12 Hz, 1H), 4.12 (t, J = 12 Hz, 1H), 4.02 (d, J = 10.2 Hz, 1H),
3.86 (s, 3H), 3.64 (d, J = 13.0 Hz, 1H), 3.41 (d, J = 12.9 Hz, 1H), 1.91 (s, 1H). ®C{1H} NMR (151
MHz, Chloroform-d) & 159.1, 158.7, 140.5, 138.5, 133.2, 132.5, 129.8, 128.9, 128.9, 128.4, 128.2,
127.8, 127.5, 119.2, 113.7, 70.3, 63.2, 61.5, 60.4, 59.0, 55.3, 49.9, 21.0, 14.2. HRMS (DART)

m/z calcd for C27H29N203 [M + H]*: 429.2178; Found [M + H]*: 429.2196.

(S)-3-((1S,2S)-1-(4-chlorophenyl)-1-((2,4-dimethoxybenzyl)amino)but-3-en-2-yl)-4-

phenyloxazolidin-2-one (1.3d). According to the general procedure B, the product was purified by
silica gel chromatography (5 % E.A. in DCM) to provide 146 mg (74 %) of 1.3d as a colourless
foam and a single diastereomer. Ry = 0.33 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCl3) d
7.36 — 7.33 (m, 3H), 7.23 (d, J = 8.2 Hz, 2H), 7.20 — 7.16 (m, 2H), 7.12 (d, J = 8.1 Hz, 2H), 6.99

(d, J = 8.1 Hz, 1H), 6.49 (s, 1H), 6.47 (d, J = 8.2 Hz, 1H), 5.11 — 5.03 (dt, J = 18 Hz, 12 Hz, 1H),
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4.72 (s, 1H), 4.69 (d, J = 7.9 Hz, 1H), 4.60 (t, J = 8.1 Hz, 1H), 4.49 (t, J = 8.6 Hz, 1H), 4.10 (t, J =
7.9 Hz, 1H), 4.05 (d, J = 10.1 Hz, 1H), 3.95 (t, J = 9.6 Hz, 1H), 3.83 (s, 6H), 3.66 (d, J = 13.4 Hz,
1H), 3.33 (d, J = 13.4 Hz, 1H), 2.08 (s, 1H). C{1H} NMR (151 MHz, CDCls) & 160.3, 158.8,
158.4, 139.3, 138.4, 133.0, 132.8, 130.6, 129.8, 129.10, 129.07, 128.4, 127.8, 120.6, 119.4,
103.6, 98.6, 70.2, 63.4, 60.8, 59.2, 55.4, 55.2, 45.9.HRMS (DART) m/z calcd for CasHsoCIN,O04 [M

+ HJ": 493.1894; Found [M + H]*: 493.1929.

(S)-3-((1S,25)-1-((2,4-dimethoxybenzyl)amino)-1-(4-fluorophenyl)but-3-en-2-yl)-4-

phenyloxazolidin-2-one (1.3e). According to the general procedure B, the product was purified by
silica gel chromatography (5 % E.A. in DCM) to provide 147 mg (77 %) of 1.3e as a colourless
foam and a single diastereomer. Ry = 0.35 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCl3) d
7.37 —7.32 (m, 3H), 7.20 — 7.12 (m, 4H), 7.00 (d, J = 8.1 Hz, 1H), 6.94 (t, J = 8.6 Hz, 2H), 6.50
(s, 1H), 6.48 (d, J = 6 Hz, 1H), 5.06 (dt, J = 18.2, 9.5 Hz, 1H), 4.70 (d, J = 16.6 Hz, 2H), 4.60 (t, J
= 8.1 Hz, 1H), 4.49 (t, J = 8.6 Hz, 1H), 4.10 (t, J = 7.9 Hz, 1H), 4.05 (d, J = 10.1 Hz, 1H), 3.96 (t,
J = 9.6 Hz, 1H), 3.83 (s, 6H), 3.66 (d, J = 13.4 Hz, 1H), 3.34 (d, J = 13.5 Hz, 1H), 2.10 (s, 1H).
13C{1H} NMR (151 MHz, CDCl;) & 162.93 (C-F, 1J C-F = 244.62 Hz), 161.31 (C-F, 1J C-F =
244.62 Hz), 160.2 , 158.8, 158.4, 138.5, 136.4, 133.0, 130.5, 129.9, 129.8, 129.07 (C-F, 3J C-F
= 4.53 Hz), 129.05 (C-F, 3J C-F = 4.53 Hz), 127.8, 120.7, 119.2, 115.13 (C-F, 2J C-F = 21.14
Hz), 114.99 (C-F, 2J C-F = 21.14 Hz), 103.6, 98.6, 70.2, 63.5, 60.7, 59.1, 55.4, 55.2, 45.9.1%F
NMR (565 MHz, CDCl3) & -115.14. HRMS (DART) m/z calcd for CagHaoFN204 [M + H]*: 477.2190;

Found [M + HJ*: 477.2204.

4-((1S,2S)-1-((2,4-dimethoxybenzyl)amino)-2-((S)-2-oxo-4-phenyloxazolidin-3-yl)but-3-en-1-
yl)benzonitrile (1.3f). According to the general procedure B, the product was purified by silica gel
chromatography (10 % E.A. in DCM) to provide 157 mg (81 %) of 1.3f as a colourless foam and

a single diastereomer. R; = 0.36 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCls) & 7.54 (d, J
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= 7.9 Hz, 2H), 7.39 — 7.34 (m, 3H), 7.30 (d, J = 7.9 Hz, 2H), 7.22 — 7.18 (m, 2H), 6.95 (d, J = 8.1
Hz, 1H), 6.49 (s, 1H), 6.46 (d, J = 8.1 Hz, 1H), 5.14 (dt, J = 16.9, 9.8 Hz, 1H), 4.73 (d, J = 10.1
Hz, 1H), 4.66 (d, J = 17.0 Hz, 1H), 4.59 (t, J = 8.2 Hz, 1H), 4.51 (t, J = 8.6 Hz, 1H), 4.20 (d, J =
10.0 Hz, 1H), 4.12 (t, J = 8.1 Hz, 1H), 3.82 (s, 7H), 3.63 (d, J = 13.5 Hz, 1H), 3.32 (d, J = 13.5 Hz,
1H), 2.20 (s, 1H). 3C{1H} NMR (151 MHz, CDCls) & 160.4, 158.7, 158.2, 146.8, 137.9, 132.0,
130.5, 129.3, 129.2, 129.1, 127.8, 120.3, 119.9, 118.8, 111.2, 103.7, 98.6, 70.2, 63.4, 61.3, 59.4,
55.4, 55.2, 46.2. HRMS (DART) m/z calcd for CaoHaoNsO4 [M + HJ*: 484.2236; Found [M + HJ*:

484.2255.

(S)-3-((1S,29)-1-([1,1'-biphenyl]-4-yl)-1-((2,4-dimethoxybenzyl)amino)but-3-en-2-yl)-4-

phenyloxazolidin-2-one (1.3q). According to the general procedure B, the product was purified by
silica gel chromatography (5 % E.A. in DCM) to provide 144 mg (67 %) of 1.3q as a colourless
foam and a single diastereomer. R = 0.26 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCl3) d
7.59 (d, J = 7.9 Hz, 2H), 7.51 (d, J = 7.9 Hz, 2H), 7.42 (t, J = 7.7 Hz, 2H), 7.37 — 7.30 (m, 4H),
7.26 (d, J = 6.0 Hz, 3H), 7.21 — 7.16 (m, 2H), 7.08 (d, J = 8.0 Hz, 1H), 6.52 — 6.47 (m, 2H), 5.08
(dt, J = 18.1, 9.6 Hz, 1H), 4.76 (d, J = 17.0 Hz, 1H), 4.70 (d, J = 10.2 Hz, 1H), 4.63 (t, J = 8.0 Hz,
1H), 4.50 (t, J = 8.6 Hz, 1H), 4.17 — 4.05 (m, 3H), 3.84 (s, 3H), 3.83 (s, 3H), 3.73 (d, J = 13.5 Hz,
1H), 3.42 (d, J = 13.4 Hz, 1H), 2.07 (s, 1H). *C{1H} NMR (151 MHz, CDCls) & 160.2, 158.8,
158.6, 140.7, 140.1, 139.8, 138.8, 133.2, 130.6, 129.0, 128.9, 128.8, 128.7, 127.8, 127.2, 126.9,
126.8,121.0, 119.2, 103.6, 98.6, 70.3, 63.2, 61.3, 59.0, 55.4, 55.2, 45.9. HRMS (DART) m/z calcd

for CsaH3sN204 [M + H]*: 535.2597; Found [M + H]": 535.2631.

(S)-3-((1S,25)-1-((2,4-dimethoxybenzyl)amino)-1-(p-tolyl)but-3-en-2-yl)-4-phenyloxazolidin-2-
one (1.3r). According to the general procedure B, the product was purified by silica gel

chromatography (5 % E.A. in DCM) to provide 143 mg (76 %) of 1.3r as a colourless foam and a
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single diastereomer. Rf = 0.29 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCls) & 7.33 (dd, J
= 4.6, 2.3 Hz, 3H), 7.18 — 7.14 (m, 2H), 7.08 (s, 4H), 7.05 (d, J = 8.1 Hz, 1H), 6.51 — 6.46 (M, 2H),
5.00 (dt, J = 18.1, 9.6 Hz, 1H), 4.74 (d, J = 17.0 Hz, 1H), 4.66 (d, J = 10.2 Hz, 1H), 4.61 (t, J=7.9
Hz, 1H), 4.47 (t, J = 8.6 Hz, 1H), 4.13 (t, J = 9.6 Hz, 1H), 4.08 (t, J = 6 Hz, 1H), 3.95 (d, J = 9.9
Hz, 1H), 3.83 (s, 6H), 3.68 (d, J = 13.4 Hz, 1H), 3.35 (d, J = 13.3 Hz, 1H), 2.31 (s, 3H), 2.02 (s,
1H). BC{1H} NMR (151 MHz, CDCls) 5 160.2, 158.8, 158.6, 139.0, 137.5, 137.0, 133.50, 130.6,
128.96, 128.94, 128.91, 128.3,127.8, 121.0, 118.9, 103.6, 98.6, 70.3, 63.1, 61.2, 58.8, 55.4, 55.2,
45.7, 21.1. HRMS (DART) m/z calcd for CzoH33N204 [M + HJ": 473.2440; Found [M + H]*:

473.2459.

(S)-3-((1S,25)-1-((2,4-dimethoxybenzyl)amino)-1-(thiophen-2-yl)but-3-en-2-yl)-4-

phenyloxazolidin-2-one (1.3t). According to the general procedure B, the product was purified by
silica gel chromatography (5 % E.A. in DCM) to provide 137 mg (74 %) of 1.3t as a pale-yellow
foam and as a single diastereomer. R; = 0.33 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCls)
§7.36—7.31 (m, 3H), 7.21 (d, J = 5.1 Hz, 1H), 7.18 — 7.13 (m, 2H), 7.07 (d, J = 8.1 Hz, 1H), 6.90
(ddd, J = 4.8, 3.5, 1.1 Hz, 1H), 6.85 (d, J = 3.4 Hz, 1H), 6.50 (s, 1H), 6.48 (d, J = 7.9 Hz, 1H), 5.15
(dt, J = 16.2, 9.6 Hz, 1H), 4.84 (d, J = 17.0 Hz, 1H), 4.77 (d, J = 10.2 Hz, 1H), 4.56 (dd, J = 8.6,
7.2 Hz, 1H), 4.47 (td, J = 8.6, 1.1 Hz, 1H), 4.39 (d, J = 9.6 Hz, 1H), 4.08 (ddd, J = 11.6, 6.7, 2.8
Hz, 2H), 3.82 (s, 3H), 3.83 (s, 3H), 3.80 (d, J = 13.4 Hz, 1H), 3.48 (d, J = 13.4 Hz, 1H), 2.11 (s,
1H). BC{1H} NMR (151 MHz, CDCls) & 160.3, 158.8, 158.3, 145.5, 138.6, 132.8, 130.8, 129.0,
127.7, 126.2, 126.0, 124.8, 120.6, 119.3, 103.6, 98.6, 70.3, 63.5, 60.4, 59.0, 57.2, 55.4, 55.2,

46.0. HRMS (DART) m/z calcd for C26H29N204S [M + H]*: 465.1848; Found [M + H]*: 465.1852.

(S)-3-((1S,2S)-1-(5-bromothiophen-2-yl)-1-((2,4-dimethoxybenzyl)amino)but-3-en-2-yl)-4-
phenyloxazolidin-2-one (1.3u). According to the general procedure B, the product was purified by

silica gel chromatography (3 % E.A. in DCM) to provide 172 mg (79 %) of 1.3u as a pale-yellow
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foam as a single diastereomer and a 95:5 mixture of the branched to rearranged product. R =
0.38 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDClz) & 7.35 (dd, J = 4.2, 2.5 Hz, 3H), 7.17
(dd, J = 6.0, 2.6 Hz, 2H), 7.04 (d, J = 8.1 Hz, 1H), 6.84 (d, J = 6 Hz, 1H), 6.59 (d, J = 6 Hz, 1H),
6.50 (s, 1H), 6.48 (d, J = 12 Hz, 1H), 5.24 (dt, J = 16.7, 9.5 Hz, 1H), 4.89 — 4.83 (m, 2H), 4.54 (t,
J =8.0 Hz, 1H), 4.50 (t, J = 12 Hz, 1H), 4.39 (d, J = 9.6 Hz, 1H), 4.11 (t, J = 12 Hz, 1H), 3.84 (s,
3H), 3.83 (s, 3H), 3.80 (d, J = 13.5 Hz, 1H), 3.51 (d, J = 13.4 Hz, 1H), 2.24 (s, 1H). *C{1H} NMR
(151 MHz, CDCls) 6 160.3, 158.8, 158.0, 147.7, 138.0, 132.2, 130.7, 129.2, 129.1, 129.1, 127.7,
126.4, 120.3, 119.8, 111.6, 103.6, 98.6, 70.2, 63.6, 59.4, 57.7, 55.4, 55.2, 46.1. HRMS (DART)

m/z calcd for CasH2sBrN2O4S [M + H]*: 543.0953; Found [M + H]": 543.0949.

General Procedure C for the synthesis of 1.29. To a 20 ml crimp cap vial with a stir bar in an
Ar filled glove-box was charged Cu(OAc): (3.6 mg, 20 umol) and PCys (7.3 mg, 26 umol) followed
by toluene (1.0 ml) and the mixture was stirred for 5 mins. Allenamide 15a (96.6 mg, 480 umol)
followed by imine (400 umol) was then charged and the vial was sealed with a crimp-cap septum
and removed from the glove box. Dimethoxymethylsilane (0.099 ml, 2 eq) was then charged to
the reaction mixture (caution: dimethoxymethylsilane should be handled in a well-ventilated fume
hood because it is known to cause blindness. Syringes were quenched with 2M NaOH, gas
evolution! prior to disposal). The mixture was then stirred at RT for 24 h. The reaction was
guenched by addition of 200 mg of NH4F and 2.5 ml of MeOH followed by agitation at RT for 30
mins. 10 ml of 5% NaHCO3; was then added to the mixture followed by extraction with DCM (2X5
ml). The combined organics were dried with Na SO, filtered, and concentrated in vacuo. Crude

product was purified by flash chromatography on silica gel to afford the desired product 1.29.

Characterization Data:
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(4S,5S)-1-(2,4-dimethoxybenzyl)-3-((S)-2-hydroxy-1-phenylethyl)-5-(4-(trifluoromethyl) phenyl)-

4-vinylimidazolidin-2-one (1.29a). According to the general procedure C, the product was purified
by silica gel chromatography (5 % E.A. in DCM) to provide 198 mg (94 %) of 1.29a as a colourless
foam as a single diastereomer. Rf = 0.36 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCls) &
7.53 (d, J = 8.0 Hz, 2H), 7.35 — 7.30 (m, 2H), 7.26 (m, 4H), 7.18 (d, J = 8.0 Hz, 2H), 7.03 (d, J =
8.2 Hz, 1H), 6.41 (d, J = 6.0 Hz, 1H), 6.35 (d, J = 2.4 Hz, 1H), 5.59 (ddd, J = 17.0, 9.3, 8.7, 1.0
Hz, 1H), 5.20 (d, J = 10.1 Hz, 1H), 4.90 (t, J = 7.0 Hz, 1H), 4.85 (d, J = 17.1 Hz, 1H), 4.78 (d, J =
14.7 Hz, 1H), 4.32 (m, 1H), 4.25 (dd, J = 7.9, 3.4 Hz, 1H), 4.06 — 4.03 (m, 1H), 4.01 (d, J = 7.9
Hz, 1H), 3.86 (d, J = 14.7 Hz, 1H), 3.79 (s, 3H), 3.59 (s, 3H), 3.39 (t, J = 8.3 Hz, 1H). 3C{1H}
NMR (151 MHz, CDCls) 6 161.1, 160.7, 158.6, 143.0, 137.6, 134.8, 131.7, 130.55 (C-F, 2J C-F =
31.71 Hz), 130.39 (C-F, 2J C-F = 31.71 Hz), 130.18 (C-F, 2J C-F = 31.71 Hz),129.96 (C-F, 2J C-
F=31.71 Hz), 128.7, 127.8, 127.6, 127.4, 126.7 (C-F, 1J C-F = 271.8 Hz), 125.51 (C-F, 3J C-F
=3.02 Hz), 125.48 (C-F, 3J C-F = 3.02 Hz), 124.89 (C-F, 1J C-F = 271.8 Hz), 123.09 (C-F, 1J C-
F=271.8Hz),121.4,121.29 (C-F, 2J C-F=271.8 Hz), 116.2, 104.2, 98.1, 66.2, 64.9, 63.3, 61.9,
55.3, 54.9, 40.8. 1°F NMR (565 MHz, CDCls) & -62.54. HRMS (DART) m/z calcd for CagHzoF3sN204

[M + HJ*: 527.2158; Found [M + H]*: 527.2173.

(4S,5S)-1-benzyl-5-(3-bromophenyl)-3-((S)-2-hydroxy-1-phenylethyl)-4-vinylimidazolidin-2-one

(1.29j). Reaction was set up according to general procedure C and stirred at 65 °C for 24 h. The
product was purified by silica gel chromatography (5 % E.A. in DCM) to provide 131 mg (69 %)
of 1.29j as a colourless foam as a single diastereomer. R = 0.46 (50 % EtOAc/hexanes). *H NMR
(600 MHz, CDCls) 8 7.42 (d, J = 8.1 Hz, 1H), 7.36 (t, J = 7.5 Hz, 2H), 7.34 — 7.24 (m, 8H), 7.17 (t,
J=7.8 Hz, 1H), 7.11 (d, J = 6.6 Hz, 2H), 7.01 (d, J = 7.6 Hz, 1H), 5.59 (ddd, J = 17.0, 10.0, 8.7
Hz, 1H), 5.21 (d, J = 10.1 Hz, 1H), 4.98 (d, J = 14.9 Hz, 1H), 4.91 (d, J = 17.0 Hz, 1H), 4.82 (t, J
= 7.0 Hz, 1H), 4.38 — 4.27 (m, 2H), 4.08 — 4.05 (m, 1H), 3.94 (d, J = 7.5 Hz, 1H), 3.64 (d, J = 14.9

Hz, 1H), 3.48 (t, J = 8.1 Hz, 1H). *C{1H} NMR (151 MHz, CDCls) 5 160.6, 140.3, 137.5, 135.9,
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134.5, 131.6, 130.4, 130.2, 128.8, 128.7, 128.6, 127.9, 127.7, 127.6, 125.9, 123.0, 121.4, 66.2,
64.8, 62.8, 62.0, 45.7. HRMS (DART) m/z calcd for C26H26BrN202 [M + H]*: 477.1178; Found [M

+ H]*": 477.1207.

(4S,5S)-1-(2,4-dimethoxybenzyl)-3-((S)-2-hydroxy-1-phenylethyl)-5-(pyridin-3-yl)-4-

vinylimidazolidin-2-one (1.29k). According to the general procedure C, the product was purified
by silica gel chromatography (50 % E.A. in DCM) to provide 183 mg (99 %) of 1.29k as a pale-
yellow foam as a single diastereomer and as a 86:14 mixture of the rearranged 1.29k to branched
product 1.3k. R = 0.10 (60 % EtOAc/hexanes). *H NMR (600 MHz, CDCls) & 8.50 (s, 1H), 8.26
(s, 1H), 7.44 (d, J = 6.0 Hz, 1H), 7.36 — 7.30 (m, 3H), 7.28 — 7.24 (m, 4H), 7.06 (d, J = 8.2 Hz,
1H), 6.40 (dd, J = 8.3, 2.4 Hz, 1H), 6.35 (d, J = 2.4 Hz, 1H), 5.58 (ddd, J = 17.1, 10.0, 8.7 Hz, 1H),
5.20 (d, J = 10.1 Hz, 1H), 4.90 (t, J = 6.9 Hz, 1H), 4.85 (d, J = 17.1 Hz, 1H), 4.76 (d, J = 14.6 Hz,
1H), 4.34 — 4.29 (m, 1H), 4.26 (dd, J = 7.8, 3.3 Hz, 1H), 4.07 — 4.02 (m, 1H), 3.97 (d, J = 8.1 Hz,
1H), 3.86 (dd, J = 18.0 6.0 Hz 2H), 3.79 (s, 3H), 3.60 (s, 3H), 3.43 (t, J = 8.4 Hz, 1H). 3C{1H}
NMR (151 MHz, CDCls) 8 161.1, 160.7, 158.6, 149.6, 149.1, 137.6, 134.5, 131.8, 129.1, 128.7,
127.85, 127.82, 127.6, 121.6, 116.1, 104.2, 98.1, 66.3, 64.8, 61.8, 61.5, 55.3, 55.0, 40.7. HRMS

(DART) m/z calcd for C27H30N304 [M + H]*: 460.2236; Found [M + H]*: 460.2247.

(4S,5S)-1-(2,4-dimethoxybenzyl)-3-((S)-2-hydroxy-1-phenylethyl)-5-(4-methoxyphenyl)-4-

vinylimidazolidin-2-one (1.29I). According to the general procedure C, the product was purified by
silica gel chromatography (10 % E.A. in DCM) to provide 184 mg (94 %) of 1.291 as a colourless
foam as a single diastereomer. R; = 0.29 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCls) &
7.35 (t, J = 7.7 Hz, 2H), 7.31 — 7.25 (m, 3H), 7.02 (d, J = 8.0 Hz, 1H), 6.99 (d, J = 8.4 Hz, 2H),
6.83 (d, J = 6.0 Hz, 2H), 6.42 — 6.40 (m, 2H), 5.64 — 5.56 (ddd, J = 17.0, 9.3, 8.6 Hz, 1H), 5.18 (d,
J =10.3 Hz, 1H), 5.15 (t, J = 7.1 Hz, 1H), 4.87 (d, J = 17.0 Hz, 1H), 4.79 (d, J = 14.8 Hz, 1H),
4.35 - 4.24 (m, 2H), 4.07 — 4.04 (m, 1H), 3.94 (d, J = 7.8 Hz, 1H), 3.81 (s, 3H), 3.79 (s, 3H), 3.67

(s, 3H), 3.46 (t, J = 8.2 Hz, 1H). 3C{1H} NMR (151 MHz, CDCl3) 5 161.0, 160.5, 159.4, 158.7,
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137.9, 135.3, 131.4, 130.6, 128.6, 128.4, 127.7, 127.6, 120.8, 116.7, 113.9, 104.0, 98.1, 66.6,
65.1, 63.1, 61.8, 55.3, 55.2, 55.1, 40.5. HRMS (DART) m/z calcd for CasHasN2Os [M + HJ*:

489.2389; Found [M + H]*: 489.2387.

(4S,5S)-1-benzyl-3-((S)-2-hydroxy-1-phenylethyl)-5-(2-methoxyphenyl)-4-vinylimidazolidin-2-

one (1.29m). Reaction was set up according to general procedure C and stirred at 65 °C for 24
h. The product was purified by silica gel chromatography (10 % E.A. in DCM) to provide 118 mg
(69 %) of 1.29m as a colourless foam as a single diastereomer. R; = 0.37 (50 % EtOAc/hexanes).
H NMR (600 MHz, CDCl3) 5 7.26 (tdd, J = 14.3, 11.1, 7.6 Hz, 10H), 7.13 (d, J = 6.9 Hz, 3H), 6.94
(t, J=7.5Hz, 1H), 6.80 (d, J = 8.2 Hz, 1H), 5.68 (ddd, J = 16.8, 10.0, 8.3 Hz, 1H), 5.20 — 5.14 (m,
2H), 4.94 (dd, J = 16.1, 12.9 Hz, 2H), 4.50 (m, 1H), 4.33 — 4.27 (m, 2H), 4.06 — 4.00 (m, 1H), 3.70
(d, J = 15.0 Hz, 1H), 3.61 (s, 3H), 3.59 (m, 1H). *C{1H} NMR (151 MHz, CDCls) 5 160.7, 157.5,
138.0, 136.8, 135.6, 129.3, 128.5, 128.4, 127.6, 127.5, 127.3, 120.6, 119.7, 110.9, 65.2, 61.9,
55.1, 45.6. HRMS (DART) m/z calcd for Ca7H20N2Os [M + HJ*: 429.2178; Found [M + H]*:

429.2195.

(4S,5S)-4-(benzo[d][1,3]dioxol-5-yl)-3-(2,4-dimethoxybenzyl)-1-((S)-2-hydroxy-1-phenylethyl)-5-

vinylimidazolidin-2-one (1.29n). According to the general procedure C, the product was purified
by silica gel chromatography (10 % E.A. in DCM) to provide 197 mg (98 %) of 1.29n as a
colourless foam as a single diastereomer. R; = 0.26 (50 % EtOAc/hexanes). *H NMR (600 MHz,
CDCls) 8 7.36 — 7.32 (m, 2H), 7.29 — 7.25 (m, 4H), 7.03 (d, J = 8.1 Hz, 1H), 6.68 (d, J = 7.9 Hz,
1H), 6.57 (s, 1H), 6.49 (d, J = 7.9 Hz, 1H), 6.42 — 6.38 (m, 2H), 5.95 — 5.91 (m, 2H), 5.61 — 5.53
(ddd, J = 17.1, 9.3, 8.5 Hz, 1H), 5.18 (d, J = 10.1 Hz, 1H), 5.06 (d, J = 7.9 Hz, 1H), 4.88 (d, J =
17.0 Hz, 1H), 4.77 (d, J = 14.8 Hz, 1H), 4.33 — 4.22 (m, 2H), 4.03 (m, 1H), 3.89 (d, J = 7.7 Hz,
1H), 3.83 (d, J = 14.8 Hz, 1H), 3.80 (s, 3H), 3.68 (s, 3H), 3.42 (t, J = 8.2 Hz, 1H). **C{1H} NMR

(151 MHz, CDCls) 6 160.9, 160.5, 158.7, 147.4, 137.8, 135.2, 132.6, 131.4, 128.6, 127.6, 120.9,
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120.8, 116.6, 108.0, 107.1, 104.0, 101.1, 98.1, 66.5, 65.1, 63.5, 61.8, 55.3, 55.1, 40.6. HRMS

(DART) m/z calcd for C29H31N206 [M + H]*: 503.2182; Found [M + H]*: 503.2211.

(4S,5S)-1-(2,4-dimethoxybenzyl)-5-(furan-2-yl)-3-((S)-2-hydroxy-1-phenylethyl)-4-

vinylimidazolidin-2-one (1.29s). According to the general procedure C, the product was purified
by silica gel chromatography (5 % E.A. in DCM) to provide 149 mg (83 %) of 1.29s as a colourless
foam as a single diastereomer. R; = 0.28 (50 % EtOAc/hexanes). *H NMR (600 MHz, CDCls) &
7.34 — 7.28 (m, 3H), 7.27 — 7.21 (m, 4H), 7.06 (d, J = 8.0 Hz, 1H), 6.41 — 6.37 (m, 2H), 6.26 —
6.23 (m, 1H), 6.08 (d, J = 3.2 Hz, 1H), 5.61 (ddd, J = 17.1, 10.1, 8.7 Hz, 1H), 5.16 (d, J = 10.1 Hz,
1H), 5.08 — 5.05 (m, 1H), 4.98 (d, J = 18.0 Hz, 1H), 4.71 (d, J = 15.0 Hz, 1H), 4.30 — 4.23 (m, 2H),
4.08 (d, J = 6.7 Hz, 1H), 3.98 — 3.94 (m, 1H), 3.85 (d, J = 15.0 Hz, 1H), 3.77 (s, 3H), 3.74 — 3.69
(m, 4H). B3C{1H} NMR (151 MHz, CDCIs) 5 160.5, 160.2, 158.6, 151.0, 142.8, 137.7, 135.1, 131.0,
128.6, 127.6, 127.6, 120.6, 116.8, 110.2, 108.7, 104.0, 98.3, 65.2, 62.7, 62.0, 57.1, 55.3, 55.2,

40.7. HRMS (DART) m/z calcd for C26H20N205 [M + H]*: 449.2076; Found [M + H]*: 449.2066.
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Chapter 2 Development of Asymmetric CuH-Catalyzed Reductive Coupling of an Achiral

Allenamide with Ketone Electrophiles with Improved Enantiocontrol

l. Introduction

While methodologies based around the Evans oxazolidinone may be preferable from a
cost viewpoint, they are not very atom economical. The atom efficiency could be greatly
improved if the chiral induction could be carried out by a chiral Cu catalyst reacting with an
achiral allenamide. A stereoselective protocol for the aminoallylation of ketones using achiral
allenamides and chiral ligands has been previously developed by our group.5? This protocol was
innovative, owing to the fact that no previous enantioselective metal catalyzed ketone
aminoallylation had been previously reported. However, this reaction suffered from low to
moderate enantiocontrol that varied with the nature of the aryl ketone substrates employed. Our
efforts towards improving the enantiocontrol of the aminoallylation using ketone electrophiles

are discussed herein (Scheme 2.1).

Scheme 2.1: Method Development for CuH-Catalyzed Reductive Coupling

of Achiral Allenamides and Ketone Electrophiles
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Il. Background

A. Aminoalcohol Containing Natural Products and Drugs

There are countless examples of the 1,2-aminoalcohol motif in both pharmaceuticals
and natural products (Fig. 2.1).2%%%9 Similarly to the diamine motif, these aminoalcohols are
also challenging to synthesize due to the dissonant charge affinity that is present across the
carbon framework. This fact necessitates the design of methodologies that can easily
synthesize these multi-heteroatom functional groups in a single step, while also being in an

efficient and stereoselective manner.

Figure 2.1: Aminoalcohol Containing Natural Products and Drugs
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B. Prior Art for Chiral Aminoalcohol Synthesis
There exist many possible strategies to access the 1,2-aminoalcohol motif in a chiral

fashion (Fig 2.2). One common precursor to aminoalcohols are alkenic systems. From this
precursor, aminohydroxylation®® and enantioselective epoxidation® followed by ring-opening
with an amine®? represent attractive methodologies to synthesize this motif. The drawbacks to
these are that the epoxidation — ring opening method requires two steps and the
enantioselective aminohydroxylation can require extremely toxic metals such as osmium. The
cross aza-pinacol reaction is another potential way to access this framework, this time through
one-electron chemistry, with the coupling of an aldimine and an aldehyde.®® However, as this
reaction goes through a radical pathway there is the possibility of issues with dimerization.
Another route to access this framework can come in the form of performing a Henry reaction®*
between a nitroalkane and an aldehyde followed by a reduction®® of the nitro group. Even so,
the difficulty of reducing nitroalkanes can limit the functional group compatibility of this
process.%® It would be advantageous if there existed a methodology for the chemist to use that
would allow the synthesis of the 1,2-aminoalcohol motif in a way that was high yielding, highly

functional group tolerant, and able to be performed in a minimum number of steps.

Scheme 2.2: Potential Routes to Access 1,2-aminoalcohols
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C. Prior Art for Enantioselective Allenamide — Ketone Reductive Coupling
Our group has previously published work describing the enantioselective aminoallylation

of aryl ketones with achiral allenamide 2.11 using the Walphos-008 ligand as the source of
chirality (Scheme 2.3).52 This work did induce a moderate degree of enantioselectivity into the
aminoalcohol synthon product but suffered from a competitive on-cycle carbamate migration.
This would, in theory, not be an issue due to the fact that the aminoalcohol can be easily
converted to the carbamate product in a single step.®” This product can then be transformed into
the free aminoalcohol in four steps. However, the issue with this process is that, when analyzing
the products of the reaction, carbamate product 2.13a has a vastly different enantiomeric ratio

than aminoalcohol product 2.12a.

Scheme 2.3: Prior Art for Enantioselective Allenamide — Ketone Reductive Coupling
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The difference in enantioselectivities was theorized to be due to a reversable

allylcupration between allylcopper intermediate 2.14 and copper alkoxide 2.15 (Scheme 2.4).

Reversible allylation at ambient conditions in metal catalyzed reductive coupling reactions had

not been identified prior to this work. If the allylcupration step is reversible, then the

enantiopurity of the product would be dependent on the rate of silylation (ki) vs carbamate

migration (k2) of copper alkoxide 2.15.
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Scheme 2.4: Ketone Aminoallylation With Migration Mechanism
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Further evidence to support the idea of a reversible allylcupration was found by

subjecting aminoalcohol synthon 2.12a to catalytic amounts of copper and walphos-8 under

basic conditions (Scheme 2.5).52 The results of this experiment show that protonated forms of

the potential isomers of allylcopper intermediate 2.14 in Scheme 2.4, ketone, and the

allenamide in different enantiopurity, can be recovered from the reaction.

Scheme 2.5: Evidence For Reversible Allylcupration
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Il Research Design

Due to issues with enantiopurity loss from the on-cycle carbamate migration and a
laborious deprotection sequence, further improvements to this methodology had to be
developed.®® The easiest way to accomplish both of these improvements was thought to be
through changing the protecting groups on the nitrogen of the allenamide. If suitable protecting
groups could be found that were both resistant to the rearrangement and offered facile
deprotection then the methodology could be greatly improved. Initially the protecting groups that

were chosen were the Boc and PMB protecting groups (Scheme 2.6).

Scheme 2.6: Initial Design of the Aminoallylation Reaction
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o 6 mol % L BocN

A BocN™ Ph

Ph™ "Me | X (MeO),MeSiH (2 equiv) g
Bn toluene, rt, 24 h Mé OH

then NH4F
21a 2.19 2.20a

50



(AVA Ketone Reductive Coupling Protocol Employing Chiral Ligands

A. Reaction Development

Table 2.1: Ligand Optimization in the Cu-Catalyzed Reductive Coupling®

9 Boc, 56r.nsorlnoc/:| %u/(igﬁncf By -Bee
Me + N\ N
Bn %\ Me(MeO),SiH (2 equiv) 3
toluene, rt, 24 h HO Me
2.1a 2.19 then NH,F 2.20a
(1.2 equiv)

Entry Ligand % yield 2.20aP Dr 2.20a° Er 2.20a¢
1 (R,R)-Ph-BPE 73 53:47 71:27
2 (R)-BINAP 84 52:48 78:22
3 (R)-SegPhos 82 56:44 78:22
4 (R)-DuanPhos 82 45:52 73:27
5 w8 10 100:0 63:37
6 (R)-DBTM-SegPhos 78 69:31 77:23
7 (R)-Xyl-BINAP 69 63:37 73:27
8 A-120 100 55:45 39:61
9 A-131 68 75:25 29:71
10 (R)-iPr-DuPhos 83 53:47 79:21
11 (R)-QuinoxP* 08 55:45 82:18
12 M3 12 100:0 60:40
13 J9 72 61:39 92:8
14 J7 100 50:50 88:12
15 J15 70 53:47 79:21
16 J2 76 51:49 97:3
17 J8 95 51:49 88:12
18 Ji1 62 52:48 82:18
19 J3 42 54:46 97:3
20 J5 49 39:61 89:11

aReaction performed according to the general procedure employing 0.200 mmol of ketone, 0.240 mmol of 2.19, 0.40 mmol of Me(OMe).SiH in 0.50 mL
of toluene at rt for 24 h. ®Yield of 2.20a determined by quantitative *HNMR spectroscopy on the unpurified reaction mixture using dimethyl fumarate as
the analytical standard. °The ratio was determined by HNMR spectroscopic analysis on the unpurified reaction mixture. “Enantiomeric ratio for the major

diastereomer was determined by HPLC analysis using a chiral stationary phase.
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the reductive coupling of achiral allenamide 2.19 and aryl ketone 2.1a (Table 2.1). Moderate to

excellent yields and enantioselectivities were obtained for the majority of ligands tested albeit

with extremely poor diastereoselectivity for most cases. Since Josiphos-002 (J2, entry 16)

offered the best combination of the yield and enantioselectivity it was used as the model ligand

to test various other changes to the reaction conditions.
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Table 2.2: Solvent, Temperature, and Allenamide Survey in the Cu-Catalyzed Reductive

Coupling?®

') 5 mol % Cu(OAc), Riw. .R,

R 6.5 mol % ligand N

Me + /N—\\ X
Ry \ _ Me(MeO),SiH (2 equiv) 3
Solvent, Temperature, 24 h HO Me
2.1a 2.21 then NH4F 2.22
(1.2 equiv)

Entry | Ry, Rz Solvent Temperature | % yield 2.22° | Dr 2.22° | Er 2.22°
1 Boc, Bn Toluene 22 °C 76 53:47 97:3
2 Boc, Bn THF 22 °C 81 54:46 96:4
3 Boc, Bn MTBE 22 °C 78 50:50 98:2
4 Boc, Bn 1,4-Dioxane 22 °C 81 58:42 95:5
5 Boc, Bn Me-THF 22 °C 85 52:48 95:5
6 Boc, Bn CFs-Toluene 0°C 87 53:47 96:4
7 Boc, Bn Toluene 0°C 76 58:42 98:2
8 Boc, Bn Dioxane 0°C 61 59:41 98:2
9 Boc, Bn Toluene 50 °C 86 56:44 94:6
10 Boc, Bn Toluene/1,4-Dioxane 0°C 81 58:42 98:2
11 Ac, PMB Toluene/1,4-Dioxane 0°C 87 90:10 97:3
12 COi-Pr, PMB | Toluene/1,4-Dioxane 0°C 68 79:21 87:13

2Reaction performed according to the general procedure employing 0.200 mmol of ketone, 0.240 mmol of 2.21, 0.40 mmol of

Me(Ome),SiH in 0.50 mL of solvent at the specified temperature for 24 h. Yield of 2.22 determined by quantitative *HNMR

spectroscopy on the unpurified reaction mixture using dimethyl fumarate as the analytical standard. °The ratio was determined by

'HNMR spectroscopic analysis on the unpurified reaction mixture. “Enantiomeric ratios for the major diastereomer were determined

by HPLC analysis using a chiral stationary phase.

A survey of solvent, temperature, and allenamide protecting group was then conducted

(Table 2.2). It was observed that a 50/50 mixture of toluene and 1,4-dioxane run at 0 °C

provided the optimal combination of yield and enantioselectivity, albeit still with poor

diastereoselectivity (Entry 10). The only factors that seemed to impact the diastereoselectivity in

a major way were the protecting groups on the allenamide (entries 10 — 12). When the acetyl
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and para-methoxybenzyl protecting groups were used, an acceptable diastereoselectivity was

finally obtained (Entry 11).

B. Substrate Scope

Scheme 2.7: Scope of the Ketone — Allenamide Reductive Coupling Reaction
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With the optimal reaction conditions in hand, the scope of the reaction was investigated

using a variety of sterically and electronically different ketones (Scheme 2.7).5” High yields, as

well as diastereo- and enantioselectivities were observed for a number of electron deficient

(2.24Db, 2.24m, and 2.24p) and electron rich (2.24f-i, 2.24k, 2.24n, and 2.24r) aryl ketones. Of
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exceptional note were certain hetereocyclic products such as those derived from 3-
acetylpyridine (2.24d) and 1-tosyl-3-acetylpyrrole (2.240) that had near perfect yield and
enantiopurity respectively. Alkyl ketones (2.24s-t)) functioned poorly, with low yields and

enantioselectivities.

C. Deprotection

The acetyl protecting group on aminoallylation product 2.24a could be efficiently cleaved
using LAB to furnish free secondary amine 2.25 (Scheme 2.8).%8 The stereocenter of the carbon
bearing the alcohol substituent can be inverted through a process involving re-protection of the
amine with Boc anhydride, activation of the alcohol with SOCI;, and neighboring group
participation of the Boc group to attack the activated alcohol.®® This afforded inverted carbamate
2.27, which was compared to the same compound prepared from authentic material to confirm
the absolute and relative stereochemistry.5” Conversion of deprotected amine 2.25 to
carbamate 2.27 was also performed, expected to proceed through retention of stereochemistry,
as a control. Notably, this divergent pathway allows for either diastereomer of the aminoalcohol

synthon to be obtained, depending on what is desired by the chemist.

Scheme 2.8: Deprotection and Stereocenter Inversion
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O
triphosgene PMBN/«O
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D. Stereochemical Rationalization

One realization of particular interest is that the major diastereomer that is produced from
the reaction with acyclic allenamides is inverted compared to that of cyclic allenamides. To
understand this result, one must examine the Newman projections of each transition state
structure leading to each diastereomeric product. For the case involving cyclic carbamate (CC)
derived allenamides, the major diastereomer is the one that is predicted by the Newman
analysis (Fig 2.2). The transition state leading to the major syn-diastereomer (Z-TS-N) has one
gauche interaction, while the transition state leading to the minor anti-diastereomer (E-TS-N)
has two gauche interactions. The reduced strain from the number of gauche interactions

observed correctly rationalizes the syn-product selectivity of the reaction.

Figure 2.2: Newman Analysis for Cyclic Carbamate (CC)
Derived Allenamides
Cyclic Carbamate (CC):
R E
t L,Cu-. S
R 2CUe,,
LoCUren, X \ AN
\o%X/N\(O vs- OJ\%
RL O N__o
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(E)-TS @7s °
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Rs\ N//\O H
LoCu— Tg -vs- LU K RL
Rl L
7
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(E)-TS-N (2)-TSN
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Minor Major
o)
(o (o
\/S/RL SR
RS OH vR?{’OH
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Counterintuitively, the major diastereomer produced by the reaction employing acyclic

amide derived allenamides is the opposite of the one predicted by an analogous Newman

analysis (Fig 2.3). The transition state leading to the now major anti-diastereomer (E-TS-N) has

two gauche interactions, while the transition state leading to the minor syn-diastereomer (Z-TS-

N) only has one gauche interaction.

Figure 2.3: Newman Analysis for the Acyclic Carbamate/Amide

Acyclic Carbamate/Amide (AC):

- - t

¥ R
4 s
Rs\ R H
N__R’ LCu—" ~
chu‘ / Y -VS- ‘O 7Ri|'<
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This oddity can be rationalized by the fact that Newman analysis assumes a degree of planarity

throughout the molecule being studied, which in many cases is not true. Previous studies of (Z)-

substituted enamides have demonstrated that these structures are not planar and exist as
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“twisted” amides due to the presence of Al strain.”® This “twisting” serves to reduce the A3
strain that is present, but also heavily shields the ketone approach vector that results in the syn
diastereomer in the case of the acyclic amide derived allenamides (Fig 2.4, A). The amide twist
phenomenon is also present in the case of the cyclic carbamate (CC) derived allenamides, but
the reduced steric bulk of the oxazolidinone moiety compared to the R® substituent of the acyclic
amide derived allenamide results in a much lower ability to shield allylcopper intermediate (Z2)-T

from the ketone approach vector (Fig 2.4, B).

Figure 2.4: Amide Twist Depiction

A: Destabilization of (Z)-AC-TS-T caused by twisting (anti-selective):
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V. Conclusion

This strategy for the stereoselective reductive coupling of ketones and achiral
allenamides to selectively generate 1,2-aminoalcohol synthons is an effective tool for accessing
molecules with a dissonant charge affinity. This improves upon work previously published by

our group by increasing enantiocontrol over the process through the modification of the
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allenamide substituents to remove the carbamate migration step that was deleterious to the
enantioselectivity of the products. This generally high yielding protocol generates branched
products with high diastereo- and enantioselectivities, owing to the chiral ligand. The acetyl
protecting group can be easily removed and the resulting anti-aminoalcohol can undergo boc-
protection followed by anchimerically assisted cyclocarbamation with SOCI, to furnish the syn-

aminoalcohol carbamate product.

VI. Experimental Methods

General. *H NMR spectra were recorded on Bruker 600 MHz spectrometers. Chemical shifts are
reported in ppm from tetramethylsilane with the solvent resonance as an internal standard (CDCls:
7.26 ppm). Data are reported as follows: chemical shift, integration, multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, p = pentet, h = hextet, hept = heptet, br = broad, m = multiplet),
and coupling constants (Hz). 1*C NMR was recorded on a Bruker 600 MHz (151 MHz) instrument
with complete proton decoupling. Chemical shifts are reported in ppm from tetramethylsilane with
the solvent as the internal standard (CDCls: 77.0 ppm). Chiral Column HPLC analyses were
performed on a Shimadzu Prominence i-series LC-2030C using chiral Daicel columns purchased
from Chiral Technologies, Inc. Liquid chromatography was performed using forced flow (flash
chromatography) on silica gel purchased from Silicycle. Thin layer chromatography (TLC) was
performed on glass-backed 250 um silica gel F254 plates purchased from Silicycle. Visualization
was achieved using UV light, a 10% solution of phosphomolybdic acid in EtOH, or potassium
permanganate in water followed by heating. HRMS was collected using a Jeol AccuTOF-DART™
mass spectrometer using DART source ionization. All reactions were conducted in oven or flame
dried glassware under an inert atmosphere of nitrogen or argon with magnetic stirring unless
otherwise noted. Solvents were obtained from VWR as HPLC grade and transferred to septa
sealed bottles, degassed by Ar sparge, and analyzed by Karl-Fischer titration to ensure water
content was < 600 ppm. Me(MeO),SiH was purchased from Gelest and used as received.
Ketones were purchased from Sigma Aldrich, TCI America, Alfa Aesar, or Oakwood Chemicals
and used as received. All other materials were purchased from VWR, Sigma Aldrich, Combi-
Blocks, Alfa-Aesar, or Strem Chemical Company and used as received.

Method A: General procedure for Cu(J2) catalyzed reductive coupling with ketones.

To a 20 mL crimp-cap vial with stir-bar in an Ar-filled glove-box was charged 1.8 mg
(0.0100 mmol, 0.05 equiv) of Cu(OAc). and 7.1 mg (0.0130 mmol, 0.065 equiv) of J-2. Toluene
(0.25 mL) and 1,4-dioxane (0.25 mL) was then added, and the mixture was allowed to stir for 30
min. Alleneamide 2.23 (0.240 mmol, 1.2 equiv) was then charged along with the ketone (0.200
mmol, 1 equiv, 0.4 M in solvent), and reaction vessel sealed with a crimp-cap septum and
removed from the glove-box. The reaction was then cooled in an ice bath, and
dimethoxymethylsilane (49 uL, 0.4 mmol, 2 equiv) was then charged by syringe (caution:
dimethoxymethylsilane should be handled in a well-ventilated fume hood because it is known to
cause blindness. Syringes were quenched with 2M NaOH, gas evolution!, prior to disposal) After
24 h at 0 °C, the reaction was then quenched by the addition of 95 mg of NH4+F and 3.0 mL of
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MeOH followed by agitation at rt for 30 min — 1 h. To the mixture was then charged 5 mL of 5%
NaHCO;s; followed by extraction with CH2Cl, (2x5mL). The combined organics were dried with
Na.SO, and concentrated in vacuo. An aliquot of the crude mixture was analyzed by *HNMR
spectroscopy to determine dr. The crude residue was then purified by flash chromatography on
silica gel to afford the desired product. Enantioselectivity was determined by chiral column HPLC
analysis relative to authentic racemate prepared by the above procedure employing rac-BINAP
as the ligand.

Characterization Data

Bn. _Boc tert-butyl benzyl((3S,4R)-4-hydroxy-4-phenylpent-1-en-3-yl)carbamate
N (2.19): According to the general procedure A using allenamide 2.23a, the product
NN was purified by silica gel chromatography (2.5 % EtOAc in Hexanes) to provide
HO Me 60 mg (81 %) of 2.19 as a white foam with a diastereomeric ratio of 58:42 with
2.19 the major diastereomer having an enantiomeric ratio of 98:2. Ry =0.67 (50 %

EtOAc/hexanes). The stereochemistry was assigned by analogy to 2.24a.
!HNMR (CDCls, 600 MHz) &: 7.39 (d, J = 7.10 Hz, 2H, minor), 7.33 (d, J = 7.93 Hz, 2H, major),
7.29 (t, J =7.57 Hz, 2H, minor), 7.28 (d, J = 7.74 Hz, 2H, major), 7.23 (d, J = 8.68 Hz, 2H, major),
7.22 (m, 4H, minor), 7.18 (t, J = 7.36 Hz, 1H, major), 6.96 — 7.00 (m, 2H), 6.90 (d, J = 8.49 Hz,
2H, major), 6.74 (br s, 1H, minor), 6.42 (ddd, J = 17.51 Hz, 9.77 Hz, 8.05 Hz, 1H, minor), 5.88
(ddd, J = 17.37 Hz, 8.68 Hz, 8.31 Hz, 1H, major), 5.18 (d, J = 10.36 Hz, 1H, minor), 4.95 (d, J =
10.82 Hz, 1H, major), 4.85 (d, J = 18.00 Hz, 1H, minor), 4.64 (t, J = 17.88 Hz, 2H, major), 4.18
(d, 3 =17.00 Hz, 1H, major), 4.17 (d, J = 15.82 Hz, 1H, minor), 3.98 (br s, 1H, major), 3.67 (d, J
= 8.18 Hz, 1H, minor), 3.51 (d, J = 15.27 Hz, 1H, minor), 1.48 — 1.57 (m, 12H, major), 1.32 (s,
12H). C NMR (151 MHz, CDCls): 6 157.2, 146.8, 138.1, 137.7, 132.5, 131.5, 128.5, 128.2, 128.0,
127.9, 127.8, 127.2, 126.5, 126.4, 125.5, 125.2, 119.1, 81.4, 81.0, 76.9, 73.5, 54.7, 28.5, 28.4,
28.3. HRMS (DART) m/z calcd for Cz3H2sNO> [M - OH]*: 350.2115; Found [M - OH]*: 350.2145.

N-benzyl-N-((3R,4S)-4-hydroxy-4-phenylpent-1-en-3-yl)acetamide  (2.2b):

Py According to the general procedure A using allenamide 2.23b, the product was
NN purified by silica gel chromatography (10 - 20 % EtOAc in Hexanes) to provide
HO Me 54 mg (87 %) of 13b as a white foam with a diastereomeric ratio of 88:12 with
2.23b the major diastereomer having an enantiomeric ratio of 96:4. Rt =0.37 (50 %

EtOAc/hexanes). The stereochemistry was assigned by analogy to 2.24a.
'HNMR (CDCls, 600 MHz) &: 7.22 — 7.40 (m, 9H), 7.19 (t, J = 7.38 Hz, 1H), 5.95 (ddd, J = 16.94
Hz, 9.12 Hz, 8.69 Hz, 1H), 4.99 (d, J = 10.86 Hz, 1H), 4.65 (d, J = 16.07 Hz, 1H), 4.58 (d, J =
16.51 Hz, 1H), 4.28 (d, J = 16.51 Hz, 1H), 2.27 (s, 3H), 1.38 (s, 3H). *C NMR (151 MHz, CDCls):
6 173.5,146.2,136.2, 131.0, 128.8, 128.1, 127.9,127.8,127.78,127.71, 126.6, 125.6, 76.2, 29.7,
29.6, 28.4, 23.2. HRMS (DART) m/z calcd for C20H22NO [M - OH]*: 292.1696; Found [M - OH]*:
292.1672.

0 N-((3R,4S)-4-hydroxy-4-phenylpent-1-en-3-yl)-N-methylisobutyramide (2.21c).
Bn\NJ\iPr According to the general procedure A using allenamide 2.23c and 0.250 mmol of
\/S/Fm acetophenone, a crude mixture of 2.21c of 79:21 dr (*HNMR spectroscopy) was
we o obtained and purified by silica gel chromatography (eluent: 0 — 20% EtOAc in
2.21¢ Hexanes) to provide 46 mg (68%) of 2.21c as a diasteromeric mixture in 87:13 er.
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The stereochemistry was assigned by analogy to 2.24a. Ri= 0.10 (20 % EtOAc/hexanes). tHNMR
(CDCls, 600 MHz) &: 7.08 — 7.31 (m, 10H), 5.85 (m, 1H), 4.89 (d, J = 10.31 Hz, 1H), 4.43 — 4.74
(m, 2H), 4.14 — 4.31 (m, 2H), 2.70 — 2.84 (m, 1H), 1.33 (s, 3H), 1.13 (d, J = 6.66 Hz, 6H). 1*C
NMR (151 MHz, CDCls): 6 180.0, 146.6, 132.5, 131.2, 128.7, 127.8, 127.1, 126.6, 125.7, 125.4,
120.1, 76.9, 31.9, 28.3, 19.8, 19.6, 18.4. HRMS (DART) m/z calcd for CxH2NO [M - OHJ*:
320.2009; Found [M - OH]*: 320.1997.

PMB.. -AC N-((3S,4R)-4-hydroxy-4-phenylpent-1-en-3-yl)-N-(4-
S methoxybenzyl)acetamide (2.24a): According to the general procedure A
using allenamide 2.23d, the product was purified by silica gel chromatography

HO Me (10 % to 20 % EtOAc in Hexanes) to provide 59 mg (87 %) of 2.24a as a white
2.24a foam with a diastereomeric ratio of 90:10 with the major diastereomer having

an enantiomeric ratio of 97:3. Relative and absolute stereochemistry was
assigned by conversion to authentic material, see pages S27-S29 Ry =0.30 (50 %
EtOAc/hexanes). 'H NMR (600 MHz, CDCls) 8 7.15-7.22 (m, 6H), 6.92 (d, J = 8.80 Hz, 2H), 5.95
(ddd, J = 17.41 Hz, 8.97 Hz, 8.96 Hz, 1H), 4.98 (d, J = 10.61 Hz, 1H), 4.54-4.61 (m, 2H), 4.23 (d,
J = 15.98 Hz, 1H), 3.83 (s, 3H), 2.30 (s, 3H), 1.29 (s, 3H) *C NMR (151 MHz, CDCl;) & 173.2,
159.5, 146.4, 131.0, 129.2, 128.0, 127.8, 126.5, 125.6, 118.2, 114.2, 75.9, 55.4, 53.5, 28.5, 23.3.
HRMS (DART) m/z calcd for C2:H24NO- [M - OH]*: 322.1802; Found [M - OH]*: 322.1825.

PMB. -Ac CFs N-((3S,4R)-4-hydroxy-4-(4-(trifluoromethyl)phenyl)pent-1-en-3-yl)-N-(4-
N methoxybenzyl)acetamide (2.24b): According to the general procedure A

HO Me using allenamide 2.23d, the product was purified by silica gel chromatography
(10 % - 30 % EtOAc in Hexane) to provide 69 mg (85 %) of 2.24b as a glass
with a diastereomeric ratio of 84:16 with the major diastereomer having an
enantiomeric ratio of 96:4. The stereochemistry was assigned by analogy to 2.24a. Rt = 0.47 (50
% EtOAC/hexanes). *H NMR (600 MHz, CDCls) & 7.50 (d, J = 8.35 Hz, 2H), 7.37 (d, J = 8.14
Hz,2H), 7.19 (d, J = 8.47 Hz, 2H), 6.93 (d, J = 8.63 Hz, 2H), 5.96 (ddd, J = 17.45 Hz, 8.95 Hz,
8.63 Hz, 1H), 4.97 (d, J = 10.54 Hz, 2H), 4.61 (d, J = 16.22 Hz, 1H), 4.54 (d, J = 17.35 Hz, 1H),
4.24 (d, J = 15.84 Hz, 1H), 3.84 (s, 3H), 2.33 (s, 3H), 1.30 (s, 3H) *C NMR (151 MHz, CDCls) d
173.2, 159.7, 150.7, 130.4, 129.5, 128.8 (q, J = 32.7 Hz), 127.6, 126.0, 124.8 (q, J = 4.3 Hz),
124.2 (J = 271.9 Hz), 118.6, 114.3, 75.6, 55.4, 54.7, 28.3, 23.3. F NMR (565 MHz, CDCl;) & -
62.33. HRMS (DART) m/z calcd for C2;H23F3sNO2 [M - OH]*: 390.1675; Found [M - OHJ*: 390.1700.

2.24b

N-((3S,4R)-4-(4-chlorophenyl)-4-hydroxypent-1-en-3-yl)-N-(4-

PMB., .Ac Cl . .
N methoxybenzyl)acetamide (2.24c): According to the general procedure A
N using allenamide 2.23d, the product was purified by silica gel chromatography
HO Me (10 % - 30 % EtOAc in Hexane) to provide 67 mg (90 %) of 2.24c as a glass
2.24c with a diastereomeric ratio of 76:24 with the major diastereomer having an

enantiomeric ratio of 98:2. The stereochemistry was assigned by analogy to 2.24a. Rs = 0.40 (50
% EtOAC/hexanes). *H NMR (600 MHz, CDCls) & 7.15-7.22 (m, 6H), 6.92 (d, J= 8.80 Hz, 2H),
5.95 (ddd, J = 17.41 Hz, 8.97 Hz, 8.96 Hz, 1H), 4.98 (d, J = 10.61 Hz, 1H), 4.54-4.61 (m, 2H),
4.23 (d, J = 15.98 Hz, 1H), 3.83 (s, 3H), 2.30 (s, 3H), 1.29 (s, 3H). **C NMR (151 MHz, CDCls) &
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173.2,150.6, 145.1, 132.3, 130.6, 129.4, 128.8, 127.9, 127.2, 118.6, 114.2, 75.6, 55.4, 55.3, 28.4,
23.3. HRMS (DART) m/z calcd for C21H23CINO2 [M - OH]*: 356.1412; Found [M - OHJ*: 356.1433.

PMB,-Ac = ‘ N-((3S,4R)-4-hydroxy-4-(pyridin-3-yl)pent-1-en-3-yl)-N-(4-
X ~_N methoxybenzyl)acetamide (2.24d): According to the general procedure A using
HO Me allenamide 2.23d, the product was purified by silica gel chromatography (50 % -
2.24d 100 % EtOAc in Hexane) to provide 71 mg (99 %) of 2.24d as a glass with a

diastereomeric ratio of 80:20 with the major diastereomer having an enantiomeric ratio of 95:5.
The stereochemistry was assigned by analogy to 2.24a. R = 0.08 (50 % EtOAC/hexanes). H
NMR (600 MHz, CDCls) & 8.41 (s, 2H), 7.71 (d, 7.74 Hz, 1H), 7.16 (d, 8.64 Hz, 3H), 6.90 (d, J =
8.64 Hz, 2H), 5.97 (ddd, J = 17.21 Hz, 8.99 Hz, 8.48 Hz, 1H), 4.96 (d, J = 10.8 Hz, 1H), 4.59 (d,
J=16.57, 1H), 4.52 (d, J = 17.21 Hz, 1H), 4.23 (d, J = 17.21 Hz, 1H), 3.80 (s, 3H), 2.30 (s, 3H),
1.30 (s, 3H). *C NMR (151 MHz, CDCl3) 6 173.1, 159.7, 147.8, 147.4, 133.8, 130.3, 129.4, 129.2,
128.7,127.5,119.1, 114.3, 74.7, 55.4, 43.3, 28.1, 23.3. HRMS (DART) m/z calcd for C2oH23N-0-
[M - OHJ*: 323.1754; Found [M - OH]*: 323.1782.

PMB,, -Ac B N—((38,4S)—4—hydrqu—4—(5—methy|thio_phen—2—y|)pent—l—en—3—y|)—N—(4—
g’ Me  methoxybenzyl)acetamide (2.24e): According to the general procedure A
HO Me using allenamide 2.23d, the product was purified by silica gel chromatography
2.24e (10 % - 40 % EtOAc in Hexane) to provide 40 mg (56 %) of 2.24e as a glass

with a diastereomeric ratio of 80:20 with the major diastereomer having an enantiomeric ratio of
94:6. The stereochemistry was assigned by analogy to 2.24a. Rt = 0.39 (50 % EtOAC/hexanes).
H NMR (600 MHz, CDCls) & 7.12 (d, J = 8.53 Hz, 2H), 6.88 (d, 8.53 Hz, 2H), 6.55 (d, 3.59 Hz,
1H), 6.48 (d, 3.59 Hz, 1H), 6.03 (ddd, J = 17.29 Hz, 9.17 Hz, 8.65 Hz, 1H), 5.08 (d, 10.35 Hz, 1H),
4.86 (d, J =17.16 Hz, 1H), 4.49 (d, 16.46 Hz, 1H), 4.16 (d, 16.46 Hz, 1H), 3.81 (s, 3H), 2.41 (s,
3H), 2.24 (s, 3H), 1.35 (s, 3H). *C NMR (151 MHz, CDCIs) 6 173.5, 159.4, 149.1, 138.3, 131.1,
130.1, 129.0, 128.1, 124.8, 122.2, 114.1, 76.0, 55.3, 53.8, 29.7, 23.1, 15.2. HRMS (DART) m/z
calcd for CoH24NO2S [M - OHJ*: 342.1522; Found [M - OH]*: 342.1548.

PMB. -Ac OMe N-((3S,4R)-4-hydroxy-4-(4-methoxyphenyl)pent-1-en-3-yl)-N-(4-
N methoxybenzyl)acetamide (2.24f): According to the general procedure A
HO Me using allenamide 2.23d, the product was purified by silica gel chromatography

(10 % - 30 % EtOAc in Hexane) to provide 39 mg (53 %) of 2.24f as a glass
with a diastereomeric ratio of 83:17 with the major diastereomer having an
enantiomeric ratio of 95:5. The stereochemistry was assigned by analogy to 2.24a. Rs = 0.28 (50
% EtOAC/hexanes). *H NMR (600 MHz, CDCls) 6 7.21 (d, J = 8.67 Hz, 2H) 7.15 (d, J = 8.17 Hz,
2H), 6.90 (d, J = 8.46 Hz, 2H), 6.79 (d, J = 8.88 Hz, 2H), 5.94 (ddd, J = 16.58 Hz, 8.39 Hz, 8.85
Hz, 1H), 4.99 (d, J = 10.41 Hz, 1H), 4.48-4.70 (m, 2H), 4.20 (d, J = 16.26 Hz, 1H), 3.82 (s, 3H),
3.77 (s, 3H), 2.27 (s, 3H), 1.32 (s, 3H). *C NMR (151 MHz, CDCls) d 173.2, 159.5, 158.2, 138.5,
132.4,131.1, 129.7, 129.2, 126.8, 126.3, 114.2, 113.1, 76.6, 75.7, 55.4, 55.2, 28.6, 23.2. HRMS
(DART) m/z calcd for C2H26NO3 [M - OH]": 352.1907; Found [M - OH]": 352.1920 .

2.24f
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PMB. -Ac NMe>  N-((3S,4R)-4-(4-(dimethylamino)phenyl)-4-hydroxypent-1-en-3-yl)-N-(4-

N methoxybenzyl)acetamide (2.24g): According to the general procedure A
HO Me using allenamide 2.23d, the product was purified by silica gel
2.249 chromatography (20 % - 60 % EtOAc in Hexane) to provide 27 mg (35 %) of

2.24g as a glass with a diastereomeric ratio of 74:26 with the major diastereomer having an
enantiomeric ratio of 96:4. The stereochemistry was assigned by analogy to 2.24a. R; = 0.21 (50
% EtOAC/hexanes). *H NMR (600 MHz, CDCls) d 7.11-7.19 (m, 4H), 6.89 (d, J = 8.44 Hz, 2H),
6.65 (d, J = 8.74 Hz, 2H), 5.93 (ddd, J = 17.03 Hz, 8.36 Hz, 8.25 Hz, 1H), 5.00 (d, J = 10.27 Hz,
2H), 4.71 (d, J = 12.31 Hz, 1H), 4.52 (d, J = 16.34 Hz, 1H), 4.20 (d, J = 16.23 Hz, 1H), 3.82 (s,
3H), 2.91 (s, 6H), 2.26 (s, 3H), 1.32 (s, 3H). **C NMR (151 MHz, CDCl;) & 173.5, 170.9, 159.4,
149.2, 132.6, 131.4, 129.7, 126.3, 116.7, 114.1, 112.0, 76.6, 55.4, 49.7, 47.5, 40.7, 28.6, 23.3.
HRMS (DART) m/z calcd for C23H29N202 [M - OH]*: 365.2224; Found [M - OH]*: 365.2226.

PMB. _Ac Me N-((3S,4R)-4-hydroxy-4-(p-tolyl)pent-1-en-3-yl)-N-(4-
N methoxybenzyl)acetamide (2.24h): According to the general

X , procedure A using allenamide 2.23d, the product was purified by silica
HO Me gel chromatography (20 % - 40 % EtOAc in Hexane) to provide 49 mg
224h (69 %) of 2.24h as a glass with a diastereomeric ratio of 76:24 with the

major diastereomer having an enantiomeric ratio of 94:6. Ry = 0.33 (50
% EtOAC/hexanes). The stereochemistry was assigned by analogy to 2.24a. *H NMR (600 MHz,
CDCls) 6 7.14-7.7.19 (m, 4H), 7.07 (d, J = 8.01 Hz, 2H), 6.90 (d, J = 8.56 Hz, 2H), 5.94 (ddd, J =
16.54 Hz, 8.83 Hz, 7.98 Hz, 1H), 4.98 (d, J = 10.35 Hz, 1H), 4.51-4.69 (m, 2H), 4.23 (d, J = 16.09
Hz, 1H), 3.82 (s, 3H), 2.30 (s, 3H), 2.28 (s, 3H), 1.32 (s, 3H). *C NMR (151 MHz, CDCl3) 5 173.2,
159.4, 143.5, 136.0, 131.1, 130.1, 129.2, 128.6, 128.1, 125.5, 114.2, 75.9, 55.4, 29.8, 28.6, 23.3,
21.0. HRMS (DART) m/z calcd for C22H26NO2 [M - OHJ*: 336.1958; Found [M - OH]*: 336.1982.

PMB., -Ac N-((3S,4R)-4-hydroxy-4-(3-hydroxyphenyl)pent-1-en-3-yl)-N-(4-
\ on methoxybenzyl)acetamide (2.24i): According to the general procedure A
HG Me using allenamide 2.23d and 3 equiv. of (Meo0).MeSiH, the product was purified

2 24i by silica gel chromatography (30 % - 60 % EtOAc in Hexane) to provide 49 mg

(69 %) of 2.24i as a glass with a diastereomeric ratio of 78:22 with the major
diastereomer having an enantiomeric ratio of 95:5. The stereochemistry was assigned by analogy
to 2.24a. Ri = 0.24 (50 % EtOAC/hexanes). *H NMR (600 MHz, CDCl3) d 7.05 — 7.19 (m, 4H),
6.88 (d, J = 7.69 Hz, 2H), 6.60 — 6.71 (m, 2H), 5.89 — 6.03 (m, 1H), 4.99 (d, J = 11.53 Hz, 1H),
4.70 (br s, 1H), 4.51 (d, J = 15.38 Hz, 1H), 4.26 (d, J = 16.92 Hz, 1H), 3.80 (s, 3H), 2.26 (s, 3H),
1.37 (s, 3H).2*C NMR (151 MHz, CDCl3) 5 173.8, 159.3, 159.2, 156.2, 147.5, 130.8, 129.0, 128.0,
116.9, 114.3, 114.0, 113.8, 113.5, 70.2, 55.3, 28.2, 23.2, 22.7. HRMS (DART) m/z calcd for
C21H24NO3 [M - OH]*: 338.1751; Found [M - OH]*: 338.1769.

PMB. -Ac N-((3S,4S)-4-(furan-2-yl)-4-hydroxypent-1-en-3-yl)-N-(4-
I N . . . :

X 5 Mmethoxybenzyl)acetamide (2.24j): According to the general procedure A using

HO Me allenamide 2.23d, the product was purified by silica gel chromatography (20 % -

224 60 % EtOAc in Hexane) to provide 53 mg (81 %) of 2.24j as a glass with a

diastereomeric ratio of 74:26 with the major diastereomer having an enantiomeric ratio of 97:3.
The stereochemistry was assigned by analogy to 2.24a. Rt = 0.44 (50 % EtOAC/hexanes). *H
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NMR (600 MHz, CDCls) & 7.19 (s, 1H), 7.04 (d, J = 8.58 Hz, 2H), 6.77 (d, J = 8.70 Hz, 2H), 6.17
—6.20 (M, 2H), 5.95 (ddd, J = 17.28 Hz, 9.22 Hz, 8.35 Hz), 4.94 (d, J = 10.44 Hz, 1H), 4.66 (d,
17.13 Hz, 1H), 4.35 (d, J = 16.45 Hz, 1H), 4.16-4.26 (m, 2H), 3.70 (s, 3H), 2.12 (s, 3H), 1.28 (s,
3H). 3C NMR (151 MHz, CDCls) 8 173.6, 159.3, 158.1, 141.1, 131.3, 130.1, 128.6, 128.0, 119.0,
114.1, 110.4, 106.1, 74.8, 55.3, 54.1, 26.6, 23.0. HRMS (DART) m/z calcd for C1oH22NOs [M -
OHJ*: 312.1594; Found [M - OH]*: 312.1610.

PMB.. -Ac o) N-((3S,4R)-4-(benzo[d][1,3]dioxol-5-yl)-4-hydroxypent-1-en-3-yl)-N-(4-

X o> methoxybenzyl)acetamide (2.24k): According to the general procedure A
HO Me using allenamide 2.23d, the product was purified by silica gel chromatography
2.24k (20 % - 30 % EtOAc in Hexane) to provide 62 mg (81 %) of 2.24k as a glass

with a diastereomeric ratio of 78:22 with the major diastereomer having an
enantiomeric ratio of 94:6. The stereochemistry was assigned by analogy to 2.24a. Rt = 0.31 (50
% EtOAC/hexanes). *H NMR (600 MHz, CDCl3) 5 7.16 (d, J = 8.63 Hz, 2H), 6.91 (d, J=9.11 Hz,
2H), 6.80 (s, 1H), 6.75 (d, J = 8.07 Hz, 1H), 6.69 (d, J = 8.07 Hz, 1H), 5.92 - 6.00 (m, 1H), 5.91
(s, 2H), 5.00 (d, J =10.44, 1H), 4.52 - 4.72 (m, 2H), 4.23 (d, J = 16.30, 1H), 3.82 (s, 3H), 2.28 (s,
3H), 1.29 (s, 3H). 3C NMR (151 MHz, CDCl;) 5 173.2, 159.7, 147.3, 146.0, 140.6, 131.1, 129.7,
129.3, 128.0, 118.9, 114.2, 107.6, 106.7, 100.9, 75.8, 55.5, 28.8, 23.3, 14.2. HRMS (DART) m/z
calcd for C22H24NO4 [M - OHJ*: 366.1700; Found [M - OH]*: 366.1725.

PMB. -Ac N-((3S,4R)-4-hydroxy-4-(naphthalen-2-yl)pent-1-en-3-yl)-N-(4-
X OO methoxybenzyl)acetamide (2.24l):According to the general procedure A
HO Me using allenamide 2.23d, the product was purified by silica gel chromatography

(10 % - 30 % EtOAc in Hexane) to provide 74 mg (95 %) of 2.24| as a glass
with a diastereomeric ratio of 82:18 with the major diastereomer having an
enantiomeric ratio of 94:6. The stereochemistry was assigned by analogy to 2.24a. Rt = 0.33 (50
% EtOAC/hexanes). *H NMR (600 MHz, CDCls) 6 7.88 (s, 1H), 7.79 (dt, J = 8.49 Hz, 1.84 Hz,
2H), 7.73 (d, J = 8.95 Hz, 1H), 7.44 (m, 2H), 7.19 - 7.28 (m, 3H), 6.95 (d, J = 8.49 Hz, 2H), 6.00
(ddd, J = 16.99 Hz, 8.72 Hz, 8.70 Hz, 1H), 4.95 (d, J = 9.79 Hz, 1H), 4.52 - 4.67 (m, 2H), 4.27 (d,
J =15.77 Hz, 1H), 3.85 (s, 3H), 2.33 (s, 3H), 1.41 (s, 3H). *C NMR (151 MHz, CDCls)  173.2,
159.7, 143.9, 133.1, 132.2, 130.8, 129.5, 128.4, 127.5, 127.4, 125.9, 125.7, 124.7, 123.8, 114.2,
76.0, 55.4, 29.9, 25.6, 23.3. HRMS (DART) m/z calcd for CzsH26NO2 [M - OH]*: 372.1958; Found
[M - OHJ*: 372.1965.

2.241

PMB. -Ac N-((3S,4R)-4-hydroxy-4-(3-(trifluoromethyl)phenyl)pent-1-en-3-yl)-N-(4-
X cF methoxybenzyl)acetamide (2.24m): According to the general procedure A
HO Me ’ using allenamide 2.23d, the product was purified by silica gel chromatography
2.24m (10 % - 40 % EtOAc in Hexane) to provide 60 mg (74 %) of 2.24m as a glass

with a diastereomeric ratio of 80:20 with the major diastereomer having an enantiomeric ratio of
95:5. The stereochemistry was assigned by analogy to 2.24a. Rt = 0.44 (50 % EtOAC/hexanes).
'H NMR (600 MHz, CDCl3) & 7.50 (d, J = 7.85 Hz, 1H), 7.43 (d, J = 7.83 Hz, 1H), 7.40 (s, 1H),
7.36 (t, J = 7.83 Hz, 1H), 7.20 (d, J= 8.47 Hz, 2H), 6.94 (d, J = 8.59 Hz, 2H), 5.94 (ddd, J = 17.16
Hz, 8.90 Hz, 8.23 Hz, 1H), 4.99 (d, J = 10.17 Hz, 1H), 4.64 (d, J = 15.85 Hz, 1H), 455 (d, J =
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17.16 Hz, 1H), 4.17 (d, J = 15.57 Hz, 1H), 3.84 (s, 3H), 2.34 (s, 3H), 1.25 (s, 3H). 3C NMR (151
MHz, CDCls) & 173.2, 160.0, 147.8, 130.3, 130.0, 129.8, 129.1, 128.2, 127.6, 124.4 (g, J = 274.8
Hz), 123.4 (q, J = 3.2 Hz), 122.5 (q, J = 4.5 Hz), 114.3, 75.5, 55.3, 54.6, 28.3, 23.4. 1°F NMR (565
MHz, CDCls) & -62.37. HRMS (DART) m/z calcd for Cz2H2sFsNO, [M - OHJ*: 390.1675; Found [M
- OHJ*: 390.1701.

PMB. -Ac N-((3S,4R)-4-(3-(dimethylamino)phenyl)-4-hydroxypent-1-en-3-yl)-N-(4-

\ methoxybenzyl)acetamide (2.24n): According to the general procedure A
; NM82 . . ap- .

HO Me using allenamide 2.23d, the product was purified by silica gel

2.24n chromatography (20 % - 40 % EtOAc in Hexane) to provide 47 mg (61 %) of

2.24n as a glass with a diastereomeric ratio of 80:20 with the major diastereomer having an
enantiomeric ratio of 96:4. The stereochemistry was assigned by analogy to 2.24a. Rt = 0.29 (50
% EtOAC/hexanes). *H NMR (600 MHz, CDCl3) 8 7.19 (d, J = 8.06 Hz, 2H), 7.12 (t, J = 8.06 Hz,
1H), 6.88 — 6.93 (m, 2H), 6.77 (s, 1H), 6.57 (s, 2H), 5.93 (ddd, J = 15.36 Hz, 8.89 Hz, 8.24 Hz,
1H), 4.99 (d, J = 10.49 Hz, 1H), 4.52 — 4.75 (m, 2H), 4.20 (d, J = 15.73 Hz, 1H), 3.81 (s, 3H), 2.90
(s, 6H), 2.30 (s, 3H), 1.30 (s, 3H). C NMR (151 MHz, CDCl;) & 173.0, 159.5, 150.4, 150.3,
147.6, 147.4, 132.5, 131.1, 128.6, 128.5, 127.7, 119.9, 114.2, 77.2, 55.3, 40.8, 28.7, 23.4, 23.0.
HRMS (DART) m/z calcd for C23H29N20- [M - OH]*: 365.2244; Found [M - OH]*: 365.2226.

PMB. -Ac N-((3S,4R)-4-hydroxy-4-(1-tosyl-1H-pyrrol-3-yl)pent-1-en-3-yl)-N-(4-
N ~ " methoxybenzyl)acetamide (2.240): According to the general procedure A
HO Me using allenamide 2.23d, the product was purified by silica gel chromatography
2.240 (30 % - 70 % EtOAc in Hexane) to provide 72 mg (75 %) of 2.240 as a glass

with a diastereomeric ratio of 81:19 with the major diastereomer having an enantiomeric ratio of
>99:1. The stereochemistry was assigned by analogy to 2.24a. R; = 0.19 (50 % EtOAC/hexanes).
'H NMR (600 MHz, CDCl3) & 7.68 (d, J = 8.55 Hz, 2H), 7.24 (d, J = 8.55 Hz, 2H), 7.08 (d, J = 8.19
Hz, 2H), 7.03 (d, J = 11.75 Hz, 2H), 6.87 (d, J = 8.90 Hz, 2H), 5.87 — 5.96 (m, 2H), 4.96 (d, J =
10.33 Hz, 1H), 4.65 (d, J = 17.45 Hz, 1H), 4.44 (d, J = 15.67 Hz, 1H), 4.12 (d, J = 16.03 Hz, 1H),
3.80 (s, 3H), 2.37 (s, 3H), 2.22 (s, 3H), 1.18 (s, 3H). *C NMR (151 MHz, CDCls) 5 173.2, 159.4,
144.8, 136.2, 135.5, 130.9, 130.0, 129.9, 129.0, 127.9, 126.8, 120.9, 117.9, 114.1, 111.8, 73.6,
55.3, 53.9, 28.0, 23.1, 21.6. HRMS (DART) m/z calcd for CasH20N204S [M - OH]*: 465.1843;
Found [M - OH]*: 465.1864.

PMB. -Ac methyl-3-((2R,3S)-2-hydroxy-3-(N-(4-
X oMe Methoxybenzyl)acetamido)pent-4-en-2-yl)benzoate (2.24p): According
HO Me o to the general procedure A using allenamide 2.23d, the product was
2.24p purified by silica gel chromatography (20 % - 40 % EtOAc in Hexane) to

provide 76 mg (96 %) of 2.24p as a glass with a diastereomeric ratio of 80:20 with the major
diastereomer having an enantiomeric ratio of 98:2. The stereochemistry was assigned by analogy
to 2.24a. Rf = 0.37 (50 % EtOAC/hexanes). *H NMR (600 MHz, CDCl3) & 7.85 - 7.90 (m, 2H),
7.58 (d, J=8.01, 1H), 7.33 (t, J = 7.69 Hz, 1H), 7.19 (d, J = 8.09, 2H), 6.94 (d, J = 8.50 Hz, 2H),
5.97 (ddd, J = 16.19 Hz, 9.31 Hz, 8.50 Hz, 1H), 4.96 (d, J = 10.12 Hz, 1H), 4.51 - 4.63 (m, 2H),
4.24 (d, J = 16.19 Hz, 1H), 3.90 (s, 3H), 3.84 (s, 3H), 2.31 (s, 3H), 1.31 (s, 3H). *C NMR (151
MHz, CDCls) 6 173.2, 167.2, 159.6, 147.1, 131.8, 130.6, 130.5, 129.8, 129.4, 128.7, 128.0, 127.9,
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126.7,114.3,76.7, 75.8,55.4, 52.1, 28.4, 23.4. HRMS (DART) m/z calcd for C23H26NO4 [M - OH]*:
380.1856; Found [M - OH]*: 380.1870.

PMB. -Ac N-((3S,4R)-4-(3-bromophenyl)-4-hydroxypent-1-en-3-yl)-N-(4-

N methoxybenzyl)acetamide (2.24q): According to the general procedure A
> Br . . ipe -

HO Me using allenamide 2.23d, the product was purified by silica gel chromatography

2.24q (10 % - 40 % EtOAc in Hexane) to provide 75 mg (90 %) of 2.24q as a glass

with a diastereomeric ratio of 75:25 with the major diastereomer having an
enantiomeric ratio of 94:6. The stereochemistry was assigned by analogy to 2.24a. Rs = 0.22 (50
% EtOAC/hexanes). *H NMR (600 MHz, CDCls) 6 7.37 (s, 1H), 7.30 (d, J = 7.98 Hz, 1H), 7.19 (d,
J =7.45 Hz, 3H), 7.11 (t, J = 7.98 Hz, 1H), 6.94 (d, J = 7.98 Hz, 2H), 5.94 (ddd, J = 16.50 Hz,
9.33 Hz, 9.05 Hz, 1H), 5.00 (d, J = 10.31 Hz, 1H), 4.61 (d, J = 15.23 Hz, 2H), 4.21 (d, J = 15.72
Hz, 1H), 3.84 (s, 3H), 2.31 (s, 3H), 1.25 (s, 3H). *3C NMR (151 MHz, CDCl3) 8 173.1, 159.7, 149.2,
130.5, 130.1, 129.6, 129.5, 129.4, 129.0, 127.7, 124.3, 122.2, 114.3, 75.4, 60.5, 55.4, 28.4, 23.3.
HRMS (DART) m/z calcd for C21H23BrNO- [M - OH]*: 400.0907; Found [M - OH]*: 400.0915.

PMB. -Ac N-((3S,4R)-4-hydroxy-4-(3-methoxyphenyl)pent-1-en-3-yl)-N-(4-
N oMo methoxybenzyl)acetamide (2.24r): According to the general procedure A
HO Me using allenamide 2.23d, the product was purified by silica gel chromatography

(10 % - 30 % EtOAc in Hexane) to provide 69 mg (93 %) of 2.24r as a glass
with a diastereomeric ratio of 80:20 with the major diastereomer having an
enantiomeric ratio of 95:5. The stereochemistry was assigned by analogy to 2.24a. Rt = 0.37 (50
% EtOAC/hexanes). 'H NMR (600 MHz, CDClz) 8 7.14 — 7.20 (m, 2H), 6.89 (m, 3H), 6.77 — 6.82
(m, 2H), 6.72 (dd, J = 8.09 Hz, 2.38 Hz, 1H), 5.95 (ddd, J = 17.33 Hz, 8.84 Hz, 8.50 Hz, 1H), 4.98
(d, J=10.54 Hz, 1H), 4.53 — 4.68 (m, 2H), 4.23 (d, J = 15.63 Hz, 1H), 3.82 (s, 3H), 3.76 (s, 3H),
2.29 (s, 3H), 1.31 (s, 3H). *C NMR (151 MHz, CDCl;) 5 173.1, 159.5, 159.3, 148.3, 132.2, 130.9,
129.3,129.0,128.8, 128.6, 128.0,127.4,120.1, 117.9,114.2,112.2,111.4,76.9, 75.9, 55.4, 55.2,
28.6, 23.3. HRMS (DART) m/z calcd for C22H26NOz [M - OHJ]*: 352.1907; Found [M - OH]":
352.1930.

2.24r

PMB. -Ac N-((S)-1-((S)-1-hydroxy-1,2,3,4-tetrahydronaphthalen-1-yl)allyl)-N-(4-
N methoxybenzyl)acetamide (2.24s): According to the general procedure A using
HO allenamide 2.23d, the product was purified by silica gel chromatography (10 % -

2.24s 30 % EtOAc in Hexane) to provide 45 mg (61 %) of 2.24s as a glass with a
diastereomeric ratio of 62:38 with the major diastereomer having an enantiomeric ratio of 90:10.
The stereochemistry was assigned by analogy to 2.24a. R = 0.39 (50 % EtOAC/hexanes). 'H
NMR (600 MHz, CDCls) 6 7.58 (d, J = 7.55 Hz, 1H), 7.20 (t, J = 7.85 Hz, 1H), 7.04 — 7.14 (m, 3H),
6.80 — 6.86 (m, 3H), 6.32 — 6.45 (m, 1H), 5.20 (d, J = 10.24 Hz, 1H), 5.09 (d, J = 10.84 Hz, 1H),
4.49 — 4.69 (m, 3H), 3.79 (s, 3H), 2.58 — 2.87 (m, 3H), 2.22 (s, 3H), 1.69 — 1.88 (m, 3H). 1*C NMR
(151 MHz, CDCls) & 173.5, 159.2, 140.5, 136.0, 132.3, 130.1, 128.7, 128.6, 128.2, 127.0, 124.8,
120.2, 114.0, 74.8, 55.3, 35.4, 33.4, 29.1, 23.5, 19.6. HRMS (DART) m/z calcd for C23H26NO; [M
- OH]": 348.1958; Found [M - OH]*: 348.1980.
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PMB. -Ac (S)-N-(4-hydroxy-4-methylpent-1-en-3-yl)-N-(4-methoxybenzyl)acetamide
N Me (2.24t): According to the general procedure A using allenamide 2.23d, the product
Ho Me  Was purified by silica gel chromatography (40 % - 80 % EtOAc in Hexane) to provide
2.24¢ 33 mg (59 %) of 2.24t as a glass with an enantiomeric ratio of 65:35. The
stereochemistry was assigned by analogy to 2.24a. R = 0.13 (50 %
EtOAC/hexanes). *H NMR (600 MHz, CDCls) & 7.14 (d, J = 8.37 Hz, 2H), 6.87 (d, J = 8.79 Hz,
2H), 6.25 (ddd, J = 16.95 Hz, 9.42 Hz, 8.58 Hz, 1H), 5.53 (br s, 1H), 5.20 (dd, J = 10.16 Hz, 1.39
Hz, 1H), 4.97 (d, J = 17.26 Hz, 1H), 4.46 (s, 2H), 3.80 (s, 3H), 3.57 (d, J = 9.11 Hz, 1H), 2.20 (s,
3H), 1.11 (s, 3H), 1.09 (s, 3H). 13C NMR (151 MHz, CDCls) 5 172.8, 159.4, 132.3, 128.8, 128.0,
119.4,114.1, 73.0, 71.7, 55.3, 54.4, 28.3, 28.0, 23.2. HRMS (DART) m/z calcd for C16H22NO- [M
- OHJ*: 260.1645; Found [M - OH]*: 260.1661.

Reaction Performed on 1.0 mmol scale:

5 mol % Cu(OAc),

Q Ac PMB.. _Ac
\ 6.5 mol % J2 N
Me + /N \\ NN
PMB A\ Me(MeO),SiH (2 equiv) 3

PhMe:1,4-dioxane, 0 °C, 24 h HO Me
then NH4F 2.24a

To a 20 mL crimp-cap vial with stir-bar in an Ar-filled glove-box was charged 9.1 mg (0.05
mmol) of Cu(OAc). and 35.3 mg (0.0625 mmol) of J2. Toluene (1.25 mL) and 1,4-dioxane (1.25
mL) was then added, and the mixture was allowed to stir for 30 min. Alleneamide 2.23d (261 mg,
1.2 mmol) was then charged along with the 120 mg (1 mmol) of acetophenone, sealed with a
crimp-cap septum and removed from the glove-box. The reaction was then cooled in an ice bath,
and dimethoxymethylsilane (247 pL, 2.0 mmol) was then charged by syringe (caution:
dimethoxymethylsilane should be handled in a well-ventilated fume hood because it is known to
cause blindness. Syringes were quenched with 2M NaOH, gas evolution!, prior to disposal) After
24 h at 0 °C, the reaction was quenched by the addition of 475 mg of NH4F and 5.0 mL of MeOH
followed by agitation at rt for 30 min — 1 h. To the mixture was then charged 20 mL of 5% NaHCO3
followed by extraction with CH,Cl, (3x10mL). The combined organics were dried with Na>SOa,
filtered, and concentrated in vacuo. The crude residue was then purified by flash chromatography
on silica gel (gradient, 10 — 20% EtOAc in Hexane). The product spot (Rs = 0.20, 20% EtOAc in
Hexane) was then collected and concentrated in vacuo to afford 295 mg (85%) of 2.24a in a
diastereomeric ratio of 88:12. Enantioselectivity was determined by chiral column HPLC analysis
to be 97:3 er.

2.23d
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Allene Synthesis:

PMB\N,AC KO'Bu PMB\N,AC
—_—
\s THF l§.§
2.23d

To a flame dried round bottom flask with 50 mL of THF was charged N-(4-methoxybenzyl)-
N-(prop-2-yn-1-yl)acetamide (2.1 g, 9.7 mmol, 0.2 M in solvent) and then KO"Bu (271 mg, 2.4
mmol, 0.25 equiv). The mixture was then stirred for 30 minutes and quenched with 50 mL of H-0.
The mixture was extracted with EtOAc (3 x 50 mL), dried with MgSO4, decolorized with activated
charcoal, filtered and concentrated in vacuo. The product was purified by silica gel
chromatography (eluent: 10 — 20% EtOAc in Hexane) to provide 1.3 g (60%) of the desired
product as a yellow oil in a 54:46 mixture of rotamers. Rt = 0.39 (50% EtOAc in Hexane). *HNMR
(CDCls, 600 MHz) &: 7.64 (t, J = 6.91 Hz, 1H, minor), 7.21 (d, J = 8.45 Hz, 1H), 7.09 (d, J = 8.33
Hz, 1H), 6.86 (d, J = 8.53 Hz, 1H), 6.81 (d, J = 8.72 Hz, 1H), 6.68 (t, J = 6.39 Hz, 1H, major), 5.31
(dd, J = 33.72 Hz, 6.66 Hz, 2H), 4.60 (d, J = 33.30 Hz, 2H), 3.79 (s, 3H, minor), 3.77 (s, 3H,
major), 2.23 (s, 3H, major), 2.13 (s, 3H, minor). 3C NMR (151 MHz, CDCl3): & 202.3 (minor),
201.4 (major), 169.3 (minor), 168.5 (major), 158.9 (minor), 158.7 (major), 129.8 (major), 128.8
(minor), 129.5 (major), 127.3 (minor), 114.2 (minor), 113.7 (major), 100.8 (major), 99.4 (minor),

0 87.4 (minor), 87.0 (major), 55.3 (minor), 55.2 (major), HRMS (DART) m/z calcd for
B )J\_P C13sH16NO2 [M]*: 218.1181; Found [M + H]*: 218.1168.
1I-r
l% N-benzyl-N-(propa-1,2-dien-1-yl)isobutyramide (2.21): According to the general
x procedure for allene synthesis, the product was purified by silica gel
221 chromatography (0 % - 10 % EtOAc in Hexane) to provide 400 mg (39 %) of 2.21

as a yellow oil in a 57:43 mixture of rotamers. R; = 0.35 (20 % EtOAC/hexanes).
'H NMR (600 MHz, CDCl3) & 7.69 (t, J = 6.90 Hz, 1H, minor), 7.33 (t, J = 7.76 Hz, 1H), 7.20 —
7.30 (m, 3H), 7.15 (d, J = 7.76 Hz, 1H), 6.84 (t, J = 6.34 Hz, 1H, major), 5.30 (d, J = 6.11 Hz, 2H,
major), 5.25 (d, J = 6.60, 2H, minor), 4.71 (d, J = 10.99 Hz, 2H), 2.92 — 3.00 (m, 1H, major), 2.71
—2.79 (m, 1H, minor), 1.22 (d, J = 7.08 Hz, 6H, major), 1.09 (d, J = 6.84 Hz, 6H, minor). 13C NMR
(151 MHz, CDCl3): &
202.5 (minor), 201.6 (major), 176.1 (minor), 175.2 (major), 138.0 (major), 137.3 (minor), 128.8
(minor), 128.3 (major), 127.8 (major), 127.3 (minor), 126.9 (major), 125.8 (major), 100.2 (major),
99.6 (minor), 87.3 (minor), 86.8 (major), 49.0 (minor), 47.4 (major), 31.4 (minor), 30.8 (major),
19.7 (minor), 19.3 (major). HRMS (DART) m/z calcd for C14H1sNO [M]*: 216.1388; Found [M +
H]*: 216.1369.

Absolute and relative stereochemistry determination for reaction products:

(0]
PMB. _Ac BH.-NHax. n-BulLi PMB\NH 1. BOC2O J<
N e 94% PMBN
~ N Ph 0
3 THF R 2. SOCl, SN o iph
HO Me 66 % HO Me  THF 0°C Me

75%
2.24a 2.25 2.27
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Diastereo- and enantioenriched 2.24a was obtained from careful chromatographic separation on
silica gel and was converted to 2.27 by the given 3 step procedure.

To a solution of borane ammonia complex (17 mg, 0.47 mmol, 85%) in 0.3 mL THF at 0
°C in a flame dried 2-dram vial was charged n-BuLi (0.27 mL, 0.47 mmol, 1.75 M in hexanes).
The resulting solution was stirred at 0 °C for 5 minutes and then 22 °C for 5 minutes. The solution
was then cooled to 0 °C and a solution of aminoalcohol 2.24a (41 mg, 0.12 mmol) in 0.2 mL THF
was added dropwise and the resulting solution was allowed to stir overnight. The reaction mixture
was then quenched with 2 M HCI (1 mL) and volatiles were removed in-vacuo. The aqueous layer
was then washed with Et,O (2 x 2 mL) and then basified with 2 M NaOH. The solution was then
extracted with CH-Cl, (3 x 5 mL), dried with Na>.SO4, and concentrated in vacuo to afford 23 mg
(66 %) of pure 2.27. HNMR (CDCls, 600 MHz) &: 7.37 (dd, J = 8.52 Hz, 1.05 Hz, 2H), 7.31 (t, J
=7.92 Hz, 2H), 7.24 (dt, J = 7.32 Hz, 1.20 Hz, 1H), 7.21 (d, J = 8.67 Hz, 2H), 6.86 (d, J = 8.82
Hz, 2H), 5.27 — 5.37 (m, 2H), 5.18 (dd, J = 16.41 Hz, 2.54 Hz, 1H), 3.80 (s, 3H), 3.72 (d, J = 13.15
Hz, 1H), 3.48 (d, J = 12.57 Hz, 1H), 3.04 (d, J = 8.57 Hz, 1H), 1.57 (s, 3H). *3C NMR (151 MHz,
CDCls): 6 158.9, 144.3, 136.5, 131.8, 129.5, 127.8, 126.7, 126.4, 125.5, 119.1, 113.9, 73.9, 70.4,
55.3, 50.2, 26.2. HRMS (DART) m/z calcd for C1gH22NO [M-OH]*: 280.1696; Found [M - OH]":
280.1671

To a solution of the aminoalcohol 2.25 (22 mg, 0.074 mmol) in 0.10 mL of H,O at 40 °C in
a 2-dram vial was charged Boc,0 (0.02 mL, 0.081 mmol) and stirred for 4 h. The reaction mixture
was then diluted with 2 mL H»O, extracted with 2 x 5 mL CH.Cl,, dried with Na:SO,4, and
concentrated in vacuo. The crude material was used without further purification. The crude
material was then dissolved in THF (0.30 mL) and SOCI, (0.051 mL, 0.69 mmol) was added. This
was allowed to stir overnight before being quenched into NH4sOH (2 mL, 30%). This was extracted
with 2 x 5 mL EtOAc dried with Na,SO4, and concentrated in vacuo. The crude material was
purified by silica gel chromatography (eluent: 30% EtOAc in Hexane) to afford 17 mg (71%) of
2.27 as an oil in 97:3 er. Rf= 0.57 (50% EtOAc/hexane). *HNMR (CDCls, 600 MHz) &: 7.27 — 7.34
(m, 5H), 7.02 (d, J = 8.72, 2H), 6.73 (d, J = 8.72 Hz, 2H), 5.85 (ddd, J = 17.01 Hz, 9.78 H, 8.51
Hz, 1H), 5.49 (d, J = 9.99 Hz, 1H), 5.27 (d, J = 17.01 Hz, 1H), 4.73 (d, J = 15.10 Hz, 1H), 3.91 (d,
J =12.42 Hz, 1H), 3.89 (d, J = 6.75, 1H), 3.75 (s, 3H), 1.60 (s, 3H). 3C NMR (151 MHz, CDCly):
0 159.1, 157.2, 144.3, 132.3, 129.5, 128.6, 127.8, 123.9, 122.9, 113.9, 82.9, 68.6, 55.2, 45.5,
24.0. HRMS (DART) m/z calcd for C19H20NO3 [M+H]*: 310.1443; Found [M + H]*: 310.1449.

Preparation of authentic 2.27:

X i
e PMEC] e
Me Me
Si-1 ent-2.27

To SI-1 of known stereochemical configuration (11.0 mg, 0.0541 mmol) in 0.20 mL of N-
methylpyrrolidone was charged 2.8 mg (0.074 mmol) of NaH (60 wt% in oil) and the resultant
mixture was allowed to stir at rt for 20 min. PMBCI (11 mg, 0.070 mmol) was then added and the
mixture allowed to stir overnight. Water (1 mL) was then added, and the mixture was extracted
with Et,O (3x1mL). The combined organic layers were dried with anhydrous Na,SO. and
conentrated in vacuo. The crude residue was the purified on flash silica gel column
chromatography (gradient, 0 — 20% EtOAc in hexanes) to afford 15.0 mg (86%) of ent-2.27 with
'HNMR spectral data that matched the material prepared above starting from 2.24a.
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr = 15.2 min (S,S-isomer), 18.4 min (R,R-isomer):

Racemic 2.27;

B Chiomatogram Yiew Peak [+ Channel [+ | Extract
mau Max Intensity : 31,797
[190nm, 4nm Time 13.384 Inten. 270 a
75+
50

VIV AN

17.5 200 s 220 275 min
€ >
Ret. Time Area™ Height Conc.
15.829 50.166 30697 50.166
15.019 45834 26143 458334
100.000 56840 100.000

Enantioenriched 2.27 prepared from 2.24a:

B Chiomatogiam Yiew Peak [¢]» Charinel [ 4] » | Extract
mAU Wax Intensiy : 173,739
{1900 4nm] Time T9.883 Mien. Er N
150-]
100-|
so-|
o 3 4 7 * é
g
120 130 140 150 16.0 170 180 19.0 200 210 220 min
< >
Ret_ Time Area” Height Conc.
15.247 3.139 5324 3.139
18434 96.861 174265 96861
100.000 183585 100.000
Authentic 2.27:
O Chomatogamiew  Feak o+ Chamnel [« ]»] Evtiact
mAY Max Infensity : 224,413
Jr90nm 4nm[ Time Tnten. "
2004
1504
100+
S04
] - .
T T a
125 15.0 7.5 200 225 250 min
Ret. Time Area™ Height Conc.
15.232 100.000 224057 100.000
100.000 224057 100.000
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Enantioenriched 2.27 from 2.24a + authentic spike:

mAl

B Chiomatogram Yiew Peak [«]+

Channel [+ | Extract

Max Intensity : 66,780

75-J190nm. 4nm|

Time 22 445 Inten

0.164|

Carbamate formation by retention:

12 ada ade i@ i8e 70 480 180 200 240 220 230 240 250 mn
Ret. Time Area’l Height Conc.
15238 61.936 BEZ273 61.936
18428 33064 35528 33 064
100.000 102201 100.000

~

(0]
PMB :
“NH triphosgene //<
PMBN
S pp PYL CHZCIg 0
R SN i Me
HO Me Ph
2.25 2.26

To a solution of 2.25 (10 mg, 0.034 mmol) and Pyridine (5.3 mg, 0.067 mmol) in CH:Cl,
(0.5 mL) was charged a solution of triphosgene (6.2 L, 0.034 mmol) in CH2Cl, (0.5 mL) at 0 °C.
The mixture was stirred for 24 h at room temperature and quenched with brine (5 mL) and
extracted with CH.Cl» (2 x 5 mL). The combined organics were dried with Na,SO,, filtered, and
concentrated in vacuo. The product was purified by silica gel chromatography (eluent: 10 — 30%
EtOAc in Hexane) to afford 9 mg (82%) of 2.26 as an oil. R = 0.52 (50% EtOAc/hexane). tHNMR
(CDCls, 600 MHz) &: 7.31 — 7.35 (m, 2H), 7.28 (d, J = 7.25 Hz, 1H), 7.24 (d, J = 7.81 Hz, 2H),
7.21 (d, J = 8.65 Hz, 2H), 6.88 (d, J =8.93 Hz, 2H), 5.12 (d, J = 14.23 Hz, 1H), 5.09 (d, J = 21.20
Hz, 1H), 4.95 (dt, J = 17.02 Hz, 9.49 Hz, 1H), 4.82 (d, J = 14.79 Hz, 1H), 3.82 (s, 3H), 3.76 (d, J
= 19.18 Hz, 1H), 1.69 (s, 3H). *C NMR (151 MHz, CDCls): & 159.3, 157.2, 139.7, 133.4, 129.8,
128.6, 128.2, 127.8, 125.7, 123.9, 121.0, 114.2, 83.4, 68.6, 55.3, 45.4, 29.7, 28.0. HRMS (DART)
m/z calcd for C1gH20NO3 [M+H]*: 310.1443; Found [M + H]*: 310.1428.
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HPLC Chromatograms:

Bn. _Boc

Chiral

N

HO Me
2.19

column HPLC analysis (Chiralcel

Racemic syn-2.19:

OD-3 x 250 mm, 0.25 mL/min,

heptane:isopropanol, A = 190 nm) tzr = 18.0 min (major), 19.6 min (minor):

B Chromatogram View Peak [+ + Charinel [ [+ Extract
maU Max Intensity : 548 480
11590nm.4nm Time 20955 Inten. 2937 A
2500
2000—5
1500—5
10005
sun—f /L
1 de ke
0 |
T T E‘
185 170 175 18.0 185 19.0 195 20.0 205 210 mn
£ >
Ret. Time Areal Height Conc.
17.936 49931 328316 45931
18731 50.069 h367E9 50.069
100.000 365085 100.000

Racemic anti-2.19:
Chiral column HPLC analysis (Chiralcel OD-3 x 250 mm, 0.25 mL/min, 99:01heptane:isopropanol,
A =190 nm) tr = 20.9 min (minor), 23.0 min (major):

99:01

M Chromatogram View Peak [« ] Chanrel [4 [ | Extract
mAL Max Intensity : 377 646
J190nm 4nm Time 25.223 Inten. 5.168]
2005
150
100—5
su—f
u_: Al
1 R
210 215 220 235 230 235 240 245 280 255 " min
£ >
Ret. Time Area’ Height Conc.
21.274 49157 204802 45157
23517 h0.843 66755 h0.843
100.000 271557 100.000

~

DB <
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syn-2.19 from Cu(OAc)./J2 reaction:

anti-2.19 from Cu(OAc)./J2 reaction:

M Chromatogram View Peak [+ * Chanrel [4 [v | Extract
mAaL Max Intensity : 141 162
J190nm 2nm] Time  10.595 Inten. T15.064] o
250
2007
1504
100
50}
U—; i W
50 %
E =
185 170 175 180 188 195 200 min
£ >
Ret. Time Area™ Height Conc.
18.025 h3 327 137503 K337
19624 46673 110745 46673
100.000 243252 100.000

B Chromatogram View Peak [+ ]+ Charnel |4 ¢ | Extract
maL Max Intensity - 220,650
J180nm 4nm] Time 28335 Infen. 15478 o
200
150—5
100
su—f
] L
o~
] '#‘ %‘
)
18.0 19.0 20.0 210 220 23.0 24.0 min
£ >
Ret. Time Area™ Height Conc.
20.907 3086 5396 3.086
22 956 96914 230818 96.914
100.000 236214 100.000
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_Ac

Bn.
N

HO Me

2.23b
Chiral column HPLC analysis (Chiralcel IC-3 x 250 mm, 1.0 mL/min, 90:10

heptane:isopropanol, A = 190 nm) tr = 54.0 min (minor), 59.3 min (major):

Racemic 2.23b:

M Chromatogram View Peak [+ * Chanrel [4 [v | Extract
mAaL Max Intensity : 1593 882
41590nm,4nm Time Inten. A
50
25
W
U—_W,p * L PR S R - %
475 50.0 525 580 575 50.0 625 5.0 67.5 70.0 min
£ >
Ret. Time Area™ Height Conc.
53.963 49 579 71605 45579
59.730 50421 63312 B0 421
100.000 135417 100.000
2.23b from Cu(OACc)2/J2 reaction:
B Chromatogram View Peak [4]» Charnel [+ [+ | Extract
mAL Max Intensity : 138 604
1190nm,4nm Time Inten. .
125
wu—f
7
su—f
2] y
EI—: e Ml @
] e T =
400 425 450 475 500 525 5.0 575 0.0 625 650 675 700 min
£ >
Ret. Time Area™ Height Conc.
54 045 1876 6345 3876
559 295 96.124 138495 96124
100.000 145340 100.000

74



(major):

Racemic 2.21c:

Chiral column HPLC analysis (Chiralcel OD-3 x 250 mm, 1.0 mL/min,

95:05 heptane:isopropanol, A = 190 nm) tz = 8.2 min (minor), 10.4 min

B Chromatogram Yiew

mal

Peak [« ]+

Channel [+ |+ | Estract

Max Intensity : 857,151

1180nm.4nm
3000+

2000

1000+

Time 6214 Inten.

GTETT A

U'-—/—T[\ .
4 T

s
—1000—- %
j =1
70 30 90 100 110 120 130 min
Ret. Time Areal Height Conc.
8.226 45 432 609334 45 432
10.418 50518 667206 50518
100.000 1276540 100.000
2.21c from Cu(OAc)./J2 reaction:
B Chromatogram Yiew Peak [« ] Channel [« [+ | Extract
maLl WMax Intensity : 701 877
T00{190nm 4nm Time Inten. s
anué
5nué
4005
300%
200%
1nué v
£ ¥ . 4
9.0 95 10.0 105 110 15 12.0 125 13.0 135 140 145 min
£ >
Ret. Time Area Height Conc.
5592 125910 117416 12.910
11.295 87.050 T0079%4 87.050
100.000 218210 100.000

75



PMB. _A
N C
§
HO Me
2.24a

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr = 15.3 min (minor), 17.4 min (major):

Racemic 2.24a;

B Chromatogram Yiew Peak [+ » Channel '+ » | Extract
mAl Max Intenstty - 107,143
190nm 4nm Tire Taten N
1004
75]
5o
25]
v
v & ezl
o] T T d
130 135 140 1ig 150 158 180 165 17.0 178 120 185 19,0 195 200 | 208 2f0 2fs e Zs | 20 mn
< >

Ret. Time Area™ Height Conc.
15046 50.444 106358 50444
17.154 49556 95544 49 556

100.000 2015942 100.000

2.24a from Cu(OAc)2/J2 reaction:

8 Chiomatogiam Yiew Foak |+v| Channel |« |» | Estract
mAU Max Intensty : 447,617
190nm dnm| Time 12881 Inien. .37
4004
300
200]
100]
% v
] T 7
130 135 140 115 150 185 180 185 170 175 180 185 180 185 200 205 21 o min
< >

Ret. Time Areal Height Conc.
15.332 1272 20325 3272
17.364 56.728 443551 96.728

100.000 4685876 100.000
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CF3

H(5 Me

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr = 10.8 min (minor), 12.0 min (major):

Racemic 2.24b:

B Chiomatogram Yiew Peak [« |» Channel |« [» | Extract

mau

Max Intensity : 334,629

190nm,4nm
1250+

1000+
750+

500+

&

sk

Time 9385 Inten. 7.066 o

Lr| T

k3

Dl <

9% " oo o5 1050 1075 1100

12s 1rs0 | 1TS

1200 1225 420 1275

1300

14'50min
>

1325 1as0 | 1375 1400 1425

Areal

Height

Conc

45.514

323135

45.514

50.436

233740

50.436

100.000

6218375

100.000

2.24b from Cu(OAC)2/J2 reaction:

B Chiomatogram View Peak [« | » Channel |« |+ | Extract

mAU

Max Intensity : 592,089

G00-{190nm 4nm

500-]
400
3004
200
100

o]

nfen ~

b

o
i

lol® <

oFs 1000 1025 1080 1075 1100 1125

150

ME 1200

1228 1280 1275 1200

1325

1350 1375 1400 1425 1450 1475 min

>

Area™

Height

Conc

4160

34306

4160

55.840

533205

95.340

100.000

623011

100.000
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HO Me

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,

A =190 nm) tr = 15.4 min (major), 16.7 min (minor):

Racemic 2.24c:

B Chramatogram Yisw Pesk [+]v|  Dhannel 4]+ | Extract
mAU Max Intensty - 456,560
[190nm.4nm| Time 16.952 | Inten 720648 A
400
300
200
100
M
o] X
=]
140 145 150 155 180 165 17.0 175 120 185 190 195 200 205 210 27s 220 min
< >
Ret. Time Areal Height Conc.
15.440 49 258 444646 49258
16.662 50.742 407347 50.742
100.000 851954 100000
2.24c from Cu(OAc)2/J2 reaction:
8 Chramatagram Yiew: Pesk [4]» Channel [«]» ] Extract
mAy Max Intansty - 431,038
500" i 50nm, 4nm Time 12820 Tten. 0559) A
400
3004
200
100
M
o - * L
1400 1425 450 1475 1s00 | 1525 1550 1575 1600 1625 1650 1675 1700 1725 1780 1775 1800 1825 1850 "min
< >

Area™

Height

Conc

57.962

474501

97.962

2033

13575

2038

100.000

438477

100.000
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OMe

Hd Me

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr=21.0 min (minor), 23.9 min (major):

Racemic 2.24d:

O Chiomatogiam Yiew Foak +|v| Chamnel +|v| Exract
mAU Max intensty : 145,114
190 A Time e “
1000
750
so0]
250]
v
) /__\\—J %‘
™ ™ =1
1.0 195 200 205 210 21s 20 25 230 255 240 245 250 225 260 285 270 275 280 285 mn
< >
Ret. Time Area’ Height Conc.
20.794 45177 140247 45177
23.860 50823 135152 50823
100 000 275399 100 000
2.24d from Cu(OAC)2/J2 reaction:
O Chiamatogram Yiew Fedk +]»  Charmel |«|v Estiact
mAl Max Intensity - 155,080
{500 dnm Tme 18845 men. ERETIIN
1504
125
1004
75
s
25 v
5 T = i % %
190 198 200 25 210 21s 20 225 230 215 240 245 280 245 280 245 270 " min
< >

Area

4357

95103

156116

100.000

166202
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NMe2

HO Me

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,

A =190 nm) tg = 20.9 min (minor), 31.6 min (major):

Racemic 2.24q:

mAl - e Max Intensity : 435 156
[190nm,4nm| Time 32313 Inten 174570] A
Ret. Time Area’ Height Conc.
20.889 b 455 437966 50 455
31824 45545 302248 45545
100.000 735214 100.000
2.24g from Cu(OAc)2/J2 reaction:
Max Intensity : 286,359
k) T e %
H ; H : : =]
Ret. Time Areall Height Conc.
20870 3519 17345 3519
31611 96 481 253338 96481
100.000 311687 100.000
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PMB.

Ac

HO Me

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tg=17.9 min (major), 21.0 min (minor):

Racemic 2.24h:

B Chromatogram iew Peak [+ Charnel [« [+ | Exbract
maU Max Intensity : 427,743
J190nm 4nm Time 21780 Inten. 9.048) A
750—:
EDEI—:
250—_
w
7 . T %
1.‘;.0 1'}.5 ZIJI.D 2‘2‘.5 25‘.0 27‘.5 min
< >
Ret. Time Areall Height Conc.
17736 45270 426385 49270
20652 50.730 365030 50.730
100.000 781514 100.000
2.24h from Cu(OAc)2/J2 reaction:
M Chromatogram Yiew Peak [+ Channel [« [»| Estract
méU WMax Intensity : 237 268
J1%0nm.4nm Time 16655 Inten. -1.055 A
5004
400—5
300—5
200—5
100—5
U e — & v
1 ol
3
18.0 17.0 18.0 19.0 20.0 210 230 230 min
L4 >
Ret. Time Areal Height Conc.
175928 93 541 235091 593 541
20967 6.459 15234 6.459
100 000 254325 100000




PMB.
N

HO Me

_Ac ')

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr = 23.7 min (minor), 27.6 min (major):

Racemic 2.24k:

B Chromatogram Visw Peak [« [» Charinel [4 [+ | Extract
mal Wax Intensity : 385,080
2500_—190nm4nm Time 27.102 Inten. T2287 A
zuuué
1500%
1000%
suué
7 L
] W
0] T f%ﬂ
: T T T T T T T T T a
23.0 24.0 25.0 26.0 27.0 28.0 29.0 30.0 31.0 min
£ >
Ret. Time Areal Height Conc.
24272 50.508 312008 50.508
23.766 49 452 291305 495 452
100.000 603313 100.000
2.24k from Cu(OAc)2/J2 reaction:
B Chromatogram Yiew Peak [+ [+ Channel [« [+ | Extract
mal Wax Intensity : 332 456
E190nm4nm Time 33.280 Inten. 1153 A
3004
2sné
2005
150%
1nn§
50% o
73 & &
i T IJT‘ T JT\ T T T T é
20.0 225 25.0 275 30.0 325 35.0min
£ >
Ret. Time Areal Height Conc.
23715 6832 299508 6.832
27570 53.168 331538 93.168
100.000 361496 100.000
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,

A =190 nm) tr = 22.3 min (minor), 26.1 min (major):

Racemic 2.24l:

B Chrarnatogram View Peak [« Channel [« ]+ | Extract
mél Max Intensity : 200,357
J190nm 4nm Time 21.496 | Inten. 1.053] A
250
200
1503
100}
50
o n " v
b yp £ %‘
T T T T T T T T T T a
200 21.0 220 23.0 24.0 25.0 26.0 27.0 28.0 29.0 min
< >
Ret. Time Area Height Conc.
22 258 45 802 199247 49 802
26.092 50.198 177406 50.198
100.000 376653 100.000
2.241 from Cu(OAc)2/J2 reaction:
B Chromatogram View Peak [« ] Channel [« [ v | Extract
mal Max Intensity : 305 277
400-4190nm,4nm Time . 18.664 _ Inten. -0.224]
300
200
100
W
o] . ¥ " £
T T T T T T T T T T T d
19.0 20.0 21.0 220 23.0 24.0 25.0 26.0 270 28.0 29.0 min
Ret. Time Area® Height Conc.
223113 6.013 24233 6.013
26.106 53.5987 305764 53.987
100.000 325997 100.000
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr= 7.6 min (minor), 9.4 min (major):

Racemic 2.24m:

B Chromatogram View Peak [« [ ¢ Channel [+ ]+ | Estract
mal Max Intensity : 387 158
-180nm.4nm Time Inten. A
1uuué
750
suué
250
7 W
™ A+ Ao ]
] T T Eiﬂ
7.0 75 50 85 90 95 10.0 105 11.0 115 " min
< >
Ret. Time Area Height Conc.
7.644 45,751 386631 45751
5448 50.245 325833 50.245
100.000 712464 100,000
2.24m from Cu(OAc)./J2 reaction:
B Chromatagrarm Yiew Peak [+ |+ Channel [+ ]+ | Extract
mal Wax Intensity : 339,108
J190nm, 4nm Time 8338 Inten. 1.148] A
600
suué
004
3003
2003
1005 v
7 ] fr e )
] 7 T E:ﬂ
70 80 90 10.0 110 12.0 min
< >
| Ret. Time Area’. Height Conc. |
I 7.645 5.253 30285 5253
I 541 94 747 337505 94 747
I 100.000 368153 100.000
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr= 17.2 min (minor), 26.9 min (major):

Racemic 2.24p:

B Chromatogram Yiew Peak [« Channel [« s Extract
mél Max Intensity : 290,535
*00fi50nm 4nm Time 20728 Inten. T139] a
250—5
200—3
150—5
100—3
50—5
] v
o i %
1 =
15.0 175 20.0 225 25.0 275 300 min
Ret. Time Area™ Height Conc.
17.151 45178 287001 45178
26961 H0.822 153215 50.822
100.000 430215 100.000
2.24p from Cu(OAc)2/J2 reaction:
B Chromatogram Yiew Peak [« Charinel [« [ | Extract
mal Max Intensity : 397 804
400-J190nm 4nm Time 15313  Inten. 0.425) o
300—:
200—:
100
W
o A %
] T =]
175 20.0 25 280 275 min
Ret. Time Areal Height Conc.
17175 2927 20538 2927
26872 57073 357082 57073
100.000 413069 100.000
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HO Me

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr=12.1 min (minor), 14.3 min (major):

Racemic 2.24q:

B Chromatogram View Peak [+ [+ Channel [+ v | Extract
mal Max Intensity : 615,210
1190nm.4nm Time 15218 Inten. 83485 A
5000-]
4000—5
3000—5
2000—5
1000%
/_\ & /\\w %
E; T =]
110 12.0 13.0 140 15.0 16.0 17.0 18.0 19.0 20.0 210 230 min
£ >
Ret. Time Area Height Conc.
12516 45719 615352 45719
14738 50231 575156 50.281
100.000 11590505 100,000
2.24q from Cu(OAc)2/J2 reaction:
B Chromatogram Yiew Peak [4 ]+ Channel [4 [+ | Extract
mal Max Intensity : 103,174
E190nm4nn1 Time 13.519 Inten. 2273 A
70
60
50
40—5
30
20
10—5
o 4
] =
1.0 12.0 13.0 14.0 120 16.0 17.0 180 min
< >
Ret. Time Areal Height Conc.
12.056 5310 5710 5310
14.280 54 650 73415 54 630
100.000 724 100.000
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr = 20.8 min (minor), 31.9 min (major):

Racemic 2.24r;

B Chromatogram e Peak [+ Charnnel [+ [+ | Extract
maU Max Intensity : 523,591
:190nm4nm Time 19101 Inten. 1310 A
25004
2000—5
1500—5
1000—5
suu—f K
o v /\L i
T T i &)
g
20.0 225 25.0 2775 30.0 325 380 rmin
< >
Ret. Time Area™ Height Conc.
20542 50.003 521932 50003
31.929 45957 432677 49997
100.000 554609 100.000
2.24r from Cu(OAcC)2/J2 reaction:
B Chromatogram Yiew Peak [+ Channel [« | v | Extract
mal Max Intensity : 359,003
1190nm 4nm Time 20.707 Inten. 29107 A
3504
3005
250—5
2005
150—5
100—5
su—f
S ,F . 3
=
20.0 25 280 275 300 325 min
Ret. Time Area’l Height Conc.
20775 4785 25305 4785
31.892 95215 358305 95215
100.000 388610 100.000
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tg=19.2 min (minor), 26.0 min (major):

Racemic 2.24n:

B Chromatogram Yiew Peak [« [» Channel [« [» | Extract
mal Max Intensity : 578,186
E190nm4nn‘| Time 21.377 Inten. -2.436) A
150
125—5
1005
7]
su—f
=
”_ 7 s F .;1
4
20.0 225 25.0 275 300 325 35.0 min
< >
Ret. Time Areal Height Conc.
15.030 49411 165293 4941
25844 50.589 135554 50589
100.000 00347 100.000
2.24n from Cu(OAc)2/J2 reaction:
B Chromatogram Yiew Peak [« ]» Channel [« [ » | Extract
maU Max Intensity : 150,799
150_‘190nm4nm Time Inten. A
125—5
100—5
7
50—5
=
n— M
] &
-25-] T T T T T T T E‘
200 25 250 275 30.0 325 35.0 min
< >
Ret. Time Area’l Height Conc.
159,21 3.385 o7 3.385
26.038 96115 155152 96.115
100000 163259 100000



HO Me
Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr = 25.4 min (major), 30.9 min (minor):

Racemic 2.24i:
B Chromatogram Yiew Peak [« Channel [« [+ | Extract
mal Max Intensity : 40,385
PRE (EIITEI Time 33.155 nten. T605] A
=
3u—f
25
2u—f
=
10—5
= .
EM 7 "“l’M"“‘\-M @
D_: T JF T T T T d
225 250 275 30.0 325 35.0 min
£ >
Ret. Time Area’l Height Conc.
25 609 45 646 38623 45 646
30631 H0.354 26294 50 354
100.000 64916 100.000
2.24i from Cu(OAc)2/J2 reaction:
B Chromatogram View Peak [+ ]+ Chanrel [« [+ Estract
maU WMax Intensity : 157 661
1190nm 4nm Time 31.858 Inten. 4663 A
150
125—5
100—5
753
su—f
=
5 . } 5
4 7 = &
- g
250 275 30.0 325 350 s min
L4 >
Ret. Time Area™ Height Conc.
25374 55286 156056 95 286
30892 4714 5363 4714
100.000 161919 100.000
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Hd Me

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,

A =220 nm) tg=18.0 min (minor), 25.6 min (major):

Racemic 2.24d:

B Chromatogram Yiew Peak [4]» Channel [« [»| ChZ
mal Max Intensity : 850,190
10000-F3Gnm dnm Time Z4.798 Inten. 79.237]
7500
s000-]
2500
o - o o b %
15.0 175 20.0 25 280 275 300 min
>
Ret. Time Areal Height Conc.
17.225 49300 644473 0.000
25297 50700 h50B42 0.000
100.000 1195315 0.000
2.24d from Cu(OAc)2/J2 reaction:
B Chromatagram Yiew Feak [« Channel [« ]+ | ChZ
méal WMax Intensity : 371 417
J220nm. 4nm Time 21.247 Inten. 1.076] a
7004
auu—f
suu—f
400—5
3uu—f
zuu—f
100—5 v
. - ke e %‘
120 175 20.0 Zs 250 275 300 325 mn
£ >
Ret. Time Areal Height Conc.
18.020 5.396 14746 0.000
25607 04 604 370632 0.000
100.000 335378 0.000
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,

A =190 nm) tg=16.0 min (minor), 17.5 min (major):

Racemic 2.24j:

B Chramatogram iew Peak [« [» Channel [+ [» | Extract
mAU Max Intensity ;: 249 714
5p-1120nm.4nm Time 13.964 Inten. 1.215
400
300
200
100
1 0 ke
0 Lo 3
130 140 120 180 170 180 190 200 210 220 230 mn
>

Ret. Time Area’ Height Conc.
16.057 45703 248242 45703
17.556 50.297 2377596 50 257

100.000 436038 100.000

2.24j from Cu(OAC)2/J2 reaction:

L]

DEE <

B Chromatogram View Peak [« ]+ Chanrel [« [+ | Esfract
mALl Max Intensity : 545 663
4190nm,4nm Time Inten.
1000
750—5
500—5
250—5
o v v
1 2 T
18.0 18.0 170 18.0 19.0 20.0 21.0 min
£ >
Ret. Time Area’ Height Conc.
16.036 3.093 22432 3.0583
17.455 06.907 544630 96.907
100.000 b67062 100.000

]

(DB <
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr= 17.6 min (major), 22.5 min (minor):
Racemic 2.24e:

B Chromatagram View Peak [+ Channel [« [+ | Estract
mal Max Intensity - 128,070
125 190nm.40m Time 23.216 | Inten. 1.032] A
100—5
75
50
2
o] . .
' g
25— T T T T T T a
16.0 17.0 18.0 19.0 20.0 21.0 220 23.0 24.0 25.0 26.0 27.0 28.0 min
L4 >
Ret. Time Areal Height Conc.
17.656 45130 133452 43.130
22454 50.870 4631 50.870
100.000 228123 100.000

2.24e from Cu(OAc)2/J2 reaction:

B Chromatogram View Peak [+ Channel [« v | Extract
mal Max Intensity : 638,520
J190nm.4nm Time 13.78% Inten. 0.540] A
17504
1500—5
1250—5
10005
750—5
suu—f
250—5
' ¥ L et g
T T T T T T T T a
15.0 175 200 25 250 215 30.0 325 min
£ >
Ret. Time Areal Height Conc.
17.556 94,736 636959 04.736
22476 5214 34333 5214
100.000 671342 100.000
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr = 13.5 min (major), 24.9 min (minor):
Racemic 2.240:

B Chromatogram VYiew Peak [« ] Channel [« [+ | Extract
mAl Max Intensity : 7,865
40-[302nm.4nm| Time - 25.342 __Inten. 0.343] »
30]
20

T
Dl <

125 120 175 200 235 280 275 300 325 380 "min
< >
Ret. Time Area Height Conc.
13.969 45020 Fi08 45.020
24533 50.530 3551 50.530
100.000 11655 100,000

2.240 from Cu(OAc)2/J2 reaction:

B Chromatogram Yiew Peak [« Channel [« » | Extract
maAlU Max Intensity : 485,676
500—_190.—.111411111 Time - 19:320 - -Inten. 6.008] A
4uné
300—5
200—5
1004
U—: 7 . D & E:l
- g
125 15.0 17.5 ZUI.U 22‘.5 250 min
£ >
Ret. Time Area’l Height Conc.
13.454 99.938 454117 59.933
24930 0.012 549 0.012
100.000 454666 100.000
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,
A =190 nm) tr= 17.3 min (minor), 39.3 min (major):

Racemic 2.24s:

0 Chromatogram Yiew Peak [« ]+ Charinel [ |+ | Extract
mAU Max Intensity : 75,225
{190nm 4nm Time Tnten. o
70
au—é
su—é
40—5
30—;
20—;
1u—§
o v
-10—5 %
15.0 175 20.0 25 25.0 275 30.0 325 35.0 375 40,0 425 min
< >
Ret. Time Area™ Height Conc.
17.368 50.315 74402 50.315
39.446 49685 33878 49635
100.000 108279 100.000

2.24s from Cu(OAc)2/J2 reaction:

B Chromatogram Yiew Peak [+ [+ Channel [« |+ | Extract
mal Max Intensity : 134,230
1190nm,4nm Time 30779 Inten. -0.832] A
500
400—5
300—5
200—5
100—3 /\
o pr"\w L & v
: g
T T T T T T a
15.0 17.5 200 225 25.0 275 30.0 325 35.0 375 40.0 425 45.0 min
£ >
Ret. Time Areal Height Conc.
17.330 10.329 27333 10.329
33.301 49,671 135509 33.671
100.000 162892 100.000
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Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10 heptane:isopropanol,

A =190 nm) tr = 25.4 min (minor), 27.4 min (major):
Racemic 2.24t:

[ Chromatogram Yiew Peak [« Channel [« || Extract
maL Max Intensity : 104 872
: nm.4nm Time 23.118 Inten. 1.888] &
1500
1250é
1uuué
7505
suué
2sué o
- A = Al %‘
250 275 300 325 350 375 min
< >
Ret. Time Area’l Height Conc.
24 869 50583 28276 50588
27963 49412 50873 49412
100000 79149 100000

2.24t from Cu(OAC)2/J2 reaction:

B Chromatogram Yiew Peak [« Charnel [« » | Extract
mal Kax Intensity : 204 510
4190nm,4nm Time 23631 Inten. 1.974) A
400{
300{
zuu{
mu_: KL
”{ i T = v
' 4
=1
24.0 25.0 26.0 270 28.0 29.0 300 310 320 min
£ >
Ret. Time Areal Height Conc.
25.430 34810 118760 3.310
27 406 65190 203646 65.190
100.000 322405 100.000
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NMR Data

S2e3 s & abme © oo G35
= — o= = — G WD — [CONTs] o= o
T Y A Saa
N R A N N
H NMR (CDCls), 600 MHz
2.19
LJL._.L_._L—
rrrrprTTeTT T B I I I
7 4 3 2
gIB|1B [2| BB B B8 BN R
Al [=le||e - ol-oN |~ oo 5| |2

Current Data Paramstera
SAC2E-11E-HNIR

EXPNO 1
EROCHO 1

F2 - Aequiaition Faramestsra
Date_ 20221107
Tims 16,33 h
INSTRUM apsct
PROBHD Z148658_0003 |
FULEROG =zg20

pes) 65536
SOLVENT cpel:

ns 16

D 2

SWH 12012, 230 Hz
FIDEES 0.266792 Hz
2Q 2.7262976 aec
p2e E2.55

DW 21,600 uas:
CE 10,22 uae:
TE 296.3 ©
Dl 3.00000000 aec
DO 1
SFol 600.,0037050 Hz
ol 18

PO 5.17 uasc
Pl 15.50 uase
PLWLl 13.23200035 w

&
€00.0050157

EM

]
0.20

1]
l.00

Z - Processing paramstera
SEE2E

UHZ
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i R el e | R, & X aa current Data Parametsra
‘ \‘X}M\‘\W v | AME 2202~ 116-CNMR
EXFNO 1
PROCHD 1
FZ - Acquizition Paramstera
Date_ 202z1107
Time 20.28 h
INSTRUM apect
FROBHD 2148658_0003 |
FULPROS zgpg20
kel 65536
SOLVENT CDCl3
13 2= lozg
D2 4
C NMR (CDCls), 151 MHz e 36231.885 Ha
FIDRES 1.105709 Hz
a0 0.92042968 asc
RS 122,73
DW 13,800 uase
DE 6,50 uas
1E 297.9 K
Dl 4.00000000 asc
Bn Dll 0.02000000 asc
. D0 1
SFol 150.,8864644 IMHz
BOCN wucl L13c
PO 4.00 uasc
\ Pl 12,00 uas:
PLWL TT.E5E22TEE W
',/ SFo2 €00.0074000 MH=
HUC2 in
Me OH CEDPERS[2 waltzés
FCPD2 70,00 uae:
PLHZ 13.23200025 W
2'19 PLW1Z 0.64876997 W
PLWLZ 0.32622001 w
FZ - Procesaing paramstera
5T 32768
26 o
1E
SEB o
‘ J = 1.40
‘ A
I I I I I I I I I I I I I I I I
170 160 150 140 130 120 110 100 90 &80 70 60 50 40 30 20 ppm
Current Data Parametera
L i s e =) — [ | [+)] <= HAME HACZ- 197 -HNNE
[ R A ] [Iy] @ -oa v o EXENO 1
ISt T B I =) LI T R | ] (o] PEOCHO 1
[ S S [Is] o B ol —
FZ - AZeguisition Parametera
\I\% | | \X | | Date_ 20221116
Time 11.07
INSTRUM apesot
g (
1 PP.OBHD“ 2142658_0002
H NMR (CDCls), 600 MHz BULPROG zg30
D &553¢
SOLVENT CDoll
Bn ws 54
s o >
D3 2
AcN L 12019.230 Hz
FIDRESD 0.2667928 Hz
AQ 2.7262976 aec
20 129,732
oW 41.600 uas:
- DE 10,32 uas:
Me OH TE 296.3 K
ol 3.00000000 asc
DO 1
2.23b zFol §00. 0087050 MHz
HUCL il
PO 5.17 uasc
Fl 15.50 uasc
PLWL 12.,23200035 w
F2 - Proceaaing paramstera
&553é
&00. 0050161 MHz
EN
[+)
0.20 Hz
[+]
[ l.00
L e L B B B B B I |
9 8 7 6 5 4 3 2 1 ppm
o [=] ['+] =+ o] =]
& 8 B R 1% e 2
- - (=2 B Ll I o 3]
-
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o AdddAdAA A4 - e Current Data Paramstersa
HAME SACZ-197-CHME
| SN N/ :
PROCHO 1
13 FZ - zeoguiasition Paramstera
2022112
C NMR (CDCl3), 151 MHz Date_ 20221121
Time 5.321 h
INZTRUN apect
PROEHD 2142652_0003 |
PULPEOG Zgpg30
E553&
/Bn cpoll
el92
AcN p
36221.882 Hz
NN 1.105709 H=
0.20439628 asc
-, 199,73
7 13.800 uas(
Me OH 6.50 uas
2928.1 K
4.00000000 asc
Dll 0.02000000 asc
2.23b 100 1
SFol 150.2264644 MHz
HuUCl 13ac
PO 4.00 uas«
Fl 12,00 uae«
PLWLl T7.65699768 W
SFoZ &00,0074000 MHz=
HUCL 1H
CEDPERG [2 waltzéh
PCPDR 70.00 uae«
PLWZ 12.,23200035 W
PLWIZ 0.642876227 W
PLWLZ 0.32622001 W
FX - Procesaing paramstera
276
150.8713772 MHz
EN
[}
1.00 Hz
o
1.40

T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

S0 - = -~ o o = M
O o~ =t Lo NN ] - 0 ™ ™M

o]~ —~ -] @ [} ™~ ) — Current Data Parametera
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~ - wn = U o = EXPNO 1
NS T ] :

F2 - Acquisition Parametera
2.0

'HNMR (600 MHz, CDCls): Tine 5

INSTRUM apect
PROBHD 2148658_0003
PULPROG

D

SOLVENT

NS

O DS
B, L

iPr e

DwW . ae
DE . B
\ Ph TE 296.6 K
Dl 3.00000000 asc
. D0 1
M SFOl 600,0087050 MHz

e /O H nuel 1H

PO 5.17
Pl 15.50
2.21c PLWl 13.23200035 W

F2 - Procsaaing parametera
S 65536

SF 600.0050630 MHz
WDW EN

ss 0

LB 0.20 Hz
GB 0

PC 1.00

M 4 U )

9 8 7 6 5 4 3 2 1 ppm



—_170,907

— 146.58

Z
N

132.49
131.1¢

BCNMR (151 MHz, CDCla):

O
Bn. )
N iPr
N
Me 6H

2.21c

126.61
125.63
125.37

20.09

1

6.91

— 31.90

8.34

T
200 180 160

T
140

T
120

Current Data Parametera

2

1E

EX
PROCNO

SAC4-053-CNMR

3

1

F2 - 2cquiasition Paramstera

Date_ 20230207
Time 10.49 h
INSTRUM apect
PROEHD 2148658_0003 ¢
PULPROG zgpg30
D 65536
SOLVENT cpCls
N3 256
s 4
SWH 36231.883 Hz
FIDRES 1
2Q
RG
DW
DE
TE 298.0 K
Dl 2.00000000 =zec
D1l 0.03000000 aec
D0 1
SFOl 150,8264644 MHz
nucl 13c
PO 4.00 uaec
Pl 12.00 uae«
PLWl 77.65699768 W
SFO2 ¢00.0074000 MHz
NUC2 1H
CPDPRG [2 waltzés
PCPD2 70.00 uaec
13.23200025 w
0.64876997 W
0.32633001 w
F2 - Proceazing paramstera
s 3276
150.8713773 MHz
ElN
1.00 Hz
1.40
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— 173
——75.8%

2.24a

_—55.3%

———s53.43

T T T T T
200 180 160 140 120 100 80

_~7.,405

.368

19
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— 5,056
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_4.613
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4
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H NMR (CDCls), 600 MHz

AcN

A
Me 6H

2.24b

ppm

Current
HAME
EXPNO
PROCNO

o

Faramsters

1

—-177-CHIE-redo
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Date_
Time
INGSTEUN
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FULFEOS
D
SOLVENT

w
.-
- ]
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=
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29
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o
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1
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1
5.17
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2 - Acquisition Faramstera
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W
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@00, 0050164

EN

0,30

l.00

MHz
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I B NV 4 | \
13C NMR (CDCls), 151 MHz
' 260 150 1$o 1io 150 160 alo slo 4‘0 2‘0 0 ppm
1F NMR (CDCls), 565 MHz
,PMB CF;
AcN
AN
Me bH
2.24b
6 -2ID -4‘0 -I’;D -SIO -1 ;)D -1 ‘20 -1 LIO -1 IEO -1 ‘80 ppm

Current Data Parametsra

HO
PROCHNO 1

e SACI-009-CHUER-redo
7

F2 - ARcqguisition Paramstsra
202210

Date_
Time 2.17 h
INETRUM apsct
FROEHD 2138658_0003
FULEROS =gpg30
D E5536
SOLVENT <Dol3
1024
L3
36231.883 H=
FIDEES 1.105709 Hz
A0 0.9043988 asc
ples 129,73
oW 12.2800 uas:
DE §.50 uasc
TE 292.0 K
Dl 4,00000000 aec
oll 0.02000000 sec
D0 1
ZFol 150, 2264644 MHz
HuUCl 13c
PO 4,00 uss:
Fl 12.00 uas:
FLWl 77.65699768 W
SFO02 &00. 0074000 MH=z
WUz 1n
CEDPRS [2 waltzéS
FCFD2 T0.00 uass:
PLW 13.23200035 w
FLW1Z 0.,64876227 W
PLW13 0.22623001 w
F2 - Procezzing paramesters
32768
150,28713772 MH=z
EHN
]
1.00 Hz
]
1.40
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o1 o <p L] - o~ “a - @

o w = [ o @ Current Data Paramsters

oo o & o @ o = waE S2C3-007-ENMR-redo
[ n * o o O ol — ERERG 10
PROCHO 1

\/ / | | | | | | F2 - Roquisition Paramsters
20221001

1 23.22 h

apect
H NMR (CDCI3), 600 MHZ PROBHD  z148658_0003 (
PULPROG zg30

P M B Cl ;gl.'.mn :'32'?;
7 Hs 3
AcN os

e 12019.230
FIDRES 0.366798
NN 20 2.7262976
RS 99.5
> DW 41.600
- DE 10.33
Me OH 1E 296.7
pl 3.00000000
0 1
2.2 sFol &00.0087050 MHz
nucl 18
* 4C 20 5.17
Pl 15.50
PLWL 13.23200035 W
F2 - Processing paramsters
sT 65536
sF 600.0050158 MHz
WDW EM
SSB o
is 0.30 Hz
GB o
PO 1.00
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——173.18

——155.80
114.0%

— 75.56
55.41
55.33

=

13C NMR (CDCls), 151 MHz

_,PMB
AcN

2.24c

Cl

28.37

23.31

Current Data Parametsra
AME

220 3-007-CHMR-redo
2

1

F2 - Aequisition Parameters

Dats_
Tims
INGTRUN
FROBHD
FPULFPROG

20221002
0.48 h
apect
z148658_0003
Zapg30
65536
CDClE
1024
1

36231.883
1.105709
0.2042268
129.72
13.800
é.50

298.0
4.,00000000
0.03000000

1

150. 8864644
13c

4.00

12.00
77.656922768
€00.0074000
1

CPDPRG [2 waltzés

Hz
Hz
ase

uas:
uast
i3
asc

FCPD2
FLW2

PLW1Z
PLW13

70.00
13,23200035
0.64876997
0.32633001

FZ - FProcszesing paramsters
32768
150.8713773 MHz

T T T T T
200 180 160 140 120 100 80 60 40

Q
155
T 6.901
7
—5.%941
—4.,888

v

,PMB OMe
AcN

me’ OH
2.24f

Currsnt
HZME
EXFNO
PROCNC

EN

1.00 Hz

l.30

Data Parametera

220 3-011-HNMR-redo
=

1

F2 - aoquisition Paramstera

Date_
Tims
THSTRUM
PROBHD
PULPROG

ZOLVENT
ik
o
F
EX

RE

e}

WH
IDEES
Q

20221001
21.50
apsect

z148655_0003 (

2g30
65536
oDCls
16

2
12019.230
0.366798
2.726297&
log.2
41,600
10.33

296.4
3.,00000000
1
&00.0087050
1H

5.17

15.50
13.23200035

h

Hz
Hz
ase

uase
uast

asc
MHz
uase

uast

W

FZ - Procezaing paramstera
65536

3
600.0050158 MH=z
EN

0.30 Hz

l.00

w
o
-5
[=2]
w
=
w

3][12

Ol lralea

g9
20
.89
2.00
1.00
D92
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H NMR (CDCls), 600 MHz

13C NMR (CDCls), 151 MHz

_PMB

A

RS

OMe

55.37
55.1%
23.5%
23,2

=
-

Current Data Paramstera

NZME 2203-011-CHHR-redo
EXPNO 1
PROCHO 1
F2 - Acquisition Paramstera
Date_ 20221010
Tims 1.54 h
INSTRUN apect
FROEBHD 2148658 _0003 |
PULEROG zgpg30
ki) 65536
SOLVENT cDcl3

& 2042
DS 4
SWH 36221,882 Hz
FIDRES 1.10570% Hz
a0 0.92042968 ase
RS 199.73
oW 13,200 uaze:
DE 6.50 uaec
TE 228.5 K
Dl 4.00000000 asze
oll 0.03000000 asc
DO 1
ZFel 150,2264644 1Hz
el 13c
PO 4.00 ugs:
Pl 12.00 uze:
PLWL 7765699768 W
SFO2 €00.0074000 mMHz
bija) H
CEDERG[2 waltzés
FCFD2 70,00 uasc

PLWL3

Lo

T
200

_PMB

AcN

A

me OH
2.24g

T T T T
160 140 120

180
0 0 - o
T [
— o D a
- 0D [Ty]
e

NMez

T
100

80 60 40 20
S oo o .
o o+ - & o =y
G- o~ w® @
= == = (st (2]

o]

(48]

F2
oI
ZF §
WDW §
ZEB o
LE 0.30 Hz
(=3 o
B 1.00

i

13.23200035 W
0.64876227 W
2633001 W

F2 - Procesaing parametera
a7eg

150.8712772 MHz
EN

1,00 Hz

1.40

Current Data Paramstera

HAME SACI-061-HNME
EXPHO 4
PROCHNO 1

F2 - Acguisition Paramsteras

Date_ 20220501

Tims 20.28 h
STRUM apect

PROEHD 21426528_00032 |

FPULFROG =g30

hus] 655368

SOLVENT CDCl2

w3 32

D3 2

SWH 12019.230 H=

FIDEES 0.366728 Hz

aQ 2.7262276 aec

hale 19292.73

oW 41,600 uae:

DE 10,33 uas:

IE 296.2 K

Dl 3.00000000 asc

oo 1

SFOl &00.0027050 MHz

Ml 1H

PO 5.17 uas:

Pl 15.50 uae«

13.23200035 w

- Proceasing paramstera

@

6553
@00, 005017

9

8 T

(=2

= =
(=4 [=]

B, B

3.4
1.00

5 4 3
AEEIERE )

w

2.44

1 ppm
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o

S = i SRLA FAS rome oA w Current Data Paramsters
o A ddgd Gdd T onead NANE SAC3-06 L-CHNR
HA a3 a4 544 AAA PS5 3 nEad EXENG 11
Wb N TR ERRT
F2 - Acguisition Paramstera
Date_ 20221121
Time 1lé.52 h
INSTRUM apect
PROBHD  £148658_0003 (
PULPROG Zgpg 30
by 6553¢
ZOLVENT cpol:
nz 512
D3 4
SWH 36231.883 Hz
FIDREZ 1.1057092 Hz
13 a0 0.9043968 sec
RG 199.73
C NMR (CDCls), 151 MHz o 13500 uss:
DE 6.50 uset
TE 298.1 K
oDl 2.00000000 mec
PMB Dll 0.03000000 aec
s NM92 D0 1
AcN sFol 150.8364644 MHE
jojalal lac
PO 4,00 use:
\ Fl 12,00 usec
PLWL 77.656929768 W
7 zFoz £00.0074000 MHz
< T 1H
CPDPRG [2 waltzgh
Me OH PCED2 70,00 uasec
PLWZ 13.23200035 w
2.24 PLWLZ 0.64876997 W
248 PLWLZ 0.32633001 W
F2 - Procezsing paramstera
32768
150.8713773 MHz
EN
[]
1.00 H=z
[}
1.40
T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0 ppm
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Current Data Parametera
HAME .

(=] ¢ — - =t = o ¢ o
Sl o =g o @ P FROCHO e
— o G (2] o D o ol o ¢
PO P er f . t“ f t“ FX - ARcguisition Paramstera
[l = = o= = ™ [ B — Date_ 20221002
Time 12,10 b
INSTRUN apect
PROEHD 2142658_0003
PULPROG =q20
k3] &5536
SOLVENT [ad e Tach R
uz 1é
1 2
H NMR (CDCls), 600 MHz 12015.230 s
FIDEESD 0,366798 Hz
AQ 2,7262976 asc
hale 29.5
/PMB Me DW 41,600 uze:
ACN DE 10,322 uaee
IE 2926.5 K
ol 3.00000000 aec
oo 1
SFol &00.0087050 MH=z
- Hucl 1H
Me OH PO 5.17 uase
Fl 15.50 uas:
2 24h PLW1 13.232200035 W
° FX - Proceaaing paramstera
2T &5536
SF E00.0050162 MHz
WDW EN
S5B [+)
LE 0.320 Hz
=B [+)
B 1.00
R B e L B B B B DL |
9 8 7 6 5 4 3 2 1 ppm
(3R 8 Bl g 3 [* 8 R
|| - ol =l [=| | n o
Current Data Paramstera
1 220 3-027-CHUE
- oo B EXENO 3
- "! megedeT 7 - a8 = PROCHO 1
I ] TERRAES 3 i & @ 0o
- - AdAAAAA o v g w1 oea F2 - aequisition Paramstera
Date 20221002
TN Y \ B
TN TRUM apect
FEROEBHD 2138655_0003
PULPROG Zgpg 30
D E5536
SOLVENT cpell
wa lo24
D= 4
SWH 3E231.882 Hz
FIDRES 1.105709 Hz
13C NMR (CDCl;), 151 MHz 20 0.9043268 2ec
Ris 122,73
oW 13,800 use:
DE &.50 uase
1E 2928.2 K
Dl 4.00000000 aec
Dll 0.02000000 aec
D0
SFol 150.2864644 MHz
HUCL 13
PO 4.00 uze:
Pl 12,00 uas:
FLWL 7765622768 W
SFO2 600.0074000 MHz
HNUCZ 1H
CEDPRE[2 waltzéh
70,00 uasc
13.23200035 W
0.64876997 W
0.22622001 w
FX - Proceazing paramstera
5T z7és
150.,28712772 uHz
EN
[}
1.00 Hz
]
1.430

T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm
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WO~ 4 O® O GO g \ -
WOoOOgpo WO O i g ol o
'_: 0.' 03 r: “3 0.. 0.. C: ‘? I!: (\1 03 (\3 (\1 Currsnt Data Paramstera
-9 YWY w n N =F<F <F (s o — HAME S2C3-030-HNNER
EXPHO 1
NN TV I | 2o :
F2 - Zoguizition Paramsters
20221008
20.29 h
oC
£148658_0003 |
H NMR (CDCls), 600 MHz et
65536
CDC13
1s
2
PMB 12019.220 Hz
y O FIDRES 0.366798 Hz
2 2.7262976 asc
PG £89.69
D 41.600 usae«
O DE 10.33 uas«
IE 296.4 K
7 Dl 2.00000000 asc
™m0 1
Me OH SFol ©00.0087050 MHz
HOC1 1
2-z4k PO 5.17 uas¢
Pl 15.50 uaec
PLWl 13.23200035 W
F2 - Procssaing paramstsrs
51 65536
SF 600.0050161 HMH=
wWDWE EH
S5B 0
LB 0.30 Hz
=B (1]
BC 1.00
9 8 7 6 5 a 3 2 1 ppm
SESEE Bl EBEE B
™ a0 IO £l ol lra o o™ o L
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- . 222 Zoe r;messe
s - e B RS o DS o e 2 - - | Current Data Parameters
e 8 E% AAL A%528 @ - s ®oa NAME SAC3-030-CHMR
A 8 393 333 33 333 ¥ H 2 82 ooy 3
IIRVAIRY N = :
r2 - Acqux:utxon Parameters
Date_ 20221009
Tine 5.01 h
INSTRUN spect
PROBHD  2148658_0003 (
PULPROG 2930
13 ™ 65536
C NMR (CDCls), 151 MHz Sovvent Coc13
us 1024
g 4
PMB owl 36231.883 Mz
, FIDRES 1.105709 Hz
(@) a0 0.9043968 sec
RS 199.73
oW 13.800 use
DE 6.50 use
TE ...8.0 3
O ol 4.00000000 sec
-, pll o. o:oooooo sec
~ 00
Me OH ;;‘r:: 150. ssu.u =
PO usec
2.24k B
SFO2 .
NUC2
CPDPRG [2
PCPD2 70.00 use
PLR2 13.2320003% %
PLWI2 0.64876997 w
PL¥1I 0.32633001 %
F2 - Processing Parameters
o1 32768
or 150.8713773 mHz
WDW En
Sol (]
1B 1.00 Bz
oB (]
pc 1.40
T T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0 ppm
ol O 1O T3] o 0 o O o =
W@ G0l <P D o s O - = el —
Q- - olG (=] [ | o “ =
[~ s ] w0 =+ = = O o —
|\ \ ) } fl I I I I I Current Data Paramstera
| | HAME SAC3-034-HAMR
1 EXPHO 1
PROCHO 1
H NMR (CDCIs), 600 MHz
F2 - acguiszition Paramestsrs
Date_ 20221008
Time 20.33 h
INSTRUH apsct
PROEHD  =148658_0002 {
PULPROG zg30
™ 65536
SOLVENT <DCl3
us 16
DS 2
SWH 12019.230 Hz
Me OH FIDRES 0.366798 Hz
EY 2.7262976 asc
R 68.55
DW 41.600 u
2.24' DE 10.33 u,
1= 295.4 K
D1 3.00000000 s=c
™m0 1
gFol 500.0087050 MH=z
HUCl 18
PO
Pl
PLW1 13.23200035 W
F2 - Procesaing params
sI 65536
oF 600.0050156 MH=z
WD EHN
SSB o
1B 0.30 Hz
=B (]
C 1.00
5 8 g 4 6 5 4 3 2 -] ppm
“
ﬁféﬁg 2|y 3 H q [B ° 5
Sl=ic|nilmll— - =l l=l lod o =
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o PEECLEE LS EEE XS5 - o - Current Data Parameters
- PR S < * nan HANE SAC3-034-CNMR
- R R R R R R R ] o w G 3iis] 3
- A o Addd A A A A A A A v - A FEOCTID 7
Dats_ Z0ZZ1009
Time G229 h
INSTRUN apect
PROBHD 2142652_0002 (
FPULPEOG =gpg30
pyl 65536
SOLVENT <Dell
loz4
4
36231.883 H=z
1.105702 Hz
0.9043968 asc
122,73
12,200 uas:
&.50 nase
292.0 K
4.00000000 aec
0.03000000 azec
1
150.8864644 MHz
HUCl lac
PO 4.00 uas:
Pl 12,00 uasc
PLWL T7.65699768 W
SFO2 &00.0074000 MHz
HUCZ 1H
CPDEERS [2 waltzéh
PCPD2 70,00 uzs
PLW2 13.23200035 W
PLW1Z 0.64876297 ¥
PLW1Z 0.326332001 w
FZ - Proceaaing paramstera
oI I27é8
aF 150.8713773 uHz
WDW EN
5B [}
LE 1.00 H=z
GE o
A | EC 1.40

T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0 ppm
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R e I i ST [Ty} YO W o0 0] [l o
(= M= ] = @ = o = =t
o= Mo o e @ o ™ Current Data Parametera
[ S o e Y N A T o — = SAC3-032-HNMR
EXPNO 3
'\.\\ / / / | | \ / | | FROCTIO 1
FX - ARoguisition Paramstera
Date_ 20221010
Time 4.5 h
INZTRUM apect
PROEHD 21426528_0003 |
1 FULPROG =g20
k3] E553&
H NMR (CDCls), 600 MHz 10 T gan3e
u le
PMB 2
A N/ SWH 12019.220 Hz
FIDRES 0.266792 Hz
c AQ 2.7262976 acec
hale 135,67
\ oW 41,600 uas:
o CF3 DE 10,323 uas:
. 1E 296.8 K
Dl 3.00000000 aec
Me OH o 9
SFol &00.0027050 MHz
Hucl 1l
2.24m PO 5,17 usee
Fl 15.50 uas:
PLWLl 12.,23200035 W
FXL - Proceasing paramstera
2T E553&
SF &00,0050150 MHz
WDW EN
S5B o
LE 0.20 Hz
=B [}
B l.00
l A ' . l_uL. X .
e B B B L B I R
9 8 7 6 5 4 3 2 1 ppm
= ['+] =+
SEREEE B BIBEES I
[=0{=T01=0L Bl-T]E - [=201=2C 1t ] o ]
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T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm
F NMR (CDCls), 151 MHz
,PMB
CF3
Me OH
2.24m
T T T T T T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm

Current Data Parametera

ME SACI-032-CNHE
EXPNO 4
FROCHO 1
FX - AReoguisition Paramstera
Date_ 20221010
Time €.1% h
INZTRUM apect
PROEHD 2142658_0003 |
FPULPROG =gpg30
k3] E5536
SOLVENT CDCl2
u loz4
D 4
SWH 36231.882 Hz
FIDERES 1.105702 Hz
AQ 0.2043268 aec
hale 122,72
oW 13,200 uas:
DE 6.50 uas:
IE 2928.1 K
Dl 4.00000000 asc
Dll 0.02000000 asc
oo 1
SFol 150.2264644 MHz
HuUCl 12
PO uze
Fl uze
PLWl
SFO2
HUCL
CEDPRS[2 waltzéb
PCPDR 70,00 uas:
PLWZ 12.,23200035 W
PLWIZ 0.64876227
PLWLZ 0.32632001 W

FX - Proceaaing paramstera
327ég
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el U - 0l ed L0 uw e S (=]
0o I P~ G o G o] 90w ]
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H NMR (CDCls), 600 MHz

_PMB
AcN

NN CO,Me

me’ OH
2.24p

LY T |

1.201

Current Data Paramstera
SACI-026-HNME-redo
1

EXPNO
PROCNO 1
FX - ARoguisition Paramstera
Date_ 20221010
Time 15.29 h
INZTRUM apect
PROEHD 2142&652_0003 |
=g30
E553&
CDoll
le

-
12012.230 Hz
ase

uae

uae
296.3 K

4.00000000 asc

1
&00.,0087050 MHz
1H

5.17 uase
15.50 uas:
12,23200035 W

FXL - Proceasing paramstera

kg 65536

SF &00,0050157 MHz
WDW EM

ki = o

LE 0.30 Hz
=B o

PO 1.00

9

5 4

8 7
sgy B (g 2R ;
Ll Rl=11=01+1 L]

3

- ol =l oM o™

2

8

o

ppm
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13C NMR (CDCls), 151 MHz

1687

—_—
=573

AhAe s R Current Data Faramstera

W el el e WANE SAC3-036-CHHER

e n oo EXENO 7

w FROCHS 1
F2 - ARecguisition Paramstera
Date_ Z0Zz1010
Time 7.50 h
INITRUN apect
FROEHD Z148658_0003 |
PULFPROG =gpg 30
D G553
SOLVENT oDl
wa 1024
D3 4
SWH 36231.882 Hz
FIDEED L.1l0570% Hz
AQ 0.90429628 asc
B 129,73
D 12,800 uae:
DE 6,50 uase
T1E z92.1 K
Dl 4.00000000 aec
Dll 0.03000000 asc
TDO 1
SFol 150, 2264644 MH=
HUCL L3¢
j1¥] 4.00 uase
Fl 12,00 uaec
PLW1 TT.EG5699TE8 W
SFO2 ¢00,0074000 MHz
HuUCl 1lu
CPDPRG [2 waltzés
FCPDZ TO.00 uaee
PLWZ 12, 23200035 W
PLWLZ 0.64876297 W
PLWlZ 0.32633001 w

oI
oF
WDW
s =

Hlll ?E

FC

T T T T T
200 180 160 140 120 100

150.,8712772

EN

o
1.00

o
1.40
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Thowp - €D D T e [~ 0w U — ITs)
Wom o O [l [ =T o = T ] — =
[N Q. § =) [ NR- Ty AP -] ] 1
AT Y M : M M Current Data Paramstera
[l ol ] i L B N B o — £nC 3029 HNIER
NZEN R :
FROCHO 1
F2 - ARcguiaition Paramstera
Date_ z0zzlo02
Time 20.22 h
1 IHSTRUM apect
PROEHD 2148658_0002 (
H NMR (CDCls), 600 MHz
o 65536
SOLVENT cpoll
_PMB e i
DS 2
AcN SWH 12019,230 Hz
FIDRES 0.386798 Hz
\ AQ 2.7262976 asc
R 29,69
o Br oW 41,600 uasc
< DE 10,33 uasc
1E 296.4 I
Me OH Dl 3.00000000 aec
D0 1
SFoL 600.0027050 MHz
2 24 mucL 1H
pds) 5.17 uase
* q Pl 15,50 uses
FLWL 13.23200035 W
- Proceaaing parametera
E5536
G00.005016l MHz
EN
a
0.30 Hz
[+]
l.oo0
A e
T T T T T T T T T T T T T e T e e T
9 8 T 6 5 Ppm
a[351818 g 8l 2 & B ° 8
=1=1PEe L - eil (ol led ed "
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—173.11
—158.67
— 142,11

13C NMR (CDCls), 151 MHz

— 75.43

60.42
—55.40

28.37

23.33

T T T T
200 180 160 140

T
120

T
100

ppPM

Current Data Paramstera

PROCHNO

SRCI-039-CHME
3
1

FZ - Acguisition Paramstsra

Date_
Tims
INSTRUM
PROBHD
PULEROG
h3e]
SOLVENT
ne
oo
SWH
FIDRE:D
2Q

Rz

DW

DE

HUCZ
CEFDPRS[2
FCPD2
PLWL
PLWl2
PLWLl3

2T

Z0Zz1l002
7.58

apeot
Z142658_0003 |
zgpa 30
E5536
oDl

loz4

4
36231.883
1.105702
0.9043968
199,73
1z.200
é.50

222.0
4.00000000
0.02000000

1

150, 8864644
13c

4.00

lz.00

T7. 65609768

E00. 0074000
1lH

waltz=a5
T0.00
12.23200035
0.64876227
0.32633001

150.8713772

EN

a
1.00

a
1.40
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s LX) o ol Ty [ [T} Current Data Parametera
WO G =t - 9 o W =3 =} HANE 2203-041-HNME
A0~ - c: F R s B 0‘3 - S} m EXPNG 2
- 0w W 1] s T T W) 1 i PROCHO 1
\ \ (/ | | | | \X | F2 - Reoguisition Parametera
Date_ 20221008
Tims 20.44 h
INZTRUM apeect
1 PROEHD 2142658_0002 |
H NMR (CDCls), 600 MHz EULEROL 2220
SOLVENT L Tuch R}
PMB hifs] 1la
7 Dz 2
AcN SWH 12019.230 Hz
FIDFRESD 0,366798 Hz
aQ 6 aec
\ Rz
A OMe DW 41.600 uss
2 DE 10.33 uasst
TE 296.4 K
Me OH ol 3.00000000 asc
DO 1
2 24 2ROl &00.,0087050 MHz
24r wuel 1H
ro 5.17 uaet
Fl 15.50 uae:
PLWL 12.232200035 W
FZ - Procsaaing paramstsra
SI E5536
ZF E00,0050173 MHZ
WD EN
SZE [u]
LE 0.30 H=z
(=53 [u]
L‘J-LJJJ\J Pc :
L e B B B B L L S
9 8 7 6 5 4 3 2 1 ppm
-
sREE B BB R ER D
o e = = - = | | lmitd 3 ] i
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o ARET aw Py B Current Data Parameters
- e 0® L LA | WAME BACI=041=-CHMR
3 Adda -

" HAAA ER hi a8 EXPNO 4
‘ / \/ FROCHO 1

FL - Acguisitder

n Parameters
221009

Date_ 20
13 Time 2.27h
C NMR (CDCI3), 151 MHz INETRUN spect
PROBHD Z148658_0003 |
FPULFROG zgRg 30
™ 65536
SOLVENT [ == Re}
wa 1023
] L]
BWH 36231.,883 Hz
FIDREX 1,105708 Hz
AQ 0,90439668 nec
OMe PG 199,73
bW 13.800 unae«
DE 6,50 uned
TE 298.2 K
oL 4.,00000000 nec
oll 0,03000000 nec
TRO 1
Brol 150,8864649 nHz
wucl 1ac
PO 4.00 e
Pl 12,00 uned
PLWL 77.65699768 W
HFO2 600,0074000 MMz
noc LH
CPORPRG [2 Waltzélh
POPD2 70,00 upec
FLHZ 3,2320003% W
PLWLZ 0.,64876397 W
PLWL3 0.3263300L W
F2 = Procencing paramstars
“r 32768
“@F 150,28713772 nHz
WDW EH
HEB
LB 1,00 Hz
GB
I PC L.40
| . n o

1 1
200 180 160 140 120 100 80 60 40 20 0 ppm
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FoonSom 0 o om0 © I =]
W AO O M o M o = =1 =3 (=]
L B NI e L) (= -] ] L] 1) [l [l
-0 Www e - = s ™M 1 ] &l current Data Parametsre
WANE fAC 3=04 6= HUMR
N7 I | :
PROCNO 1
F2 - Acguisition Parameters
'H NMR (CDC|3), 600 MHz Babal T 20221107
Time 18,27 h
INSTRUM Rpect
PMB FROBHD Bl486%8_0003 (
4 PULPROG =g130
AcN s 65836
HOLVENT epeld
we L&
Do 2
e Ll2019,230
NMeZ FIDRED 0, 366788
AQ 2,7262976
Me OH R 68,55
bW 4L, 600 une
DE 10,33 unet
2.24n TE 296.5 K
ol 3,00000000 pec
DO 1
Grol GO0, 0087050 MMz
LN 1H
PO 5,17 used
Fl 15,50 une:
PLWL 13,2320003% %
- Processing parameters
EELER
600, 0050157 MHz
EN
o
0,30 Hz
o
J 1,00
| | | | | | | |
9 8 2 6 5 a 3 2 ppm
AL | 1 Gl O, O | I, (| I
=
oEREE [l EEEE 8 B @
=l (0N = | - al l=l =l |ai o ] ]
o L s T e T T s B = e B
R LR R R R e ) = + o - oo Ccurrent Data Parametera
AR Gacornada e Sdnss i N “ e NAME SAC3I-046-CHUE
o L o R A A R A e e e e e - urou o o 0n e e -
] AddAdAAAAdAAAAAAAAA [ o - f1 el el EXPHO &
VNNV STV YNV :
FX - ARoguisition Paramstera
Date_ 2pzz1107
Time 21.57 h
INSTRUM apect
PROEHD 2142652_0003 |
FPULPROG =gpg 30
k3] 65536
SOLVENT cpoll
u 1oz
13C NMR (CDCls), 151 MHz 3
SWH 36231.882 Hz
FIDRES 1.105709 Hz
AQ 0.20439628 asc
PMB RE 199.73
7z oW 12.200 uas:
ACN DE &.50 uas
IE z98.1 K
Dl 4.00000000 asc
AN D1l 0.03000000 sec
. N|\/|e2 100 1
7 SFol 150.2264644 MHz
HuUCl 13ac
Me OH PO 4.00 uas:
Pl 12.00 uas:
2.24n PL¥l 77.65699768 W
SFO2 &00,0074000 MHz
HUCZ 1n
CPDERG[2 waltzéh
PCPDR 70.00 uas:
PLWZ 12.,23200035 W
PLWIZ 0.64876227 W
PLWLZ 0.326232001 W

FX - Pro

ceasing paramstera

=1 32768
=F 150.8713773 MHz
WDW EN
S5B [+]
’ _ o " lli‘ n L LE 1.00 Hz
T i SE [}
B 1.40
T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 ppm
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-4 Ymno W
—HO @~ 0
HOo®@ww O
fwww wn
V1 |

%
H NMR (CDCls), 600 MHz

_PMB
AcN

2.24i

—4.992
—4.700

——4.512
—4d.264

—23.80

—2.281

—1l.271

T T T T T
9 8 7 6

b |

.21
82
1.00

T

Current Data Paramstsars

HEME SAC3-074-HNHR-—dry
EXPHO 1
PROCHO A

18.55 h
spect
£855801_0104 (

2
12019.2320
0.366798
2.7262976
30.85
41.600
11.65

299,
3.00000000
1

592.2587047 HH=
1"

.58 w
7.75 u
11.2239398% W
F2 - Processing paramstera
51 65536
SF 5992.2550158 HH=
WD EN
ssB o
LB 0.30 Hz
=B 1]
PC 1.00
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CUrrent Data Paramstera
HAME SACI-0T4-CHMER-dry

o 3
W@ W o wH wwno EROCHO 1
- maa L= - o FE
. B . I " aan
e e B 55 O A354 : - - e F2 - Acguizition Paramsters
- o T R R " Aaa Date_ 20221109
Time 20.22 h
INSTRUN apect
PROEHD Z255201_0104 |
FPULFROS =gpg 30
13 k3l 65536
SOLVENT [l eTuh ]
C NMR (CDCls), 151 MHz e 1523
L3
3E231.883 Hz
1.105702 Hz
0.2043268 aec
124,75
13,200 uas:
€.50 uzs:
296.9 K
4.00000000 aec
0.03000000 asc
1
SFOL 150.8735206 MH=
nucl 1lic
rO 3.80 uasc
Fl 11,40 uaec
PLW1l 176.1929292695 W
SFO2 599.9572998 MH=
2 24. HUC2 1
CPDPRG [2 waltzéh
* ! PCPDL 70.00 uas:
PLWZ 11.929429929 ¥
PLW1Z 0.14703000 W
PLW1lZ 0.07325500 W
FZ - Proceasing paramstera
SI 2768
ZF 150.2522050 MH=
EM
]
1.00 H=z
o
l.40
T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0 ppm
g ) ] 0 o1 —~ g = g g g
— w oo - ] [ ] S - .
) & = Current Data Faramstera
= 5T . S 9 “ “ 21E £203-081-HNMR-zedo
0 - S} 0] I T (] — 1
T | VA }
FZ - Acquisition Farameters
| Date_ 20221009
Time 20,00 I
THSTRUM apeect
1H NMR (CDCI3), 600 MHz PROEHD  ©142652_0003 |
FULFROG zg30
o 65536
PMB SOLVENT cpell
1é
7 2 >
AcN | 12019.230 He
0.366728 Hz
\ N 2,7262976 asc
N 68,55
. 41.600 uase
< 10,33 use:
6.6 K
Me OH 3.00000000 aec
1
€00,00287050 MHz
1H
2-24d S5.17 uast
15.50 uaec
13,23200035 w
- Proceaaing paramestera
65536
600,0050160 MH=Z
En
]
0.20 Hz
o
l.00
L o B i L B L e e |
9 8 7 6 5 4 3 2 1 ppm
o o o|[o o f~
8 8| []||® 8 8 B3 |= > 2
23 - mlled - al I=llol I~ od ed
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o
i 3 H 38 non
2 M + & - P Current Data Paramsters
o o 3 w * o HAME HAC3-081-CWHR
| ‘ ‘ EXFPHO 11
PROCNG 1
F2 - xequisition Paramstera
Date_ 20221010
Time 10.51 h
INSTRUM apect
PROBHD 5148658_0003 {
PULPROG Zepal0
hesl 65536
SOLVENT ool
13 us 1024
C NMR (CDCl5), 151 MHz i, oot
FIDRES 1.105709 Hz
20 0.9043968 aze
R 199,73
D 12,800 use
PMB DE 6,50 uzec
’ 1E 298.3 K
AcN = ol 4.00000000 ase
D1l 0.02000000 ase
| D0 1
sFol 150.8864644 Hz
\\\\ \\\\ Pq ol 13¢
0 4.00 uz=c
> rl 12.00 use
- FLWL 77.656997638 W
Me OH SFOL $00. 0074000 MHz
NUC H
C! waltzés
70.00 ussc
2.24d 13.23200035 W
PLWLZ 0.64876957 w
PLWL13 0.32633001 W
F2 - Proceaaing parametera
8T 32768
ZF 150.8712773 MHz
WoW EM
295 o
j LE 1.00 H=z
. ' W ; ; E
PC 1.40
T T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0  ppm
00O O wen o M wow ] =
@ ooy O g & - P
I N S 2N ~ ] “ Current Da
S W WD n - o - ki
D= = = = 1 -,
VLN T I

H NMR (CDCls), 600
PMB

- — 3.

MHz

Date_

k3l

a1

9

8

7 6
rLUl' I ii:“” i
=3 B8

5 4

8gE [

3

2 1 ppm

ne
I TRUN
FROBHD
FULFROG

HOLVENT
nua

ta FParamsters

oA

F2 - Aequisition Parameters
0221002

& 3- 026 -HINR
1
2
18,05 h
npect

2148658_0003 (

Hz
nec

us e

ns e
296,85 1

3,00000000 pec

1
600,00870%0 MHz
1H

5.17 une
15,50 une
13,23200035% w

F2 - Processlng paramsters
nm3g

@ é
600,00501%6 HHz
EN

0,30 Hz
1.00
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" P R e R
= g dmnoeaceaas Ao adde = o b
" Gm HAHHo G R G o s 00D ? . s Current Data Parameters
4 BRI L Ra b Rafa il o) b P aa 1E RCI-026-CHMR
EXPNO 3
PROCHO 1
F2 - Acguizition Parametera
Dats_ Z0zzlo002
Tims 12,32 h
IS TRUM apect
FPROEHD Z148658_0003 ¢
PULPROG zopg30
™ G55368
SOLVENT <Dl
i 1024
23 L3
SWH 36231.883 Hz
13 FIDFES 1.105709 Hz
C NMR (CDCls), 151 MHz a0 0. 5043968 sse
=0 128,73
oW 12,200 uas:
DE 6.50 uaec
PMB TE 298.3 K
’ ol 4.00000000 asc
Dll 0.02000000 asc
o 1
SFel 150,2264644 MHz
Hucl 13c
FO .00 uas:
Fl 12.00 uas:
PLW1 77.656297&8 W
SFOZ E00. 0074000 MHz
HUCZ 1H
CEDEFR: waltzés
FCPD2 70,00 uae
PLWZ 13,23200035 W
PLW1Z 0.64876997 W
PLWLZ 0.32633001 w
F2 - Proceaaing paramstera
= 32768
150.8713772 MH=z
EN
a
1.00 Hz
]
\ 1 Il PC l.4a0
L " l " " o lL h,& 4

T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm
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—® s O Cowo =
Y WYY W [ ]

H NMR (CDCls), 600 MHz

_PMB
AcN , N\

Me
N s
Me OH

2.24e

—4.,160
—32.80¢9

—2.411

m22dB

T T
8 7 6

BRIE

Current Data Parametersa

HRME S2C3-048-HHHR
EXPHO 2
PROCHC 1

2 - Acguisition Paramstsra

Date_ 20221008
Tims 20.54 h
INSTRUH apect
PROEBHD 2148658 0003 |
PULPROG zg30
po:l 65536
SOLVENT cDCl3
Hs 16

>

12019.230 H=
0.366728 Hz

2.7262976 asc

89.69
41.600 uas«
10.323 ua=
296.4 K
3.00000000 a=c
D0
SFol &00.0087050 MH=
HUC1l 1H
PO 5.17 uas«
Pl 15.50 uas«
PLWl 13.23200035 W
FX - Proceasing paramstsra
51 65536
SF &00.0050152 MH=
WDW EH
S5B o
LE 0.30 H=
[=:] o
PC 1.00
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+59

.46
.06

o o 6 e m
g “ ¥ 83
- R : ? . :
- R é i o ﬂ
S oo = 2 P
t Data Parameters
SAC3-048-CNMR
4
PROCNO 1
FZ - Acquisition Parameters
a
INSTRUM
PROBHD
o
150.8864644 MHz
13¢
4.00 usec
12.00 usec
77.65635768 W
600.0074000 MHz
1H
waltzés
70.00 usec
13.
0.
FZ - Processing param
ST 32768
SF 150.8713773 MHz
WOW EM
SsB 0
1B 1.00 Hz
GB o
‘ I e 1.40
I ‘ A ) A ek L

T T T T T
200 180 160 140 120

W~ -
[ s I (]
Y Moo ® -3
[ o o ] n

'H NMR (CDCls), 600 MHz

_PMB
AcN =

S NTs

2.240

100 80 60 40 20 0 ppm

Currsnt Data Paramstsrs

S - = HANE SAC3-052Z-HNMR-Tédo
o EXPNO 1

L & 8 3 Proco i

S T T O oo (al F2 - Acguisition Paramsters
Date_ 20221010
Time 15,15 h
INSTRUN Spect
PROBHD 2148658_0003 (
PULPROG 2g30
il 65536
SOLVENT <DCld
Hs 16
DS 2
SWH 120192.230 Hz
FIDRES 0.366798 Hz
AQ 2.72 76 sec
PG 61
D 41.600 usec
DE 10,33 use
TE 2%6.3 K
Dl 4.00000000 sec
0
srol $00.0087050 MHz
HUCL 1H
PO 5.17 use
Pl 15.50 use:
PLW1 13.23200035% %
F2 - Procsssing pAramstsrs
-3 4 65536
SF 600.0050161 MHz
WDW EH
SoB [}
LB 0,30 Hz
=B [}
P 1.00
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A o iR A -G - - ., Current Data Parametera
- - g s i @ @ = = AME 220 3- 052 —CHMR-new
r- w R R R " w e @ EXENG 5
- - AddAAAAAAAAAA S w o €1 oed ol
PROCHS 1
| | \\\\|////// | l\f} k”} FZ - Acguiaition Paramstsra
Date_ 20221102
Tims 12,22 h
INS TR apect
PROEHD Z21426¢52_00032
13 FULFROG =g 30
C NMR (CDCls), 151 MHz g553¢
loz4
4
36231.883 H=z
1.105709 Hz
/PMB 0.2043268 asc
122,73
ACN — 12,800 uasc
NTs .50 uaec
NN = 298.0 K
o 4.00000000 asc
. Dlé 0.0300000? asg
pys)
Me OH SFoLl 150.8864644 MHz
U1 1z
2-240 Bl 4.00 uasc
Fl 12.00 uae
PLW1 TT. 65699768 W
[ oleey &00.0074000 MHz
HUCZ 1H
CEDERG [2 waltzéh
PCFD2 TOL 00 uas
PLWZ 12.223200035 W
PLW1Z 0.64876227 W
FLW13 0.32633001 w
FZ - Proceaaing parameteras
2T 278
150.8713773 MHz
EN
[}
1.00 Hz
]
L ! . " 1.0

T T T T T T
200 180 160 140 120 100 80 60 40 20 0  ppm
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[ o+ o+ © + o @ n o o e
o [ =] G Mo a ERRES] —
S w0 ™ o win = ® - E
o [ B TR Y o £l el el —
! I
H NMR (CDCls), 600 MHz
PMB
AcN
R
HO
2.24s
R o o o L B e e e e e e e s s s B L Rl
9 7 5 4 3 2 1 Ppm
|El®) g el el B R ER
oll=lnlin - "= L L o o
L R R L
Agaflgaamt dode aaandonnedS I mHAA oo e da
- SnnEZELA
L T = B = - Lo - = ) . e e e e oo
R R R | WO S
ArdAAdAAAdAAAAAAAAAAAAAAAAAAA B R |

13C NMR (CDCls), 151 MHz

| e e

_PMB

— 737

/
[
==
X

CUrrent Darta Paramerersa
HAUE SAC3-020-HNHER- nL

EXPNO 3
FROCHD J.
F2 - Requisition Paramstera
Dats_ 20221102
Tins 3.14 h
INSTRUM apect
FROEHD Z855801_0104 |
PULPROG zg30
65536
ZOLVENT Ccpols
I lé
e 2
SWH 12019.230 He
FIDRES 0.366798 Hz
2G 2.7262976 3ec
S
D# uase
DE ume
TE 297. 8
ol 3.00000000 aec
DO s
arel 529,9587047 MHz
HuC L 18
EO 2,58 uaec
Fl 7.75 uas:
FLWl 1.,29422982 W
F2 - Procesaing parameters
65526
529,2550171 MHz
1
0
0.30 Hz
o
1.00

T
200

180

T
160

T
140

T
120

T
100

0 ppm

Current Data Paramstera
AME SACI-080-HNNR-new

EXPHO 10
PROCHNO 1
F2 - Reoguiazition Paramstera
Date_ 20221102
Time €.07 h
INSTRUM apect
PROEHD 2855801_0104
PULFROG =gpg 20
k3] &5536
SOLVENT [ Tach ]
2056
4

36231.883 Hz
1.105709 Hz
0.92043968 asc

12,200 uas:
6,50 uas
297.6 K
4.00000000 asc
0.03000000 asc

1
150.87389206 MH=

12
3.80 uaze:
11,40 uas:
PLWL TE.199929695 W
SF02 599, 9573998 MHz
HUCZ 1H
CEDPRG [2 waltzéh
FPCFD2 70,00 uas:
PLWZ 11.99459985 w
PLWIZ 0.14703000 W
PLW13 0.07285500 W
F2 - Proceaaing paramstera
2T az7es
SF 150.8522050 MH=z
WDW EHN
S5B [+)
LE 1.00 Hz
=B [+)
BC 1.40
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@ w0 - Wl - w oD =] w0 -
o - = ol O ow o o - o P
— o0 o1 [FRI S s ) = L= Ty] o1 — o
s y S o e M M M T Current Data Parametera
©oe @ 0o - oo “ e HAME SAC2-056-HNUIER
A | % e :
FPROCHD 1
FZ - ARcguiasition Paramstera
Date_ 20221107
Time 12.32 h
INSTRUM apect
PROEHD 21426528_0002 |
FPULFROG =g30
&55 36
'H NMR (CDCl3), 600 MHz cpeis
lé
2
PMB 12019.230 Hz
’ E 0.366798 Hz
AcN 20 2,7262976 aec
ol loe. 2
\ Me oW 41.600 uas:
DE 10,33 uae:
- 1E 296.4 K
- ol 3.00000000 aec
Me OH 100 1
SFol &00.0087050 MHz
HUC L 1l
PO 5.17 uae:
2-24t Fl 15,50 uas:
PLWLl 12.23200035 W
FXZ - Procsasing paramstera
21 E55 36
ZF E00.0050156 MHz
WDW EN
5B [}
LE 0.30 Hz
B o
P l.00
il N Y W

9 8 7 6 5 4 3 2 1 ppm
slel [ lBlER B kB : 1
ol - [=RRL - Mo o ™

128



‘- 732 %4 PR
- g88 g7 R
- = Add A A o i f1 1 el
Current Data Parametera
] Wl VoY ( Sammen P SrEeien
EXFNO 7
PROCHO 1
FX - ARcguisition Paramstera
13 Date_ 2pzz1107
CNMR (CDC|3), 151 MHz Time 23.26 h
INSTRUN apect
PROEHD 2142658_0003 |
, P M B PULFROG Zgpg30
ACN k3] &5536
SOLVENT CDCl3
: loz4
4
AN Me 36231.883 Hz
',/ 1.105702 Hz
0.2043268 aesc
Me OH 199,73
12,800 uas:
&.50 uas:
2928.1 K
2.24t 4.00000000 asc
Dll 0.02000000 asc
oo 1
SFOol 150.2264644 MHz
HuUC L 13
PO 4.00 uas:
Pl 12,00 uas:
PLWL E5E097E68 W
SFO2 &00.0074000 MHz
HUCZ 1n
CPDERG[2 waltzéh
70.00 uast
12.,23200035 W
0.64876227 W
PLWLlZ2 0.32632001 w
F2 - Procsaaing paramsteras
2T 32768
aF
WDW EN
SEE 1}
LE 1.00 Hz
SE 1}
B 1.40
|
T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0  ppm
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=N s N ) W, o @ o oo
o e ) Moo @ - c1 1
- = R ) ) e -] r-or- ca
AN y M ool M Current Data Paramsters
L i == oo oo HANE 2llens-HNME-DYY
EXENG 3
NN VNV V !
F2Z - ARcguisition Paramstera
Dats_ 20221107
Tims 17.59% h
IHSTRUN apect
FPROBHD Z148658_0003 |
PULEROS 2930
D B85 26
SOLVENT cDels
w2 1s
D2 2
SWH 12019,230 Hz
FIDEES 0.366798 Hz
29 2.726297¢ aec
= 68.55
1 b
H NMR (CDCls), 600 MHz Dy 41,500 use:
1E 29¢.2 E
AC Dl 3.00000000 asc
\ DO 1
ZFol &00.0087050 MHz
N el 1H
/ PO 5.17 uae
PMB Fl 15.50 uae
L PLil 12.23200035 W
\\ F2Z - Procssaing paramstera
2T 6553
2.23 SF E00. 0050154 MHz
WD EN
S8E o
1E 0.20 Hz
B o
PC 1.00
l N L N Y
R e o e T o e s e o ]
9 8 7 6 5 4 3 2 1 ppm
(=] = =] (=]
Q.rgg.ré 2|8 3 B i 2
al=lalal=l~ B ] o o
13,
C NMR (CDCls), 151 MHz
\
/ \\
PMB o\
2.23
l L
T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0 ppm
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D ol ool m A n il Current Data Parametera

R § 2 L) N0 NAME S2C4-051-HNMR

WO H [S IS B S - ~ o 2] Sa

4 ravie Caht . . o e .. EXPNO 1

I= I3 s =00 00 o - PROCNO 1

\ \|/ f \X | | { \ / F2 - 2equizition Parametera
Date_ 20230213
Time 14.27 h
INSTRUN apect

¥
PROBHD 2855801_0105 (

'H NMR (CDCls), 600 MHz PULPROG zg30

D 65536
SOLVENT <DCl3
ns lé
D= 2
SWH 12019.230 Hz
FIDRE: 0.366798 Hz
O A 2.7262976 aec
30.85
'P 41.600 uaec
I-r 10.93 e
TE 295.1 K
N Dl 1.00000000 z2ec
\ D0 1
/ sFol 599.9587047 MHz
Bn o nucl 1H
PO 4.00 uaec
\ Pl 12.00 uaec
PLW1l 15.77700043 W
2'21c F2 - Proceaaing paramstera
o 65536
SF 599.9550160 MHz
WD EM
SS5B 0
LB 0.30 Hz
GB 0
PC 1.00
i . U P | L 2}
I B B 0 L B L B |
9 8 7 6 5 4 3 2 1 ppm
-
S5 RER B : :
oloiniolna Lad Ll - ©
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_—176.15

T—175.20

13C NMR (CDCls), 151 MHz

iPr
N
Bn/ _\\o
\

2.21c

O

_—100.19
T—99.63

_—387.29

T—586.84

31.35
30.81

=k

_—19.69
T—19.25

T
200

T
180

T
160

T
140

T
120

T
100

ppPm

Current Data Paramstera

NAME S2C4-051-CNMR
EXPNO 2
PROCNO 1

F2 - Acquiaition Paramstera
Date_ 202302132
Time 14.38 h
INSTRUN apect
PROEHD Z855801_0105 ¢
PULPROG zZgpg30

D 65536
SOLVENT <¢DpCl3

nz 197

D3 4

SWH 36231.883 Hz
FIDRES 1.105709 Hz
A0 0.9043968 asc
RG 124,75

DW 13.800 uaec
DE 6.50 uas¢
TE 297.0 K
Dl 2.00000000 zec
Dll 0.02000000 zec
D0 1
SFol 150.8738906 MHz
NUCl 13¢

PO 3.67 uas
Pl 11.00 uasc
PLWLl 178,30999756 w
SFO2 599,9573998 MHz
NUC2 1H
CPDPRG [2 waltzé5
PCPD2 70.00 uaec
PLW2 15.77700043 w
PLW12 0.463266000 w
PLWLl3 0.23322000 %

F2 - Proceaaing parametera
3 3276

é
150.8588050 MHz
EN
1.00 Hz

1.40
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39328 22 298 3 :
dme e o Current Data Parametsrs
PLEL o oy N wanrs S a WANE gACI-196
[l ol -} o ™ MM “ - EXFNO
N/ \ N gy
2 = Aeguisitien Paramstern
Date_ 20221107
Time ig8,.38 h
INETRUM Bpect
'H NMR (CDCl3), 600 MHz pROBID 3148658 0003
G
™ 65536
SOLVENT epell
PMB H
’ 2
HN 230
N Me
~ e 296.3 It
Dl 3,00000000 nec
Me OH DO 1
“Fol $00,0087050 MMz
nuc L in
PO 8,17 unped
2.25 Pl 15,50 use
PLWL 13,2320003% W

F2 = Procesning paramsters

T 65536

600,0050157 MMz
i

[}
0,30 Hz
[4
L.00
! ! ! ! ! I ! ! ! |
9 8 7 6 5 4 3 2 1 ppm
ECEI -
"inlo ™=~ =] ml=lo = L]
| NS\ [l
EXPNO
PROCNO
F2 - Acquisition Parameters

te_ 20221108
- 0.54 n

T RUM
PROBHED
PULPROG

13C NMR (CDCls), 151 MHz

PMB
HN

AN Me
Me bH
2.25 wuc2

F2 - Processing parameters
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Chapter 3 Development of Asymmetric CuH-Catalyzed Reductive Coupling of an Achiral

Allenamide with Aldimine Electrophiles

l. Introduction

A stereoselective protocol for the aminoallylation of aldimines using chiral allenamides
has been previously developed by our group (see Chapter 1).%¢ This reaction provided high
selectivity towards the desired product but suffered from low atom economy and a 3-step
deprotection sequence due to the use of a chiral auxiliary. Our efforts towards developing a
methodology for the enantioselective aminoallylation of aldimine electrophiles are discussed

herein (Scheme 3.1).

Scheme 3.1: Model System for CuH-Catalyzed Reductive Coupling of Achiral

Allenamides and Aldimine Electrophiles

cat. Cu(OAc),
cat. PhanePhos BOC\N/pMp bPh,
TMS Boc.
NTTUS) N/\\. tBuOH . “ o
| ovE N\ (MeO),MeSiH
PhanePhos
3.1 3.2 3.3
Il. Background

A. Chiral Auxiliary
Chiral auxiliaries are enantiopure molecules that are temporarily incorporated into

organic compounds to bias the stereochemical outcomes of further reactions.” These

compounds have been used in a variety of asymmetric syntheses targeting complex biologically
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active compounds.’? They also allow for the, otherwise impossible, separation of enantiomers
by making the two compounds diastereomeric due to the incorporation of a new stereocenter
from the auxiliary.” The benefits of chiral auxiliaries are counterbalanced by the fact that
additional steps must be added to the synthetic process to both install and remove the auxiliary,

which can be a laborious task that reduces the atom economy of the overall process.’

B. Chiral Catalysis
The other major method of imparting absolute stereochemistry in a reaction is through

the utilization of chiral catalysis, and this can be either in the form of organocatalysis’ or metal
catalysis’®. Catalytic amounts of chiral information are used in these methodologies to bias the
stereochemical outcome of the reaction in question, often by complexation with achiral starting
materials. Chiral catalysis offers benefits such as greatly improved atom economy compared to
approaches using chiral auxiliaries.”” However, this is counterbalanced by the large degree of
optimization needed for many chiral catalytic reactions and the costs associated with some of

the catalytic sources of chiral information.’®

Il Research Design

Prior publications in the Sieber lab have demonstrated the enantioselective
aminoallylation of ketones utilizing chiral ligands can be performed in a high yielding and
stereoselective manner.5287 |t was desired to extend this methodology to utilize aldimines
instead of ketones in order to access chiral 1,2-diamine synthons instead of the 1,2-
aminoalcohol variant. A similar system to that of the previous publication about 1,2-diamines
was utilized wherein an aldimine and an achiral allenamide would be coupled together using
asymmetric Cu catalyzed reductive coupling with tert-butanol being used as an additive

(Scheme 3.2).
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aminoallylation protocol began by reacting acyclic allenamide 3.5 with a variety of protected

aldimines in a protocol similar to the one previously developed for chiral auxiliaries (Scheme

Scheme 3.2: Method Development for CuH-Catalyzed Reductive

Coupling of Achiral Allenamides and Aldimine Electrophiles

_R4 5 mol % Cu(OAc), R, .-Rs3
N R 6 mol % L* N
b 25NN : : \)\(Ph
Ph | X (MeO),MeSiH (2 equiv)
R3 tBUOH (2 equiv) R,
toluene, rt, 24 h
3.4 3.5 then NH4F 3.6

Development of the Asymmetric Reductive Coupling of Allenamides and

Aldimines

A. Initial Studies

Initial studies towards developing an enantioselective copper catalyzed aldimine

3.3).%6 None of the aldimines that were examined gave any appreciable amounts of the desired

product. Based on previously published work, we knew that the Cu-H can efficiently add into the

allenamide being studied.>? This implied that all the aldimines that were tested were too

unreactive towards the allylcopper nucleophile. Thus, further ideas had to be explored to

increase the reactivity of the aldimine.
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Scheme 3.3: Initial Studies Towards Reductive Coupling Development
5 mol % Cu(OAc), B PMB
6 mol % PCy oC. -
Ph PMB 3
r ‘NN, (MeO),MeSiH o N -
/ N T—————
RN ¥ Boc N (BUOH (2 equiv) !
1 toluene, rt, 24h HN.
then NH,F Ro
3.4 3.5 3.6
OMe (0]
N Boc. ||
N Ph—P
e S B
' MeO Ph |l
MeO
3.4a 3.4b 3.4c 3.4d
No reaction No reaction No reaction No reaction

B. Transition Towards Silyl Protected Aldimines

The nature of the N-substituent on an aldimine has a large impact on the electrophilicity
of the molecule, with more electron-donating substituents resulting in lower electrophilicity (Fig
3.1).46 From this fact, one would presume that the optimal substituent would be something with
an electron-withdrawing nature such as 4-fluorobenzyl. However, the benefit of increased
reactivity in this case is offset by the difficult nature of removing substituted benzyl protecting

groups that are not electron-donating.*®

Fig. 3.1: Relative Electrophilicities of Aldimines

OMe
N N N
| > | > | > N
F MeO ’
MeO
3.8 3.9 3.10

3.7

-

Electrophilicity
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One theoretical strategy to address the reactivity issues that were being faced is to use a
“‘unmasked” aldimine, in which the protecting group on the nitrogen is replaced with a hydrogen
atom. This formal ammonia derived aldimine would serve to increase the reactivity of the
electrophile by reducing the steric congestion around the aldimine. However, the issue with this
approach is that free ammonia-derived aldimines are incredibly unstable and cannot be isolated,
thus making it necessary for them to be created in-situ. One of the major precursors that can be
used to create these in-situ are trimethylsilyl protected aldimines. This class of compound was
first discovered in 19637 and has found a number of uses in reactions including cycloadditions
to access B-lactams® and addition from chiral allylboranes to access chiral allylic amines®:.

It was not until the work by Brown in 1999 that the reactivity of the trimethylsilyl protected
aldimines was well understood.®? In this work, Brown attempted to repeat the Itsuno allylboration
and, upon B- and 'H-NMR analysis, discovered that no reaction had taken place even after
much longer reaction times than were reported by Itsuno.®* However, it was discovered that
upon aqueous workup an exothermic reaction took place that resulted in the desired product
being obtained. Further studies were performed in which one equivalent of water was added to
the reaction between the trimethylsilyl aldimine and chiral allylborane, which was theorized to
cleave the extremely weak N-Si bond, and the desired chiral amine was obtained without an
aqueous workup. This led Brown to believe that it was the free aldimine that was the active
species in the reaction.

With this information in mind, we next set out to synthesize the trimethylsilyl protected
derivative of benzaldehyde, in a procedure adapted from Colvin, (Scheme 3.4) to test in our

reaction.®®
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Scheme 3.4: Synthesis of Trimethylsilyl Protected Aldimine
o) 1% -
| \Sl n-BulLi “~ Sll/
[ j *_\ nn —TMeCl ©/\N’ ~
TSi
\ 0°C to RT
64%
3.1 3.12 3.13

Gratifyingly, the desired product was obtained in moderate yield with racemic Binap as the

ligand using conditions slightly modified from those used in testing the other aldimines (Scheme

3.5). An additional equivalent of tert-butanol was added to the reaction as the requisite proton

source for the cleavage of the N-Si bond in the protected aldimine to release the free aldimine.

Scheme 3.5: Initial Results for Trimethylsilyl Protected Aldimine

5 mol % Cu(OAc),
Ph 6 mol % rac-Binap BOC\N,PMB

PMB\N/\. . r (MeO)MeSIH _ oh
Boc/ D\ TMS/N t-BuOH (3 equiv) \/%/
toluene, rt, 24h NH,
then NH4F
3.5 3.13 57% 3.14
>98:2dr
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C. Ligand Survey

Table 3.1: Ligand Survey in the Cu-Catalyzed Reductive Coupling of Allenamide 3.5 and

Aldimine 3.132

0
Boc, ™S 6 mol o igand BB
SYEAE : tBUOH (3 equiv) \
A\ Me(MeOQ),SiH (2 equiv) NH,
toluene, rt, 24 h
3.5 3.13 then NH,4F 3.14
(1.2 equiv)

Entry Ligand % yield 3.14° Er 3.14°
1 (R,R)-Ph-BPE 70 57:43
2 (R)-BINAP 57 53:47
3 (R)-SegPhos 45 55:45
4 (R)-DuanPhos 41 52:48
5 W3 72 50:50
6 w12 67 51:49
7 (R)-DBTM-SegPhos 34 56:44
8 (R)-Xyl-BINAP 17 61:39
9 (R)-QuinoxP* 53 51:49
10 A120 22 53:47
11 A121 20 55:45
12 M3 0 N/A
13 M9 85 68:32
14 NMDPP 0 N/A
15 MOP 0 N/A
16 DTBM-Garphos 41 52:48
17 J1 21 59:41
18 J2 59 54:46
19 J3 0 N/A
20 J7 56 53:47
21 J8 65 51:49
22 J9 0 N/A
23 Ji1 0 N/A
24 J15 17 51:49
25 PhanePhos 68 79:21

aReaction performed according to the general procedure employing 0.200 mmol of aldimine, 0.240 mmol of 3.5, 0.40 mmol of Me(OMe).SiH, and 0.6 mmol of tBuOH in 0.50 mL of toluene at rt for
24 h. A single diastereomer was observed in all cases. "Yield of 3.14 determined by quantitative *HNMR spectroscopy on the unpurified reaction mixture using trimethoxybenzene as the analytical

standard. °Enantiomeric ratios were determined by HPLC analysis using a chiral stationary phase.
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W12 R'=Ph,RZ='Bu J2 R'=Ph,R?='Bu
J3 R'=R?2=cCy

J7 R'=35-(Me),-4-OMe-Ph, R? = Cy PPh,
y J8 R'=35-(CF;),-Ph, R? = 3,5-(Me),-Ph O

o\
PN J9 R'=Cy, R?='Bu
o) \

O J11 R'=4-CF;-Ph,R? ='Bu PPh,
J15 R'=35- - 2=2-
R' = 3,5-(Me),-Ph, R? = 2-furyl PhanePhos

(S)-MmoP

This investigation began by testing aldimine 3.13 and allenamide 3.5 against a variety of

mono- and bidentate ligands (Table 3.1). None of the monodentate ligands resulting in any
appreciable amounts of product being obtained (entries 14 and 15). A wide range of yields were
obtained when examining bidentate ligands, with Ph-BPE (entry 1), Walphos-003 (entry 5), and
Mandyphos-009 (entry 13) providing the highest yields. However, in all these cases the
enantioselectivity was exceptionally poor. It was not until the PhanePhos ligand was tested (entry
25) that any appreciable degree of enantioinduction was observed. Due to this result, this ligand
was the one chosen for further examination in an attempt to increase the yield and

enantioselectivity.
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D. Additive Survey

Next, different alcohols were surveyed to ascertain if less hindered ones would be

beneficial to the yield (Scheme 3.6). It was found that any alcohol less hindered than tert-

butanol was used then no amount of product would be obtained and starting materials would be

recovered. Mixtures of alcohols were also tested and if any quantity of a less hindered alcohol

was used then the reaction completely stopped.

Scheme 3.6: Alcohol Additive Survey
5 mol % Cu(OAc),
PMB ™S, 6 mol % dppf BOC\N/F"V'B
N + | (MeO),MeSiH
/ ° >
Boc N\ R-OH (3 equiv)
toluene, rt, 24h NH,
then NH4F
3.5 3.13 3.14
1.2 equiv
Me
HO\Me rMe MGYMG Me Me
OH OH OH
No reaction No reaction No reaction 57% yield

A kinetics study was then conducted to see if an explanation for this phenomenon could

be observed, wherein the aldimine would be placed in a vial along with two equivalents of tert-

butanol in toluene-d8 and *H-NMR spectra were obtained at various time points over a

eighteen-hour period (Fig 3.2). It was observed that, even after eighteen hours, greater than

ninety percent of the aldimine remained upon *H-NMR analysis. This would then imply that the

cleavage of the N-Si bond by tert-butanol is in an equilibrium that is heavily biased towards the

aldimine.
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Figure 3.2: NMR Study of Trimethylsilyl Group Cleavage
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Since prior literature has shown that reactions involving these aldimines can be
extremely quick in the presence of a proton source®, the logical explanation is that the step in
the mechanism that consumes the free aldimine to generate the copper-amido complex (Fig
3.3) is slow enough that any less-hindered alcohol present has enough time to protonate either
copper hydride 3.16 or allylcopper intermediate 3.18 and thus remove the active species from

the system.
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Figure 3.3: Catalytic Cycle for Allenamide — Aldimine Reductive Coupling

R N

1 ,N/\.
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\)\(Ph R1\N,R2
3.20 NH X Ph Han TMS
t-BuOH | N

NH .
Lcu t-BUOH |
3.19
3.15 3.13

E. Allenamide Survey

Next, a variety of allenamides were examined to determine if an improvement in the
enantioselectivity of the reaction could be achieved (Scheme 3.7). Initial studies began with
allenamide 3.17a, with the N-Boc and para-methoxyphenyl protecting groups, that was supplied
by Dr. Sieber, which provided a large increase in yield and a small increase in enantioselectivity.
Allenamides that followed (3.17b-3.17¢) either resulted in a large decrease in yield or

enantioselectivity, with 3.17f showing no reactivity at all.
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Scheme 3.7: Allenamide Survey

5 mol % Cu(OAc),

R Ph 6 mol % PhanePhos 1\N/R2
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Me Me O
Sl PN o)
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Me 0
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Yield = 94% Yield = 38%
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X M
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Yield = 30% Yield = 56% Yield = 62%
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3.17f
Yield = 0%
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F. Solvent Survey

Table 3.2: Solvent Survey in the Cu-Catalyzed Reductive Coupling of Allenamide 3.17a and

Aldimine 3.13%
0
soc. NS 8 ol o Phanofhos T VPoN-B
PMP’ _\\ + tBUOH (3 equiv) TN
Me(MeO),SiH (2 equiv) NH,
3.17a 3.13 Solvent, rt, 24 h 3.20a
(1.2 equiv) then NH4F
Entry | Solvent % yield 3.20a" Er 3.20a°
1 Dioxane 90 82:18
2 CFs-Toluene 0 N/A
3 Fluorobenzene 87 80:20
4 DCM 51 83:17
5 EtOAC 72 81:19
6 DME 0 N/A
7 Diglyme 68 81:19
8 THF 55 82:18
9 Toluene 94 82:18
10° | Toluene 43 88:12

aReaction performed according to the general procedure employing 0.200 mmol of ketone, 0.240 mmol of 11a, 0.40 mmol of Me(OMe)2SiH
in 0.50 mL of toluene at rt for 24 h. ®Yield of 3.20a determined by quantitative *HNMR spectroscopy on the unpurified reaction mixture using
trimethoxybenzene as the analytical standard. Enantiomeric ratios were determined by chiral column HPLC analysis. 9Reaction was

performed at 0 °C

The effect of the solvent on the reaction was then surveyed (Table 3.2). No effect on the
enantioselectivity could be observed with all solvents tested providing similar selectivity. The

only exception to this was when the reaction was run in toluene at 0 °C, which resulted in a
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minor increase in enantioselectivity but a major decrease in the yield (entry 10). A negative
effect on the yield was observed for most coordinating solvents (entries 6-8). CFz-Toluene and
DME (entries 2 and 6) resulted in no reaction being observed. It was noted that these two
reactions remained heterogeneous for the entire reaction time, and it is likely that sufficient

amount of catalyst needed to effect the transformation never dissolved.

V. Future Work

Further research needs to be performed to increase the enantiocontrol of this reaction.
One avenue of research that is currently in progress is computational calculations to determine
if ligands with substituents on the PhanePhos core can be discovered. Initial experimental
studies have shown that substitution on the PhanePhos core can influence the enantioselectivity
of the reaction, and ideally computational calculations can determine what substituents will have

an optimal effect (Scheme 3.8).

Scheme 3.8: Initial Studies on the PhanePhos Class of
Ligands
4 \
5 mol % Cu(OAc),
oMB TMS< 6 mol % L* Bocy-PME
NN+ ] (MeO),MeSiH L
Bocl A t-BuOH (3 equiv) 1
toluene, rt, 24h NH,
35 313 then NH,F 3.14
1.2 equiv > 98:2 dr
( N\ N\
Q P(PMP), P(Xylyl),
P(PMP), 2 P(Xylyl),
An-PhanePhos Xylyl-PhanePhos
Yield: 48 Yield: 75
ER: 58:42 ER: 57:43
\ < J
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Other carbamate protecting groups will also be examined due to the fact that an increase in
enantioselectivity can be observed between the reactions employing Cbz protected and Boc
protected allenamides (Scheme 3.7).

Also, initial studies have shown that certain cyclic allenamides can also be employed in
this methodology (Scheme 3.9). Adequate deprotection strategies for aminoallylation product
3.21 need to be ascertained before significant effort is put forth to find a ligand that provides
optimal enantioselectivity. One potential deprotection strategy involves performing a visible-
light-driven a-oxidation of the amide to produce the phthalimide moiety.8* The new phthalimide
unit should be easily cleavable based off of previous work from the Sieber lab.® Alternatively,

hydride reduction of the lactam 3.21 to the cyclic dibenzylamine offers another strategy for

deprotection.
Scheme 3.9: Initial Studies with Cyclic Allenamides
Ph
0 N) 5 mol % Cu(OAc), (ON
©:Z</ [ 6.5 mol % PhanePhos
N N
—\\. + tBuOH (3 equiv) HN
\ Me(MeO),SiH (2 equiv) j
3.20 313 Solvent, rt, 24 h 391 Ph
. then NH4F
(1.2 equiv) 67% vyield
>98:2dr
78:22 er
VI Conclusion

This strategy for the stereoselective reductive coupling of aldimines and achiral
allenamides to selectively generate 1,2-diamine synthons is yet to be completed but will be an
effective tool for accessing molecules with a dissonant charge affinity when finished. This work

will improve upon previously published work by our group by increasing the atom economy of
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the process for synthesizing these synthons by removing the need for a chiral auxiliary. Current

work is ongoing regarding changing the protecting groups on both the allenamide and aldimine

to increase enantioselectivity.

VIIL.

Experimental Methods

General. 'H NMR spectra were recorded on Bruker 600 MHz spectrometers. Chemical
shifts are reported in ppm from tetramethylsilane with the solvent resonance as an internal
standard (CDCls: 7.26 ppm). Data are reported as follows: chemical shift, integration,
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, p = pentet, h = hextet, hept =
heptet, br = broad, m = multiplet), and coupling constants (Hz). **C NMR was recorded
on a Bruker 600 MHz (151 MHz) instrument with complete proton decoupling. Chemical
shifts are reported in ppm from tetramethylsilane with the solvent as the internal standard
(CDCls: 77.0 ppm). Chiral Column HPLC analyses were performed on a Shimadzu
Prominence i-series LC-2030C using chiral Daicel columns purchased from Chiral
Technologies, Inc. Liquid chromatography was performed using forced flow (flash
chromatography) on silica gel purchased from Silicycle. Thin layer chromatography (TLC)
was performed on glass-backed 250 ym silica gel F254 plates purchased from Silicycle.
Visualization was achieved using UV light, a 10% solution of phosphomolybdic acid in
EtOH, or potassium permanganate in water followed by heating. HRMS was collected
using a Jeol AccuTOF-DART™ mass spectrometer using DART source ionization. All
reactions were conducted in oven or flame dried glassware under an inert atmosphere of
nitrogen or argon with magnetic stirring unless otherwise noted. Solvents were obtained
from VWR as HPLC grade and transferred to septa sealed bottles, degassed by Ar
sparge, and analyzed by Karl-Fischer titration to ensure water content was < 600 ppm.
Me(MeO).SiH was purchased from Gelest and used as received. All other materials were
purchased from VWR, Sigma Aldrich, Combi-Blocks, Alfa-Aesar, or Strem Chemical
Company and used as received.

Method A: General procedure for Cu catalyzed reductive coupling with aldimines.
To a 20 mL crimp-cap vial with stir-bar in an Ar-filled glove-box was charged 1.8 mg

(0.0100 mmol, 0.05 equiv) of Cu(OAc), and 0.0120 mmol (0.06 equiv) of PhanePhos.
Solvent (0.5 mL) was then added, and the mixture was allowed to stir for 15 min.
Allenamide (0.240 mmol, 1.2 equiv) was then charged along with the aldimine (0.200
mmol, 1 equiv, 0.4 M in solvent). This was followed by the addition of tert-butanol (0.600
mmol, 3 equiv) and dimethoxymethylsilane (49 pL, 0.4 mmol, 2 equiv) by syringe (caution:
dimethoxymethylsilane should be handled in a well-ventilated fume hood because it is
known to cause blindness. Syringes were quenched with 2M NaOH, gas evolution!, prior
to disposal). The reaction vessel was then sealed with a crimp-cap septum and removed
from the glove-box. After 24 h the reaction was then quenched by the addition of 95 mg
of NH4F and 3.0 mL of MeOH followed by agitation at rt for 30 min — 1 h. To the mixture
was then charged 5 mL of 5% NaHCO3 followed by extraction with CH»Cl, (2x5mL). The
combined organics were dried with Na.SO4 and concentrated in vacuo. An aliquot of the
crude mixture was analyzed by *HNMR spectroscopy to determine dr. The crude residue
was then purified by flash chromatography on silica gel to afford the desired product.
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Enantioselectivity was determined by HPLC analysis using a chiral stationary phase
relative to authentic racemate prepared by the above procedure employing dppf as the
ligand.

Characterization Data:

tert-butyl (1-amino-1-phenylbut-3-en-2-yl)(4-methoxybenzyl)carbamate

BOC\N’PNIB (3.14): According to the general procedure A using allenamide 3.17, the
X product was purified by silica gel chromatography (40 - 70 % EtOAc in
Hexanes) to provide 52 mg (68 %) of 3.14 as a white foam with an
NH, enantiomeric ratio of 79:21. Ry =0.21 (50 % EtOAc/hexanes). *HNMR
3.14 (CDCls, 55 °C, 600 MHz) &: 7.06 — 7.17 (m, 5H), 6.89 (d, J = 7.55 Hz, 2H),

6.65 (d, J = 8.83 Hz, 2H), 5.56 (ddd, J = 16.76 Hz, 8.63 Hz, 8.53 Hz, 1H),
5.44 (br s, 1H), 5.07 (d, J = 10.44 Hz, 2H), 4.58 (br s, 1H), 3.63 (s, 3H), 3.52 (d, J = 13.07 Hz,
1H), 3.26 (d, J = 13.32 Hz, 1H), 3.19 (br s, 1H), 1.27 (s, 9H). *C NMR (151 MHz, CDCls): &
158.6, 155.7, 137.6, 132.2, 129.1, 128.5, 127.3, 126.7, 118.2, 114.8, 79.4, 64.5, 55.3, 50.3,
29.7, 28.4.

tert-butyl (1-amino-1-phenylbut-3-en-2-yl)(4-methoxyphenyl)carbamate

BOC\N’PNIP (3.20a): According to the general procedure A using allenamide 3.17a, the
X product was purified by silica gel chromatography (40 - 70 % EtOAc in
Hexanes) to provide 69 mg (94 %) of 3.20a as a white foam with an

NH> enantiomeric ratio of 82:18. R;=0.18 (50 % EtOAc/hexanes). *HNMR (CDCls,

3.20a 55 °C, 600 MHz) &: 7.13 — 7.28 (m, 8H), 6.84 (d, J = 8.47 Hz, 2H), 5.60 (ddd,

J =17.52 Hz, 10.22 Hz, 8.25 Hz, 1H), 4.91 (d, J = 10.47 Hz, 1H), 4.87 (d, J =
17.32 Hz, 1H), 4.55 (br s, 1H), 4.18 (br s, 1H), 3.80 (s, 3H), 3.78 (br s, 1H), 1.42 (s, 9H).

N-(1-amino-1-phenylbut-3-en-2-yl)-N-(4-methoxybenzyl)acetamide

AC\N’PNIB (3.20b): According to the general procedure A using allenamide 3.17b, the
X product was purified by silica gel chromatography (40 - 70 % EtOAc in
Hexanes) to provide 25 mg (38 %) of 3.20b as a white foam with an

NH; enantiomeric ratio of 79:21. R¢ =0.30 (50 % EtOAc/hexanes). *HNMR (CDCls,

3.20b 55 °C, 600 MHz) &: 7.71 (d, J = 6.74 Hz, 2H), 7.48 (d, J = 7.32 Hz, 2H), 7.35

(t, J = 4.53 Hz, 1H), 6.76 (d, J = 8.48 Hz, 2H), 6.64 (d, J = 8.60 Hz, 2H), 5.65
(ddd, J = 17.09 Hz, 8.60 Hz, 6.04 Hz, 1H), 5.03 (d, J = 10.33 Hz, 1H), 4.96 (d, J = 17.16 Hz, 1H),
4.26 (d, J = 9.54 Hz, 1H), 4.22 (d, J = 15.44 Hz, 1H), 3.67 (s, 3H), 2.33 (s, 3H).

tert-butyl (1-amino-1-phenylbut-3-en-2-yl)(4-methoxyphenyl)carbamate

CBZ\N/PNIB (3.20c): According to the general procedure A using allenamide 3.17c, the
X product was purified by silica gel chromatography (30 - 60 % EtOAc in
Hexanes) to provide 26 mg (30 %) of 3.20c as a white foam with an

NH; enantiomeric ratio of 79:21. Ry =0.36 (50 % EtOAc/hexanes). *HNMR (CDCls,

3.20c 55 °C, 600 MHz) d: 7.19 — 7.28 (m, 8H), 7.12 - 7.17 (m, 5H), 6.72 (d, J = 8.45

Hz, 2H), 6.65 (d, J = 8.90 Hz, 2H), 5.45 (ddd, J = 17.50 Hz, 9.34 Hz, 7.88 Hz,
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1H), 5.03 (d, J = 8.85 Hz, 1H), 5.01 (br s, 1H), 4.86 (d, J = 5.55 Hz, 1H), 4.71 — 4.79 (m, 3H) 3.63

(s, 3H).

Boc. _OMP
N
\

NH,
3.20d

tert-butyl (1-amino-1-phenylbut-3-en-2-yl)(4-methoxyphenyl)carbamate
(3.20d): According to the general procedure A using allenamide 3.17d, the
product was purified by silica gel chromatography (40 - 70 % EtOAc in
Hexanes) to provide 41 mg (56 %) of 3.20d as a white foam with an
enantiomeric ratio of 79:21. Rt =0.16 (50 % EtOAc/hexanes). *HNMR (CDCls,
55 °C, 600 MHz) &: 7.36 (d, J = 7.75 Hz, 1H), 7.07 - 7.17 (m, 4H), 6.83 — 6.90
(m, 1H), 6.61 (t, J = 9.4 Hz, 1H), 6.00 (ddd, J = 13.19 Hz, 9.07 Hz, 8.90 Hz,

1H), 5.03 (d, J = 17.15 Hz, 1H), 4.83 — 4.93 (m, 2H), 3.39 (s, 3H), 1.45 (s, 9H).

O N
X
HN.

Bn

3.21

tert-butyl (1-amino-1-phenylbut-3-en-2-yl)(4-methoxyphenyl)carbamate
(3.20e): According to the general procedure A using allenamide 3.17e, the
product was purified by silica gel chromatography (30 - 60 % EtOAc in
Hexanes) to provide 48 mg (62 %) of 3.20e as a white foam with an
enantiomeric ratio of 79:21. Ry =0.25 (50 % EtOAc/hexanes). tHNMR (CDCls,
55 °C, 600 MHz) &: 7.77 (d, J = 7.57 Hz, 1H), 7.46 (t, J = 7.30, 1H), 7.39 (t, J
=7.57Hz, 1H), 7.31 (br s, 1H), 7.22 — 7.27 (m, 5H), 6.98 (d, J = 8.74 Hz, 2H),
6.74 (d, J = 8.74 Hz, 2H), 5.73 (ddd, J = 18.28 Hz, 9.28 Hz, 8.30 Hz, 1H),
5.10 - 5.23 (m, 3H), 3.73 (s, 3H).

tert-butyl (1-amino-1-phenylbut-3-en-2-yl)(4-methoxyphenyl)carbamate
(3.21): According to the general procedure A using allenamide 3.17f, the
product was purified by silica gel chromatography (10 - 30 % EtOAc in
Hexanes) to provide 50 mg (68 %) of 3.21 as a white foam with an
enantiomeric ratio of 79:21. Rf=0.17 (20 % EtOAc/hexanes). *HNMR (CDCls,
55 °C, 600 MHz) &: 7.82 (d, J = 6.97 Hz, 1H), 7.47 (t, J = 7.34 Hz, 1H), 7.40
Hz (t, J = 7.22 Hz, 1H), 7.27 — 7.32 (m, 4H), 7.21 (m, 1H), 7.11 (t, J = 3.67
Hz, 3H), 7.00 — 7.03 (m, 2H), 5.55 (ddd, J = 17.97 Hz, 8.79 Hz, 5.77 Hz, 1H),
5.06 (t, J = 8.00 Hz, 1H), 4.95 (d, J = 10.62 Hz, 1H), 4.89 (d, J = 17.58 Hz,

1H), 4.16 (d, J = 16.79 Hz, 1H), 3.91 (d, J = 16.40 Hz, 1H), 3.77 (d, J = 9.97 Hz, 1H), 3.58 (d, J =
13.64 Hz, 1H), 3.30 (d, J = 13.90 Hz, 1H).
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HPLC Chromatograms:

Boc.. _PMB
oC N
N
NH,
3.14

Chiral column HPLC analysis (Chiralcel OD-3 x 250 mm, 1.0 mL/min, 98:02 hexane:isopropanol,
A =190 nm) tg=17.3 min (major), 24.6 min (minor):

Racemic 3.14:

M Chromatogram Yiews Peak [« Channel [« v | Extract
méal Max Intensity : 68286
100{750nm 4nm] Time 28797 Inten. 3627
757
50—:
25
W
1 g
=
15.0 175 20.0 225 280 275 30.0 325 35.0 " min
L4 >
Ret. Time Ameal Height Area
16.936 50610 GH722 8853028
23.308 49350 59727 8635788
100.000 125448 17452817
3.14 from Cu(OAc)./PhanePhos reaction:
8 Chramatogram Yiew Peak [+ [+ Channel [+ [+ ] Extract
mAl Wax Intensity : 554 298
250-J180nm,4nm Time_ 17.328 _Inten. 3138 A
znn—f
1504
1nné
50
i L
o T T~ %‘
. T T T T T T T T T T T a
125 15.0 175 20.0 225 25.0 275 30.0 325 35.0 miin
< >
Ret. Time Area Height Area
17321 78.367 103875 17024861
24630 21633 29729 4655707
100.000 133608 21724567
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Boc.. _PMP
N
NN

NH,
3.20a

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 97:03
hexane:isopropanol, A = 190 nm) tz = 39.4 min (major), 20.5 min (minor):

Racemic 3.20a;

B Chromatogram *igw Peak [« Chanrel [4 ]+ Extract
mal Max Intensity : 185,025
250180nm,4nm Time Inten. s
2uu—f
150—5 X
1uu—f
su—f
5 L |
T T T T T T T a
20.0 250 30.0 35.0 40.0 50.0 min
< >
Ret. Time Area’ Height Area
20973 45971 1459659 15927140
41.033 50.029 h3334 15945709
100.000 208302 31872349
3.20a from Cu(OAc)./PhanePhos reaction:
B Chromatogram Wiew Peak [4 1+ Channel [4T¢ | Ch2
mAl WMax Intensity : 2,055,542
Onm.4nm Time Inten. .
750+
5EIIZI—-
ZED—-
: W
i~ Van-NTNEN
] i F =
15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 min
Ret. Time Area’ Height Area
20538 17.885 65436 8526431
35403 2211 130654 351355920
100.000 2000131 47662351
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Ac. _PMB
N
AN
NH,
3.20b

Racemic 3.20b:

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10
hexane:isopropanol, A = 190 nm) tr = 13.2 min (major), 10.3 min (minor):

3.20b from Cu(OAc)./PhanePhos reaction:

B Chromatogram Yiew Peak [ » Channel [+ [+ | Extract
mAl Max Intensity . 425 694
< 0o J1200mA0T Time 12510 Inten. T407| o
2500
0 *
L
i &
2500 =]
90 9t 100 185 110 115 12a@ 125 130 140 mn
£ >
Ret. Time Area’ Height Area
10.158 45538 385405 16765883
13.176 5h0.462 424532 17078655
100.000 8135951 33844543

B Chromatogram Wiew Peak [+ ¢ Channel [4 v | Extract
mall Max Intensity : 768 225
4190nm,4nm Time 8823 Inten. 68257 A
3000
2000
1000
i m /\ b i
0 6 £
' g
T T T T T T T T a
9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0  min
£ >
Ret. Time Areal Height Area
10271 25164 305637 10785327
13.234 74 836 762832 32086304
100.000 1072469 42375631
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Cbz. _PMP
2 N
\

NH,
3.20c

Racemic 3.20c:

B Chromatogram Yigwm

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10

hexane:isopropanol, A = 190 nm) tzr = 18.3 min (major), 23.9 min (minor):

Peak (4 ¢

Charrel [+ v | Extract

mal Max Intensity - 992 191
:19llrlm 4nm Time 34.056 Inten. 2677 A
150
1IJEI—-
EEI—-
] w
D_‘JK,ﬁJ_C\:—F—-*- S L %‘
1 T T T T T T T T a
15.0 1r5 20.0 225 250 2rs 30.0 325 350  min
< >
Ret. Time Area Height Area
15355 45912 14232 1168614
23,766 50.083 11682 1172752
100.000 25914 2341366
3.20c from Cu(OAc)./PhanePhos reaction:
B Chromatogram Wisw Peak [+ T» Channel [« [v ] Extract
maL Max Intensity : 991 245
4190nm,4nm Time 15730 Inten. 4358] A
200+
1004
IJ—: - /\*/\
T L
- 1004
' g
1 T T T T T T T T T a
15.0 175 20.0 225 25.0 275 30.0 325 35.0 miin
< >
Ret. Time Area™ Height Area
18.326 85624 73188 5485890
23872 14.376 13304 1592604
100.000 ae452 11078493
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Boc. .OMP
oC~\
AN

NH,
3.20d

Racemic 3.20d:

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 95:05
hexane:isopropanol, A = 190 nm) tz = 15.1 min (major), 9.6 min (minor):

B Chromatogram Yisw Peak [1 [+ Chanrnel [4 Tv | Extract
mal Wax Intensity : 585 973
1190nm,4nm Time Inten. ~
400
3IZIIJ—-
200-]
]
1 &
1DD-"| T T T T T T T T T T T T 1T '|E‘
5.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 min
i< >
Ret. Time Area Height Area
10.635 80.617 193666 13239835
16.326 45333 153852 12916927
100.000 7557 26156762
3.20d from Cu(OAc)./PhanePhos reaction:
B Chromatagram Yiew Peak [+]+ Chanrnel [+ v | Extract
mal Max Intensity : 1,118,672
750-4180nm, 4nm Time_13.377_ . Inten. 38.387|
EIJD—_
250—-
| . v
o i3 %
k — T T T T T =
75 10.0 12.5 15.0 17.5 min
< >
Ret. Time Area™ Height Area
5634 37434 457603 25367919
15.051 62.516 677456 42308651
100.000 1135060 67676570
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NH,
3.20e

Racemic 3.20e;

B Chromatogram View

Peak [«

Channel [4[» | Ch2

Max Intensity ;. 71,826

maU
J220nm.4nm Time Inten. Py
7504
EEIIJ—_
250+
] W
|:|__ Sl — m.-"‘-».. A %‘
1 T T T T T T T a
15.0 20.0 25.0 30.0 35.0 40.0 45.0 min
< >
Ret. Time Area’l Height Area
15280 5l 442 28105 1406547
42203 46 558 20359 1224477
100 000 43504 2630024
3.20e from Cu(OAc)./PhanePhos reaction:
M Chromatogran View Peak 4] Channel |4« | Ch2
méaL Max Intensity : 71,828
J220nm.4nm Time 47.450 Inten. 39.743] A
400
3uu—f
2uué
'mu—f
:__Mi——— Pt &
] T
0
4 L
100 %‘
] T T T T T T T @
15.0 20.0 25.0 30.0 35.0 40.0 45.0 min
< >
Ret. Time Area™ Height Area
14 857 53.957 28279 1570513
41966 46.043 24709 1631471
100.000 52939 3651989

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 95:05
hexane:isopropanol, A = 190 nm) tr = 14.9 min (major), 42.0 min (minor):
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NH,
3.21

Racemic 3.21:

A

B Chromatogram Yisw Peak [4 ]+ Channel [4 ]| Extract
mal Max Intensity : 998, 341
4000 50nm anm Time 30.087 Inten. &5
3000
2000
1000-]

(D® <

T 7
125 15.0 175 20.0 795 25.0 775 " min
< >
Ret. Time Area’l Height Area
10.984 47033 997369 21845233
22523 52962 GE2071 24601083
100.000 1659440 46450321
3.21 from Cu(OAc)./PhanePhos reaction:
8 Chromatagram Yiew Peak [4]» Channel [+ ]+ | Extract
mal Max Intensity : 939 078
4190nm,4nm Time 12187 Inten. 2096 A
750-]
500-]
250 ]
: L%
o & %‘
T+ T =
120 20.0 280 300 320 i
£ >
Ret. Time Area Height Area
10.952 23.815 545279 10432058
22527 76.185 80117 33372540
100.000 1346450 43804593

Chiral column HPLC analysis (Chiralcel AD-3 x 250 mm, 1.0 mL/min, 90:10
hexane:isopropanol, A = 190 nm) tzr = 22.5 min (major), 11.0 min (minor):
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