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Cell

Umpolung-Type 1,3-Dipolar Cycloaddition

Chong Shen,"?> Yuhong Yang,*3° Liang Wei," Wu-Wei Dong,' Lung Wa Chung,** and Chun-Jiang Wang"2:¢*

SUMMARY

Development of a general catalytic and highly efficient method utilizing readily available precursors
for the regio- and stereoselective construction of bioactive natural-product-inspired spiro architec-
tures remains a formidable challenge in chemical research. Transition metal-catalyzed asymmetric
1,3-dipolar cycloaddition of azomethine ylides produces numerous N-heterocycles, but reaction con-
trol with the regioselectivity opposite to the conventional fashion has rarely been demonstrated.
Herein, we report a unique ligand-controlled Cu(l)-catalyzed umpolung-type 1,3-dipolar cycloaddition
of azomethine ylide to realize efficient kinetic resolution of racemic alkylidene norcamphors with the
concomitant construction of previously inaccessible spiro N-heterocycles with high levels of regio- and
stereoselectivity. The success of this methodology relies on the strategy of kinetic resolution, and the
serendipitous discovery of a unique ligand-enabled regiospecific cycloaddition, which not only pro-
vides evidence for the existence of the minor zwitterionic resonance form in metallated azomethine
ylide but also diversifies the existing chemistry of azomethine ylide-involved 1,3-dipolar cycloaddi-
tions with rare polarity inversion.

INTRODUCTION

1,3-Dipolar cycloaddition reaction is one of the fundamental processes in organic chemistry (Huisgen,
1963; Padwa, 1984; Padwa and Pearson, 2003). In particular, catalytic asymmetric 1,3-dipolar cycloaddition
of in situ-formed metallated azomethine ylides (dipoles) from readily available imino esters (Figure 1A)
offers the most powerful and diversity-oriented synthesis (Schreiber, 2000) (DOS) for the convergent
construction of numerous enantioenriched five- or six-membered nitrogen-containing heterocycles in ster-
eocontrolled fashion (Hashimoto and Maruoka, 2015; Adrio and Carretero, 2011, 2014; Stanley and Sibi,
2008: Alvarez-Corral et al., 2008: N4éjera and Sansano, 2005; Pellissier, 2007; Pandey et al., 2006; Coldham
and Hufton, 2005), which are very important pharmaceuticals, natural alkaloids, and building blocks in
organic synthesis. Metallated azomethine ylide has four 7 electrons spread over a C-N-C unit, which can
be presented by the two most common zwitterionic resonance forms as shown in Figure 1B: the coordi-
nated central N atom is positively charged, and the negative charge is distributed over the two adjacent
carbon atoms (Pandey et al., 2006; Coldham and Hufton, 2005). In general, the major zwitterionic resonance
form | makes greater contribution to the resonance hybrid structure because the negative charge of the
intermediate is delocalized by the neighboring electron-withdrawing ester group, which accounts for
the observed regioselectivity of the well-explored 1,3-dipolar cycloaddition controlled by the highest
occupied molecular orbital (HOMO) of the azomethine ylide interacting with the lowest unoccupied mo-
lecular orbital of the electron-deficient dipolarophiles (Pandey et al., 2006; Coldham and Hufton, 2005;
Houk, 1975; Houk et al., 1973). Although the umpolung-type 1,3-dipolar cycloaddition related with the mi-
nor zwitterionic resonance form Il would give rise to the opposite regioselectivity and thus greatly enhance
the diversity of product accessible from azomethine ylide, such polarity inversion reactivity remains elusive
so far and was sporadically reported in limited examples (Barr et al., 1989; Kanemasa et al., 1990; Chen
etal., 2009; Xu et al., 2018; Feng et al., 2018) or the intramolecular cycloaddition caused by conformational
ring constrain (Stohler et al., 2005).

Kinetic resolution (Kagan and Fiaud, 1988; Vedejs and Jure, 2005; Pellissier, 2011) is one of the commonly
used strategies to obtain the optically active compounds from racemic starting materials, which was
recently also employed in cycloaddition reactions (Cardona et al., 2001; Yu et al., 2010; Takayama et al.,
2013; Xu et al., 2016; Yuan et al., 2018). As part of our ongoing research interest in asymmetric 1,3-dipolar
cycloaddition (Wang et al., 2008, 2012; He et al., 2013; Li et al., 2014), we considered employing kinetic
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Figure 1. Rational Design and Serendipity
(A) In situ-formed metallated azomethine ylide from readily available imino ester (precursor).
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(B) The two most common zwitterionic resonance forms (I and 1) of metallated azomethine ylide and the 1,3-dipolar cycloaddition with different

regioselectivities.
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(C) Kinetic resolution strategy in catalytic asymmetric 1,3-dipolar cycloaddition of azomethine ylide to efficiently construct the complex natural-product-

inspired architectures incorporating norbornane and pyrrolidine scaffolds concurrently with a serendipitous polarity inversion of azomethine ylide.

(D) Selected bioactive natural products and synthetic drugs or drug candidates containing bicyclic norbornane scaffold.

resolution strategy to develop a new cycloaddition process with readily accessible racemic alkylidene nor-
camphors as dipolarophiles (Figure 1C). This methodology would not only provide a simple and efficient
access to synthetically important chiral building block alkylidene norcamphors but also efficiently assemble
complex natural-product-inspired polycyclic spiro architectures incorporating norbornane (bicycle[2.2.1]
heptane) and pyrrolidine scaffolds, both of which are the core structures embedded ubiquitously in natural
products and pharmaceuticals, and therefore much attention has been paid to synthetic and biological
studies (Reinhard et al., 1992; Suchocki et al., 1991, Demole et al., 1976; Odds, 2001; Chen and Lipton,
2006; Igbal et al., 2013) (Figure 1D). However, several significant challenges are associated with this design
and differentiate it from the majority of azomethine ylide-involved cycloadditions described previously
including (1) the lower reactivity of alkylidene norcamphors with the inherent convex skeleton as dipolar-
ophiles because both the upper and lower sides of C=C bond are sterically hindered from a facial recog-
nition standpoint, which would impede the approach of the dipole, and (2) a formidably challenging spiro
quaternary stereogenic carbon center (Christoffers and Baro, 2005) is generated on the sterically con-
gested pyrrolidines ring (having up to five substituents) with stereoselectivity control. The paucity of syn-
thetic methodologies available in the literature for the efficient construction of enantioenriched alkylidene
norcamphors and spiro[norbornane-pyrrolidines] encouraged us to launch this project. Herein, we report
for the first time the highly efficient kinetic resolution of readily available racemic alkylidene norcamphors
via Cu(l)-catalyzed 1,3-dipolar cycloaddition with concomitant construction of previously inaccessible spi-
roheterocycles. Notably, this rationally designed 1,3-dipolar cycloaddition is endowed with the serendipity
of realizing the potential polarity inversion of metallated azomethine ylide (Figure 1C), which provides
direct and convincing experimental evidence for the existence of the minor zwitterionic resonance form
in metallated azomethine ylide.

RESULTS AND DISCUSSION

To test the feasibility of racemic alkylidene norcamphors as dipolarophiles, in preliminary experiments we
examined the reaction of commercially available 3-methylene norcamphor 1a and N-(4-chlorobenzyli-
dene)-glycine methyl ester 2a with EtsN as the base in the presence of Cu(l)/rac-(+)-TF-BiphamPhos
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Scheme 1. Initial Test Leading to the Discovery of This Ligand-Controlled Umpolung-Type 1,3-Dipolar Cycloaddition

Initial test on the regio-/diastereoselective control of the 1,3-dipolar cycloaddition of azomethine ylide in situ-generated from imino ester 2a with
3-methylene-2-norbornanone 1a catalyzed by CuBF4/(+)-TF-BiphamPhos (L1). The crystal of tosylated endo’-5a for X-ray analysis was obtained from the
corresponding enantioenriched cycloadduct with (S)-TF-BiphamPhos L1 as the chiral ligand.

complex (Wang et al., 2008) as the catalyst (Scheme 1). In view of steric hindrance, terminal alkene moiety
connected to the bulky norcamphor scaffold is believed to possess higher reactivity and therefore facilitate
the potential cycloaddition process. Racemic TF-BiphamPhos (L1) was employed as the ligand to simplify
the stereochemical analysis of the cycloadduct because only diastereoselectivity was considered in this
case. TF-BiphamPhos, as one of the privileged ligands in 1,3-dipolar cycloaddition (Adrio and Carretero,
2014), exhibited exclusive endo-selectivity for a variety of pyrrolidine synthesis, which is the foundation
of the hypothetic kinetic resolution of racemic alkylidene norcamphors. Initial experimental results were
far from encouraging; full conversions of methylene norcamphor were observed at 5 mol % catalyst
loading, but resulted in cycloadducts as two inseparable isomers in 3:1 ratio on silica gel column according
to crude 'H nuclear magnetic resonance, which at first was regarded as the diastereoselective ratio of the
endo-adduct to the exo-adduct. This assumed diastereoselectivity is contradictable with the perfect endo-
selectivity control exhibited by TF-BiphamPhos in our previous work. Therefore some verification experi-
ments must be carried out to provide the irrefutable evidence on the stereochemical configurations of
the two original isomers. Subsequent N-tosylation of the cycloadducts successfully converted the two iso-
mers into separable and crystallizable compounds. To our surprise, X-ray diffraction analysis of the tosy-
lated 3a and 5a revealed that both the cycloadducts are regioisomers rather than the assumed diastereo-
mers (see Supplemental Information for the details). It is generally believed that the approach of the
azomethine ylide to the methylene norcamphor would occur specifically from the EXO-direction due to
the “picket fence effect” exhibited by norbornanone (Mangan et al., 2016; Corey et al., 1962) (Scheme 2).
The major isomer was formed through the endo-selective 1,3-dipolar cycloaddition related with the major
zwitterionic resonance form |, but the minor one with the opposite regioselectivity was formed via the um-
polung-type endo-selective 1,3-dipolar cycloaddition related with the minor zwitterionic resonance form Il
(Scheme 1). Notably, this serendipitous finding regarding the minor isomer 5a offers direct experimental
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Scheme 2. Computed Overall Free-Energy Barrier of the Formation of Several Products from the Reaction of
(1R,4S)-1a and 2a Catalyzed by Cu(l)-LI in Dichloromethane (DCM) Solution by the Polarizable Continuum Model
(PCM)-B3LYP//B3LYP Method

The two coordination modes of Ph in the Cu-azomethine ylides (L1p and L1y) were considered for the most important
intermediates (D: Ar downward; U: Ar upward). The computed NBO charge for the two reacting carbon atoms is also
given in an italic form.

evidence on the two zwitterionic resonance structures of a metallated azomethine ylide. Inspired by these
promising results, we further investigated the potential regioselectivity and enantioselectivity control to
realize the asymmetric variant of this umpolung-type cycloaddition with a series of chiral TF-BiphamPhos
ligands, and the results are tabulated in Table 1. With Cu(l)/(S)-L1 complex as the catalyst, cycloadducts
(3a + 5a) were separated in 96% yield with moderate regioselective ratio (rr) (3:1), and 73% enantiomeric
excess (ee) for 3a and 20% ee for 5a (Table 1, entry 1). When the phenyl group on the phosphorus atom
of ligand L1 was replaced by bulky electron-donating 3,5-bis(methyl)phenyl (L2), or electron-withdrawing
3,5-bis(trifluoromethyl)phenyl group (L3), however, the conventional cycloadduct endo-3a was formed pre-
dominantly in high yields with good to excellent rr and good ee (Table 1, entries 2 and 3). Chiral ligand L4
containing cyclohexyl groups on the phosphorus atom also displayed normal regioselectivity control with a
detrimental effect on the enantioselectivity. To our delight, further ligand screening revealed that ligand L5
incorporating two bromine atoms at the 3,3'-positions of the biphenyl scaffold completely reversed the
regioselectivity, affording endo-5a in 90% yield with exclusive diastereoselectivity and 92% ee (Table 1,
entry 5). A subsequent solvent survey indicated that dichloromethane was the best solvent of choice in
terms of regioselectivity and diastereo-/enantioselectivity (Table 1, entries 5-10). Lowering the reaction
temperature was beneficial for enantioselectivity control, and high yield with 94% ee was achieved for
endo-5a when the reaction was performed at —40°C (Table 1, entry 11).

Having the optimized reaction conditions in hand, we examined the substrate scope of the 1,3-dipolar
cycloaddition by treating methylene norcamphor (rac-1a) with various imine esters 2 (Table 2). The repre-
sentative results are tabulated in Table 2. A variety of glycine ester imines are compatible with this umpo-
lung-type 1,3-dipolar cycloaddition reaction, providing the desired cycloadducts in excellent regio- and
stereoselectivities. Aryl aldimine esters incorporating different substitution patterns on the phenyl ring
were well tolerated in this reaction, and the corresponding cycloadducts 5 were obtained in acceptable
yield (59%-94%) with exclusive regioselectivity (>20:1 rr), perfect diastereoselectivity (>20:1 dr) and
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1a CuBF,/L  MeO,C
(5 mol %) ~
+ Et;N, -20 °C R
N -
Ar” N7 Co,Me Af

2a (Ar = p-Cl-CgHy)

R2 L1:R'=Ph,R2=H
O L2: R" = 3,5-bis(methyl)phenyl, R? = H
FsC NH, L3: R = 3,5-bis(trifluoromethyl)phenyl, R = H
FsC NHPR', L4:R'=Cy, R2=H
O L5:R'=Ph,R2=Br

R2
CF, (S)-TF-BiphamPhos
Entry® Ligand Solvent e Yield (%)° ee (%)°
5a:3a
1 L1 CH,Cl, 1:3 9% 73 (3a)
2 L2 CH,Cl, 1:14 94 84 (3a)
3 L3 CH,Cl, <1:20 9% 89 (3a)
4 L4 CH,Cl, <1:20 83 46 (3a)
5 L5 CH,Cl, >20:1 90 92 (5a)
6 L5 THF 8:1 92 86 (5a)
7 L5 EtOAC 4:1 94 86 (5a)
8 L5 CH5CN 10:1 78 93 (5a)
9 L5 PhMe 18:1 93 88 (5a)
10 L5 CHCl3 6:1 88 90 (5a)
11¢ L5 CH,Cl, >20:1 91 94 (5a)

Table 1. Optimization of 1,3-Dipolar Cycloaddition of Azomethine Ylide with 3-Methylene-2-Norbornanone 1a
@All reactions were carried out with 0.20 mmol of 2a and 0.40 mmol of 1a in 2 mL solvent, 48-60 hr CuBF, = Cu(MeCN),BF,.
brr was determined by crude 'H nuclear magnetic resonance, and ee was determined by high-performance liquid
chromatography.

“Isolated yield of 3a and 5a based on 2a.

Carried out at —40°C.

excellent enantioselectivity (93%-97%) (Table 2, entries 1-14). It is worth mentioning that perfect regiose-
lectivity and excellent stereoselectivity could be still achieved with the sterically hindered ortho-chloro (2e),
ortho-methyl (21), and 1-naphthyl (2m) imino esters (entries 5, 12, and 13). The electronic property of the
substituent group on the aryl ring slightly affected the reactivity of this cycloaddition. The cycloaddition
reaction furnished quickly with aldimine ester containing strong electron-deficient p-NO; or p-CN substi-
tution on the phenyl ring (entries 6 and 7). Extended reaction time was needed for electron-rich aldimine
esters, but the regioselectivity and stereoselectivity still maintained at the excellent level (Table 2, entries
9-12). Aliphatic aldimine esters were not compatible in this reaction, probably due to the reduced reac-
tivity. Notably, a-methyl- or benzyl-substituted aldimine esters were tested to further investigate the
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CO,Me
@i . R'—<N Cu(l)/(S)-L5 (5 mol %)
/< CH,Cl,, Et5N, -40 °C \
R s
1a 2 E(dr >20:1)
Entry® R R/ 5 Yield (%)° ee (%)
1 p-Cl-C4H, H 5a 91 94
2 m-Cl-C¢Hg H 5b 88 95
3 p-Br-C¢Hy H 5c 84 95
4 m-Br-CeHy H 5d 85 94
5 0-Cl-C4Hg H Se 94 94
6 p-NO2-CyHa H 5f 72 98
7 P-CN-C¢H, H 5g 83 94
8¢ Ph H Sh 86 93
9¢ p-MeO-C¢H, H 5i 59 95
10¢ p-Me-CeHg H 5 74 93
17¢ m-Me-C¢Ha H 5k 66 94
12¢ 0-Me-CgH, H 51 64 97
13¢ 1-Naphyhy! H 5m 73 95
149 2-Naphyhyl H 5n 88 93
15 p-Cl-C4H, Me 50 70 97
16° p-MeO-C¢H, Me 5p 57 >99
17¢ 2-Thienyl Me 5q 64 96
18 p-Cl-C4Hy Bn Sr 68 >99

Table 2. Scope of Azomethine Ylides for Cu(l)-Catalyzed 1,3-Dipolar Cycloaddition with 3-Methylene-2-
Norbornanone 1a

2All reactions were carried out with 0.20 mmol of 2 and 0.40 mmol of 1a in 2 mL CH,Cl, in 8-12 hr.

Blsolated yield based on 2.

°dr was determined by crude 'H nuclear magnetic resonance, and ee was determined by high-performance liquid
chromatography.

“Carried out at —20°C in 36 hr.

®Inorganic base Cs,CO3 was used.

fCarried out at —0°C in 48 hr.

generality of this methodology. The cycloaddition proceeded very well, affording the corresponding spiro
[norbornane-pyrrolidines] decorated with one all-carbon and one N-containing quaternary stereogenic
center in synthetically useful yields (57%-70%) with exclusive regioselectivity (>20:1 rr) and excellent stereo-
selectivities (>20:1 dr; 96%—>99% ee) (Table 2, entries 15-18).

The fact that enantioenriched spirocycloadduct 5a could be formed regiospecifically in an exclusive dia-
stereoselective fashion from racemic methylene norcamphor 1a (Table 1, entry 11) shows that the two en-
antiomers of methylene norcamphor have significantly different reactivity in this catalytic system. Therefore
kinetic resolution of alkylidene norcamphors employing Cu(l)/(S)-L5-catalyzed cycloaddition should be
worthy of our further investigation. In the early study of treating 0.4 mmol of racemic methylene norcam-
phor 1a with 0.2 mmol of glycine imino ester 2a (Table 1, entry 11), when the spirocycloadduct 5a was
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Cu(ly/L5 (5 mol %)

rac-1

p-Cl-CgH, m-Cl-CgH,

Entry 1°° Entry 2°°
5a: 46% y, 94% ee 5b: 47%y, 94% ee
1a: 44%y, 92% ee 1a: 43% y, 97% ee

C = 49%,°S = 106° C =51%,°S = 136¢
5b

(CCDC 1562402)

MeO,C O

HN

p-Cl-CqHs

Entry 5° Entry 6° Entry 7°

5s: 48% y, 94% ee 5t: 49% y, 93% ee 5u: 50% y, 93% ee
1b: 46% vy, 94% ee 1c: 45% y, 97% ee 1d: 45% y, 97% ee
C =50%,°5 = 115° C=51%,5= 116" C=51%,5=116°

Table 3. Kinetic Resolution of Various rac-Alkylidene Norcamphors 1

MeO,C O

CH,Cl,, Et;N, -20 °C

C6H4-p—Br

7]

. o 0
Rl \ o
=

R (@)
(1S.4R)-1 (0]

Entry 3°°

5h: 43% vy, 95% ee
1a: 44% vy, 93% ee
C =50%,°S = 1037

(£)-5u'
(CCDC 1562405)

p-Cl-CoHa

Entry 4°°

50: 44%y, 94% ee
1a: 45% vy, 97% ee
C=51%,S = 136

Entry 8°

5v: 48%y, 93% ee
Te: 45% y, 96% ee
C=51%,S = 108

(Continued on next page)
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2 Cu(l)/L5 (5 mol %)
+ 2
CH,Cl,, Et3N, -20 °C
rac-1
o
MeO,C ™\ MeO,C ™\
HN

p-Cl-CGH4 p-Cl-C6H4
Entry 97 Entry 10° Entry 11° Entry 12° Entry 13°
Sw+3w: 51%y,°2:1 rr 5x: 47% y, 93% ee 5y: 46%y, 93% ee 52:42%y, 97% ee 5A: 46% y, 94% ee
83% ee (major) 19:46% y, 97% ee 1h: 47% y, 94% ee 1i: 50% y, 87% ee 1j: 46%y, 95% ee
1f: 43% y, 99% ee C=51%,5=116° C =50%,°S = 98° C =47%,°S = 188 C =50%,°S = 121

MeO,C O MeO,C O MeO,C O MeO,C Oy MeO,C

HN HN HN HN
p-Cl-CgH, p-Cl-CgHy p-Cl-CgH., p-Cl-CgH, p-Cl-CgH,
Entry 14° Entry 15° Entry 16° Entry 17° Entry 18°
5B: 45%y, 94% ee 5C: 46%y, 97% ee 5D: 48%y, 96% ee 5E: 45%y, 85% ee 5F:47%y, 92% ee
1k: 46%y, 91% ee 11: 45% y, 98% ee 1m: 45%y, 91% ee 1n: 44% y, 90% ee 10:46% y, 90% ee
C = 49%,°S = 103 C =50%,°S = 303° C = 49%,°S = 156 C=51%,°S = 38° C = 49%,°S = 74°

Table 3. Continued

#Reaction conditions: rac-1(0.4 mmol), 2 (0.6 mmol), Et3N (0.01 mmol), Cu(l)/(S)-L5 (0.02 mmol) in 2mL CH,Cl, in 48 hr. Isolated yield was based on 1, and the maximum possible yield of (15,4R)-1 is 50%. >20:1 dr
of 3 was determined by crude "H nuclear magnetic resonance. ee of 5 and (15,4R)-1¢c-10 was determined by high-performance liquid chromatography, and ee of (15,4R)-1a and (15,4R)-1b was determined by
gas chromatography.

bCarried out at —60°C.

“Conversion of (rad-1 = eeq/(eeq + ees).

4S-factor = In[(1 - conv)(1 - ee)/In[(1 - conv)(1 + ee4)].

®Carried out at —40°C.

The crystal of (+)-5u for X-ray analysis was obtained from the corresponding cycloadduct with (+)-TF-BiphamPhosL5 as the ligand.
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Scheme 3. Computed Overall Free Energy Barrier (in kcal/mol) of Formation of the Most Critical Products for the
Reactions with 2a, (1R,45)-1a, and (1S,4R)-1a Catalyzed by Cu(l)-LI (L1p) or Cu(l)-L5 (L5p) in Dichloromethane
(DCM) Solution by the Polarizable Continuum Model (PCM)-B3LYP//B3LYP Method

The computed NBO charge for the two reacting carbon atoms in the Cu-azomethine ylide intermediate L5p is also given
in an italic form.

separated in 91% yield (isolated yield based on imino ester 2a) with >20:1 dr and 94% ee, methylene nor-
camphor 1a was also recovered in 45% yield (isolated yield based on 1a initially used) and 91% ee with high
selectivity factor (S = 103) albeit within longer reaction time of up to 48 hr. In consideration of the fact that
enantioenriched norcamphors are synthetically useful building blocks, we further re-optimized the reaction
conditions to develop more efficient kinetic resolution protocol in terms of both the selectivity factor and
reaction time. In short, by increasing the feed ratio of imino ester to alkylidene norcamphor and adjusting
the reaction temperature (see Supplemental Information for the details), a variety of racemic alkylidene
norcamphors could be resolved more reproducibly with high selectivity factors (S = 38-303) within reduced
reaction time (18-24 hr) (Table 3). Under the re-optimized reaction conditions, terminal methylene norcam-
phor (rac-1a) was resolved efficiently via asymmetric Cu-catalyzed cycloaddition of different aldimine esters
with selectivity factors of up to 136 and good yields (Table 3, entries 1-4). Notably, excellent ee values for
both spiroadduct 50 and recovered 1a were achieved with high selectivity factors when alanine-derived
imino esters 2o were employed as the reaction partner. To better define the substrate scope and limitation
with respect to the dipolarophiles, an array of more challenging trisubstituted alkylidene norcamphors
were further investigated. (E)-benzylidene norcamphors containing various substituents at para- or
meta-position of the phenyl ring were tolerated well, regardless of the electron properties (e.g., electron
deficient, electron neutral, or electron rich), affording the desired spirocycloadducts with 93%-97% ee and
the recovered norcamphors with 94-99% ee, corresponding to selectivity factors (S) of 98-188. Probably
due to disfavored steric hindrance, ortho-fluoro-substituted benzylidene norcamphor has detrimental ef-
fect on the regioselectivity of the cycloadducts, but still furnishes the recovered norcamphor 1f with an ee
value of 99%. Heteroarylidene norcamphors were also well tolerated in this catalytic system (Table 3, entries
14 and 15). Remarkably, 3-pyridin-2-ylidene norcamphor 1l could be resolved efficiently, producing the ex-
pected cycloadduct 5C with 97% ee and recovered product 11 with 98% ee, with the highest selectivity fac-
tor of 303. Alkyl-substituted alkylidene norcamphors were not viable substrates in this reaction, probably
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Figure 2. Computed Structure, the Relative Free Energy, and HOMO Energy of the Cu-Azomethine Ylide Intermediates L1p, L1y; L5p, and L5y

due to the pretty low reactivity. All the racemic trisubstituted alkylidene norcamphors tested in this work
were obtained exclusively with more than 99% (E)-geometry via base-promoted condensation between
norcamphor and the corresponding aldehyde. Considering that the geometry of C=C double bond has
an important influence on the reactivity or stereoselectivity in alkene-involved asymmetric reactions, we
further studied the performance of (2)-benzylidene norcamphor 1b, which could be obtained with 99%
configurational purity upon UV light irradiation (Berthelette et al., 1997) of (E)-1b. Under the same reaction
conditions, no reaction took place when racemic (2)-benzylidene norcamphor was tested. No reaction
occurred with the racemic methylene camphor as the dipolarophile presumably because the disfavored
steric repulsion caused by the bridged 7,7-dimethyl group impedes the approach of the azomethine ylide
from the EXO-direction. Both racemic methylene exo- and endo-tricycle[5.2.1.0*¢]decan-8-one, containing
a fused cyclopentane moiety on the norcamphor skeleton, were well tolerated and resolved to afford the
corresponding spiroadducts containing seven stereogenic centers and the recovered fused norcamphors
with selectivity factors of 156 and 38, respectively (Table 3, entries 16 and 17). Exo-1m displayed higher
reactivity, furnishing the chiral spiro polycyclic adduct with better ee value. Racemic methylene 2-benzo-
norbornanone 1o bearing a fused benzene ring was also a viable substrate for this kinetic resolution
protocol, providing the cycloadduct 5F and the recovered 1o with high enantioselectivity and a selectivity
factor of 74 (Table 3, entry 18). The absolute configuration of spirocycloadduct 5b from methylene norcam-
phor and 5u from para-bromobenzylidiene norcamphor was unambiguously determined by X-ray diffrac-
tion crystallography as (15,25,2'S,4R,5'R) and (15,2R,2'S,4R,4'R,5'R), respectively (see Supplemental Informa-
tion for the details). The absolute configuration of the recovered methylene norcamphors was assigned as
(15,4R), which was deduced from the stereochemistry result of kinetic resolution and further confirmed by
comparing the optical rotation of 1a with the data reported in the literature (Krotz and Helmchen, 1994).
Those of other spiroadducts and recovered alkylidene norcamphors were deduced based on these results.

To understand the mechanism of the unusual ligand-controlled regioselectivity and kinetic resolution of
the cycloaddition reaction, density functional theory (DFT) (B3LYP/6-31G(d)+SDD method) (Wang et al.,
2012) calculations were carried out by using Cu(l), substrates 1a and 2a, as well as L1 ligand (or L5 for
the most important cases) as our system (See Supplemental Information for the details). As shown in
Schemes 2 and 3 and Figure 2, the reacting C2 atom of two Cu-azomethine ylide intermediates L1p and
L5p had a more negative charge (—0.24) and contributed to slightly larger HOMO than the other reacting
C4. This result supported the major resonance form | (Scheme 1). For the reaction with (1R,45)-1a, our
computational results showed that intermediate L1p (using L1 ligand) generally had lower barriers for
the cycloaddition toward the EXO-direction to the methylene norcamphor than the ENDO-direction,
owing to the above-mentioned "“picket fence effect” (Scheme 2). Moreover, the most kinetically favorable
pathway preferred the formation of the normal and major endo-selective cycloaddition product P3a other
than the exo-selective P4a via the rate-determining Michael-addition-type transition state 3a-L1p-TS1endo
(Scheme 2 and Figure 3), which had a lower barrier than that for the umpolung-type and minor endo-selec-
tive cycloaddition product P5a via 5a-L1p-TS1endo (Michael-addition type) by roughly 3.0 kcal/mol. The nor-
camphor approached the amine side of L1 ligand and formed a strong hydrogen bond (NH-O: 1.78 A) in
3a-L1p5-TS1endo. However, when the norcamphor approached the phosphorus side of L1 ligand to form P5a
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Figure 3. DFT Calculations

The computed most critical transition states with NBO charge for the two reacting carbon atoms (in an italic form), key bond lengths (in angstrom), and
relative free energy (in kcal/mol) for the reactions with 2a, (1R,45)-1a, or (15,4R)-1a catalyzed by Cu(l)-L1 or Cu(l)-L5 in Dichloromethane (DCM) solution by the
polarizable continuum model (PCM)-B3LYP//B3LYP method.

in 5a-L1p-TS1endo, the amine nitrogen of L1 ligand was found to dissociate from the Cu center and the
carbonyl oxygen of the norcamphor coordinated to the metal (Cu-O: 2.14 A). As the norcamphor was
required to approach the phosphorus side of the ligand to afford P5a, increasing steric repulsion between
the norcamphor and the more bulky phosphine ligand (L2, L3 or L4) should further disfavor the umpolung-
type regioselectivity (Table 1). In addition, the reaction of intermediate L1p with (15,4R)-1a was computed
to have a higher barrier to form P3a’ by about 2.1 kcal/mol, which demonstrated a lower reactivity of
(15,4R)-1a and explained the observed kinetic resolution.

Interestingly, when replacing L1 ligand by L5 ligand, the most favorable pathway switched to the umpo-
lung regiochemistry to give endo-selective 5a via 5a-L5p-TS1endo, Which is lower in free energy than the
normal regiochemistry to form endo-selective 3a via 3a-L5p-TS1endo by ~0.9 kcal/mol (Scheme 3). An
electrostatic repulsion between the carbonyl oxygen of the norcamphor and one bromine (Br1) atom
of the biphenyl ligand (O-Br: 3.23 Ain 3a-L5p-TS1endo, shorter than the sum of their van der Waals radii
[3.37 AJ: see Figure 3) was found to weaken the hydrogen bond between the substrate and ligand and,
thus, should play a key role in inverting regiocontrol of the cycloaddition. Moreover, the natural bond
orbital (NBO) charge of the reacting C2 and C4 atoms were found to become less negatively charged
and more negatively charged, respectively, in the key umpolung-type transition states 5a-L1p-TS1endo
and 5a-L5p-TS1endo, showing more contribution of the minor resonance form Il (Scheme 1). Further-
more, the reaction of L5p with (15,4R)-1a leading to P5a’ had to overcome a higher barrier height by
1.2 kcal/mol relative to the formation of P5a from (1R,45)-1a. Overall, these computational results were
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Scheme 4. Synthetic Versatility of the Present Catalytic System

(A) Scale-up of the kinetic resolution process with as low as 1 mol % catalyst loading.
(B) Derivatization of recovered optically active alkylidene norbornanone (15,4R)-1b.
(C) Facile access to the key intermediate of chiral odorants (Z) and (E)-B-santalol.

qualitatively consistent with the observed ligand-controlled regioselectivity and kinetic resolution, and
also showed the key role of the bromine atoms.

To demonstrate the scalability of this methodology, we carried out the gram-scale kinetic resolution
of methylene norcamphor rac-1a (9.0 mmol, 1.10 g) with imino ester 2a in the presence of as low as
1 mol % of Cu(l)/(S)-L5 catalyst, which furnished (15,4R)-1a (44% yield, 96% ee) and the spirocycloadduct
5a (48% yield, 97% ee) with a selectivity factor of 260 at 50% conversion (Scheme 4A). In a similar fashion,
benzylidene norcamphor rac-1b (5.3 mmol, 1.05 g) could also be efficiently resolved with a selectivity factor
of 121 at 50% conversion. The synthetic transformations of the resolved benzylidene norcamphor were then
evaluated. Luche reduction of the carbonyl group in (15,4R)-1b with NaBH,/Ca(OTf); in a highly diastereo-
selective fashion led to compound endo-6 in 88% yield with the maintained enantioselectivity. Direct hy-
drogenation of 1b in the presence of catalytic amount of Pd/C in methanol gave compound endo-7 in
81% vyield with exclusive diastereoselectivity control. Subsequent Baeyer-Villiger oxidation of 7 with
meta-chloroperoxybenzoic acid (m-CPBA) in CH,Cl, at room temperature afforded the previously inacces-
sible bridged lactone 8 in 98% yield without loss of enantiomeric excesses (Scheme 4B). To further demon-
strate the potential utility of this methodology, the Cu(l)-catalyzed kinetic resolution of alkylidene norcam-
phor was successfully applied to the facile synthesis of the key intermediate of (2) and (E)-B-santalol (Krotz
and Helmchen, 1994) (Scheme 4C). A concise synthetic route was designed to those chiral odorants, which
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relies on the highly efficient kinetic resolution of racemic methylidene norcamphor with Cu(l)/(R)-L5 com-
plex, leading to (1R,45)-1a (40% yield, >99% ee) with excellent efficiency at 54% conversion. (1R,45)-1a
could be readily hydrogenated with Pd/C to deliver compound endo-9 in 99% yield with the maintained
enantioselectivity in an excellent diastereoselective manner (>20:1 dr). Treatment of compound 9 with
lithium diisopropylamide (LDA) in tetrahydrofuran (THF) followed by the addition of Stowell iodide (Stowell
et al.,, 1983) 10 exclusively afforded the exo-alkylation product 11, the key intermediate for (—)-(2) and
(E)-B-santalol.

Conclusion

We have developed an expedient kinetic resolution of synthetically important racemic alkylidene norcam-
phors by Cu(l)-catalyzed umpolung-type 1,3-dipolar cycloaddition of azomethine ylide with the DOS of nat-
ural-product-inspired spiro[norbornane-pyrrolidines] containing multiple stereogenic centers. The success
of this methodology relies heavily on the rational design, which led to implement the strategy of kinetic
resolution, and serendipity, which led to the discovery of a unique ligand-controlled regiospecific cycload-
dition, which is especially notable and provides direct experimental evidence for the existence of two zwit-
terionic resonance forms in metallated azomethine ylide. Beyond the broad utility in organic synthesis, this
protocol diversifies the existing chemistry of transition metal-catalyzed 1,3-dipolar cycloadditions of azo-
methine ylide with rare polarity inversion.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND SOFTWARE AVAILABILITY

Crystallographic data have been deposited at the Cambridge Crystallographic Data Center (CCDC)
as CCDC 1592399 (tosylated(+)-endo-3a), 1592400 (tosylated endo’-5a), 1562402 (5b), 1562404 (5s),
1562405 ((£)-5u), and 1562406 ((+)-1d), which can be obtained free of charge from the CCDC via www.
ccde.cam.ac.uk/getstructures.
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Supplemental Information includes Transparent Methods, 183 figures, 10 tables, and 6 data files and can be
found with this article online at https://doi.org/10.1016/.isci.2018.12.010.
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Supplemental Figures for 'H, 1*C and NOESY NMR Spectra and HPLC Spectra
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Figure S1. '"H NMR spectrum of 5a, related to Table 2.
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Figure S2. 1*C NMR spectrum of 5a, related to Table 2.



Data File E:“\DATAY3CY3C-Z-51Rach3C-2-51RAC 2016-10-28 Z21-24-2543C-Z-51RAC.D
Sample Name: 2C-2-51RAC

ALcg. Operator : 3YSTEM Seqg. Line : 1
Acg. Instrument : 1260 Location : gl
Injection Date @ 10/29/2016 12:25:40 PM Inj : 1
Injy Volume : 5.000 pl
Acg., Method : E:3ZDATAN BCYSC-2-51Rach 3C-2-51RAC 2016-10-25 21-24-25%5C-2-ADH-50-10-220NM-
1IML.M
Last changed 1 1042972016 12:24:25 PM by SYSTEM

Analysis Method : E:\DATAY, 3C\5C-2-51Rach SC-2-51FAC Z016-10-28 Z21-24-25)5C-2-ADH-90-10-220NM-
1ML.Y (3equence Method)

Lazt changed T BA16/2017 2:52:17 MM by SYSTEM
(modified after loading)

Addditional Info : Peakis) manually integrated

DADT A, Sig=220,4 Ref=360,100 (EADAT AVE CASC-2-01 Rachs C-2-6 TRAC Z016- 10-28 21-24- 255 C-2-6 1RAC.O)
mald =
o
00 -
600 - -
o
~
b
400 —
200
0 r A .
T T T T T T T T T
1] 25 & A 0 124 15 175 20 245 mir|

Sorted By H Sigmal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Signal l: DADL A, Sig=2ZZ0,4 Ref=360,100

Peak FetTime Type Width Area Height Area
# [min] [win] [walrs] [miT] %
il et l--==l-=-=-=- | === |--====— | === |
1 12.3Z28 BE 0.4036 Z.696135e4 972.11151 45.8290
Z Z1.7Z8 BE 0.5053 Z.71483e4 493,86307 50.1710

Totals : 5.41076ed  1465,97455

1260 6,/16/2017 2:53:17 PM SYSTEM Page 1 of 2



Data File E:\DATAY3CY3C-5-33,5C-5-33 2017-05-15 17-26-1003C-5-33.D

Sample Name: 3C-5-33

Acg. Operator

Acg. Instrument :

Injection Date

Acg. Method

SYSTEM Sedq. Line : 1
1260 Location : 14
S/15/20017 5:E7:032 PH Inj : 1

Injy Volums : 5.000 pl

: E:NDATAN 3CYIC-5-3305C0-5-33 2017-05-15 17-26-10%3C-2-4DH-30-10-220NM- 35MIN-

1IML.M
571572017 5:26:10 PM by SYSTEM
: E:\DATA) SCY,SC-5-33V5C0-5-33 2017-05-15 17-26-10%38C-2-ADH-90-10-220MM- 35MIN-
1ML.Y (3equence Method)
6/16/2017 2:57:09 PM by S5YSTEM
(modified after loadindg)
Peakis) manually integrated

Last changed
Analysis Method

Last changed

Additional Info :

DADT A, Sig=220,4 Ref=360,100 (EDAT ASCAE C-8-305 C-6-33 2017-05-156 17-26- 1005 C-8-33.00
mAl | =
400 -
300
200 -
100
<
K
iﬁ
0 L T
T T T T T
1] & o 15 20 min

Jorted By Signal
Multiplier 1.0000
Dilution 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Signal l: DADL A, Sig=220,4 Ref=360,100

Peak FetTime Type Width Area Height Area
# [min] [win] [mal*s] [wdT] %
el e |-=-==l-=-=--- | === |-=-===—-=—— | === |
1 12.935 BE 0.4625 1.54707e4 492, 44669 96,9206
Z 23.800 MM 0.9920 491,53992 §.255850 3.0794
Totals : 1.59622e4 500, 70549

1260 671672017 Z:57:13 PM SY¥ITEN Page 1 of 2

Figure S3. HPLC spectrum of 5a, related to Table 2.
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Figure S4. '"H NMR spectrum of 5b, related to Table 2.
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Figure S5. 1°C NMR spectrum of 5b, related to Table 2.



Data File E:\DATA 3C\3C-2-584% 3C-2-564-4%H-95-5 2016-11-11 10-10-39%5C-2-564.0
Sample MName: 5C-2-50A-A5-95-5

hcg. Operator
Acog. Instrument :
Injection Date

Acg. Method

Last changed
Analysis Method

Last changed

Additional Info :

STATEM Geq. Line : 1
1260 Location : 63
1171272016 2:12:01 AM Inj : 1

Inj Wolume : 5.000 pl

t EWDATAN SCHEC-2-564Y 3C-2-564-A5H-95-5 Z016-11-11 10-10-39\5C-Z-A5H-95-5-

ZZ0NM-1ML. 1
11/12/2016 2:10:3% AM by SYSTEM

: E:\DATAY 3CY3C-2-564% 3C-Z-564-A53H-95-5 2016-11-11 10-10-39%43C-2-A5H-95-5-

ZZ0NM-1ML. M (Sequence Method)
64372017 8:25:05 FPM by SYSTEM
[modified after loading)

Peak (3) maruially integrated

DADT A, Sig=220,4 Ref=360,100 (E'DAT S5 CVSC-2-56 A5 C-2-56A- ASH-05-5 Z016-11-11 10-10-30SC-2- 564 00
mAll o
140 -
.
k)
z &
120 &@’ﬁ'
100 <
30 -
G0
40 <
20 |
Y
D_
T T T T T T T
12 14 16 1% 20 i3 24 26
Area Percent Report
Jorted By Sigqnal
Maltiplier 1.0000
Dilution l.00oo
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADL &, Sig=220,4 Ref=360,100
Peak RetTine Type Width Ares Height Area
# [min] [win] [mdd*s] [wATT] %
il Kbt |====]-==-=-=- | -—-=———— |===——— |=====-== |
1 15.293 BB 0.7806 7588.30518 143.11862 50.0122
Z 25.164 MM 1.1146 7584.61230 113.41533 49,9575
Totals : 1.51729:4 256.53395
1260 6/3/2017 §:25:17 PM 5TS5TEM Page 1 of 2




Data File E:\DATAY3C,3C-2-974\5C-2-974 2016-11-23 Z1-57-1943C-2-974.D
Sanple Name: 3C-Z-974

Acg. Operator
hcog. Instrument :
Injection Date

hAcg. Method

Last changed H
Analysis Method :

Last changed

Additional Info :

SYSTEM Seq. Line : 1
1280 Location : 62
1172472016 1:58:45 PM Inj : 1

Injy Volume : 5.000 nl

¢ E:WDATANSCHIC-2-974N 3C-2-974 2016-11-23 21-57-19%5C-1-A5H-95-5-220NM-35MIN.

H
1172472016 1:57:20 PM by SYSTEM

E:A\DATAN SCNIC-2-974Y 3C-2-974 2016-11-23 Z1-57-19%3C-1-A5H-95-5-220NM-35MIN.

M (Sequence Method)

6/3/2017 §:27:12 PM by BYSTEM
jmodified after loading)
Peak(s) manually integrated

mAkl

<400 —

200

200 +

100

DADT A, Sig=220 4 Ref=260,100 (EMDAT ASCAVS C-2-07 AE C-2-07 A 2016-11-23 21-57- 10 C-2-97A D0

&
5 &
ol
o .
T T T T T T T
12 14 16 18 20 22 24 26 miny
Sorted By Signal
Multiplier l.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADY &, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [malT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 14.715 NN 0.8575% 2.40642e4 467.69940 97,5592
2 24.795 MM 0.99585 &0Z.05609 10.04934 2.4408
Totals : 2.46662:4 477.74574
1260 6/3/2017 &:27:17 PM SYATEM Page 1 of 2

Figure S6. HPLC spectrum of 5b, related to Table 2.
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Figure S7. '"H NMR spectrum of 5c¢, related to Table 2.
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Diata File E:\DATAY 3C\5C-2-554% 3C-2-554-4D0 2016-11-11 058-17-41,3C-2-554-AD. D
Sample Name: 5C-Z-554-AD

Aco. Operator : AYSTEM 1
Acg., Instrument : 1260 Location : 6l
Injection Date @ 1171272016 1Z2:19:01 AM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CY3C-Z2-554% 3C-2-554-AD Z016-11-11 08-17-41\3C-Z-ADH-90-10-DAD-1ML.
i
Last changed 1171272016 12:17:41 AM by 5SYVATEM

Analysis Method : E:\DATAY SCYSC-2-554% SC-2-554-AD 2016-11-11 08-17-41%5C-2-ADH-90-10-DAD-1ML.
M (Sequence Method)

Last changed 1 67372017 8:258:43 PM by SYSTEN
(modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, Sig=220,4 Ref=360, 100 (E:\DAT ASCASC-2-56 A5 C-2-65A- A0 Z016-11-11 05-17-41\5 C-2-55 A A0.0)
makl o
<400 —
300
fr=1
=
o
o4
200
100 -
1] 1 T 1
T T T T T T T T
10 12 14 16 1% 20 23 4 26
Area Percent Report
orted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Siemal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [win] [win] [waU*s] [wA] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 13.85Z BB 0.3541 1.05875e4 459, 02625 49,9002
2 24.708 BE 0.6631 1.06255e4 235.45700 50,0998

Totals : 2,12174e4 697.45325

la60 6732007 S:268:50 PM 3YRTEM Page 1 of 2



Data File E:\DATA\3C,SC-2-9848C-2-98 2016-11-23 22-44-0843C-2Z-981.D
Sample Name: 3C-Z-98B

hcg. Operator : AYSTEM Sedq. Line : 2
Ao, Instrument @ 1260 Location : 64
Injection Date : 11/24/2016 3:21:54 PH Inj : 1
Inj Wolume : 5.000 npl
Acg. Method : E:Z\DATAY 3CY3C-2-9843C0-2-98 2016-11-23 22-44-0843C-Z-ADH-90-10-220NM- 35MIN-
1ML.M
Last changed 1 1172472016 2:44:08 PM by SVSTEM

Analysis Method : E:\DATAY SCY\3C-2-98,3C-2-95 2016-11-23 Z22-44-05%3C-2-ADH-90-10-220HM- 35MIN-
1ML.H (Sequence Method)

Lazt changed T 64372017 §:30:12 PM by SYSTEM
(modified after loading)

Additional Infao : Peak(s] manually integrated

DADT A, Sig=220,4 Ref360,100 (EDATAECVEC-Z-O8S C-2-0% 2016-11-23 22-44-DENSC-2-081.00
mAkl o
700
600 -
500 4
400
200
00
100 -
o
=
o
Ry o
o4 L
T T T T T T T T
10 12 14 16 15 0 22 24 ] mirg
Area Percent Report
Zorted By H Zignal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADl &, Sig=220,4 Ref=360,100
Peak FetTime Type Widch Area Height Area
# [min] [min] [widiT*=] [miiT] %
=== |====]======- | === | === | === |
1 13.832 BB 0.5417 Z.61814ed 758.56158 97.5340
2 25.275 EB 0.7638 £61.94458 10. 45325 Z.46560
Totals : Z.658434ed 769.01454
1260 6/3/2017 G:30:14 PM SYSTEM Page 1 of 2

Figure S9. HPLC spectrum of 5c¢, related to Table 2.
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Figure S10. 'H NMR spectrum of 5d, related to Table 2.
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Figure S11. 1*C NMR spectrum of 5d, related to Table 2.



Data File E:3\DATAY5CY5C-170604-buySC-170604-B0 2017-06-04 15-54-34%5C-170604-bul.D
Sample Name: SC-2-56B

Acg. Operator 1 SYSTEM Sedq. Line : 2
Acg. Instrument : 1260 Location : 71
Injection Date : 67472017 4:11:54 M Inj : 1
Injy Volums : 5.000 pl
Log., Method : E:ZDATAN 5CYSC-170604-bub5C-170604-BU 2017-06-04 15-54-34%45C-1-A5H-95-5-
Z2Z0NM-35MIN.M
Last changed I 64472017 4:44:06 PM by SYSTEM

(modified after loading)

Analysis Method : E:\DATEY 3CH,3C-170604-buh3C-170604-E1 2017-06-04 15-54-34%3C-1-A3H-95-5-
220MM-35MIN.M (Sequence Method)

Last changed I 64472017 4:54:38 PM by SYSTEM
(modified after loading)

Additional Info : Peak(s) manually integrated

DADT A, Sig=220,4 Ref=360 100 (EADAT A CVS C-170604-b VS C- 170604 BU 2017-06-04 15-54- 2405 C-170604-bu 1 .00

mALl e

120 &

‘3%:?8

100+

a0

Gl —

iy

Sorted By H Sigmal
Multiplier H 1.0000
Dilution H 1.0000

Do not use Multiplier & Dilution Factor with I3TDs

Signal l: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [win] [walrs] [mi] %
il et l--==l-=-=-=- | === |--====— | === |
1 15.385 BE 1.0263 9953.18359 137.53416 50.0191
2 32.578 MM 1.6737 9945, 55934 99,0349% 49,9509

Totals : 1.9689558e4 236.56915

1260 6/4/2007 4:54:41 PH 3VITEHN Page 1 of 2



Data File E:\DATAY5CY5C-170604-buySC-170604-B0 2017-06-04 15-54-34%5C-170604-buz. D
Sample Name: SC-2-103

Acg. Operator 1 SYSTEM Sedq. Line : 3
Acg. Instrument : 1260 Location : Tz
Injection Date @ 67472017 4:53:19 P Inj : 1
Injy Volums : 5.000 pl
Log., Method : E:ZDATAN 5CYSC-170604-bub5C-170604-BU 2017-06-04 15-54-34%45C-1-A5H-95-5-
Z2Z0NM-35MIN.M
Last changed I 64472017 4:44:06 PM by SYSTEM

Analysis Method : E:\DATAY, 3C\,5C-170604-bu)3C-170604-E0 2017-06-04 15-54-34'5C-1-A%H-95-5-
ZZ0NM-35MIN.M (Sequence Method)

Lazt changed r 6/4/2017 5:37:53 FPM by SYITEM
(modified after loadindg)

Additional Info : Peakis) manually integrated

OADT A, Sig=220,4 Ref360, 100 (EMDAT ASCAVSC-170604-b VS C- 17 0604- B 2017-06-04 15-54-2 RS C-170604-bu2 00

o~
makl o

400 -

250 -

300

250 -

200

150

100

Jorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Sigmal l: DAD] A, B8ig=220,4 Ref=360,100

Peak FetTime Type Width Area Height Area
# [min] [win] [mal*s] [wdT] %

el e |-=-==l-=-=--- | === |-=-===—-=—— | === |
1 18.152 BE 1.0897 3.09856e4 417.08008 95.0133
Z 32.7Z8 BE 1.1150 &Z3.07062 6.59519 1.9587

Totals : 3.16157e4 423.67527

1260 6/4/2007 5:37:56 PH 5YSTEHN Page 1 of 2

Figure S12. HPLC spectrum of 5d, related to Table 2.



SLYE—

006'¢ —

0S9%
w99t

6LYY T
169t \

181°L
S8I'L
00zT'L
S0TL
61TL
€TTL

69TL F
LOS'L
veeL
PrEL

we'L )
AR

9r6’L
£96'L
996'L \

MeOZC

Feo

Fere
Feoz

Fo0l
o1

Wﬁ 0
21T

E0°E

F00°1
oz

F00°1

1.0 0.5 0.0

1.5

75 70 65 60 55 50 45 40 35 30 25 20
f1 (ppm)

8.0

8.5

Figure S13. 'H NMR spectrum of Se, related to Table 2.
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Figure S14. 1*C NMR spectrum of Se, related to Table 2.



Data File E:%ZDATAY3CY3C-Z-624% 35C0-2-624 2016-11-10 Z2-Z0-45\3C0-2-624.D
Sample Name: 2C-2-524

Acg. Operator : S¥STEM Seqg. Line : 1
Acg. Instrument : 1280 Location : &7
Injection Date @ 1171172016 2:22:05 PM Inj : 1
Injy Volume : 5.000 nl
Ao, Method 1 E:ZDATAN BCNBC-Z2-624% 3C0-2-624 2016-11-10 22-20-4543C-1-A%H-90-10-DAT-1ML. K
Lazt changed t 1171172016 2:20:45 PM by SYSTEM

hnalysis Method : E:\DATAYSCY3C-2-624Y5C-Z-624 2016-11-10 22-20-45%48C-1-A5H-90-10-DAD-1ML.M |
Sequence Method)

Last changed T B/3/2017 5:38:19 PM by 3YSTEM
[modified after loading)

hdditional Info : Peakis) marmally integrated

DADT A, Hig=220 4 Re =200, 100 (E D AT AT T 20T A C- -G A 20T 0-TT-T0 2530455 T-2-02ATH
mAkl

400

350

200 S

250 -

-

By

200 o

150

100

50 o

o]
=
pac
=
=
=
s
=
v
5

Sorted By H Sigmal
Multiplier H 1.0000
Dilution H 1.0000
Do not use Multiplier & Dilution Factor with IZTDs

Sigmal l: DADl A, Sig=220,4 Ref=360,100
Peak FetTime Type Width Area Height Area
# [min] [min] [malT*=] [miiT] %
el e |-=--=]------- | === | === | === |
1 Q.809 MM 0.3740 9799.78125 436.71069 45.95074

2 17.543 MM 0.9290 9836.15918 176.46739 50.09Z6

Totals @ 1.96359e4 613.17809

1260 6/3/2017 5:59:54 PM SYSTEM Page 1 of 2



Dlata File E:\DATAY 3C\5C-5-51-54,3C-5-51-54 Z017-05-30 09-16-03yLHC-170529.D
Sample Name: SC-5-51

Aco. Operator : AYSTEM 1
Acg., Instrument : 1260 Location : 13
Injection Date @ 5/30/2017 9:17:32 AM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CY3C-5-51-54\3C0-5-51-54 2017-05-30 09-16-03%3C-1-A%H-90-10-2Z0MM-
SOMIN.M
Last changed : 573042017 9:16:03 AM by AYSTEM

Analysis Method : E:\DATAYSC,SC-5-51-54\5C-5-51-54 2017-05-30 09-16-0343C-1-A%H-90-10-220NM-
JOMIN.M (Sequence Method)

Last changed 1 64372017 9:05:01 PM by SY¥STEM
(modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, Sig=220,4 Ref=360, 100 (E:\DAT A5 CASC-5-51-50S C-5-51 -54 2017-05-30 09-16-0FL HC- 170620 0)
mAkl g
140
120
100
50
G0 o
40_
20 q_-_{@'
g o
A g
1] T
T T T T T T T T
g 10 12 14 16 15 20 22
Area Percent Report
orted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with I5TDs
Sigrnal 1: DAD] A, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [win] [win] [waU*s] [wA] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 10.394 BB 0.4210 3927.09277 140.9%9124 9656.8526
2 15.26Z NN 0.9078 127.61635 Z.34345 3.1474
Totals : 4054, 70912 143.33472
1260 6/3/2017 9:05:04 PM 3YSTEM Page 1 of 2

Figure S15. HPLC spectrum of Se, related to Table 2.
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Figure S16. 'H NMR spectrum of 5f, related to Table 2.
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Figure S17. 1*C NMR spectrum of 5f, related to Table 2.



Data File E:“\DATA\5CY3C-10-15-1945C-10-15-19 2018-10-12 17-Z5-57%3C-10-15-19.D
Sample Name: 3C-10-184

Acdg. Operator 1 SYSTEHM Seq. Line : 1
Log. Instrument @ 1260 Location = 3]
Injection Date @ 1071272018 5:27:21 PH Inj : 1
Ing Volume : 5,000 nl
Aog. Method : E:\DATA, SC,5C-10-18-19%5C-10-18-19 2018-10-12 17-25-5748C-2-ADH-70-30-D4D-

Z04NM-Z5MTN-1ML. M

Lazt changed P 1041272018 5:25:57 PM by SYSTEM

idnalysis Method : E:\DATAY 3CN\5C-10-15-1945C-10-15-19 =015-10-12 17-25-5743C-2-4DH-70-30-DAD-
204NM-25MIN-10L. M (3equence Method)

Lazt changed 1043072018 10:09:17 PM by SYSTEM
[modified after loading)

Ldditional Info : Peak(=s) marmally integrated

“DADT, Sig=220.4 Ref=35300, EXT of 3C-10-15-18.D
mALl

HHI5 T

140

120

100

T

%

20

60

20+

Sorted By : Signal
Maltiplier : 1.000a
Dilution H 1.000a
Do not use Multiplier & Dilution Factor with ISTDs

Gigmal 1: DADL, Sig=220,4 Ref=355,90, EXT
Fignal has been modified after loading from rawdata file!

Peak RetTime Type Width Lrea Height Area
# [min] [win] [walT*=] [mair] %
=== [l e | === |======— |—=====—= |
1 10.357 BB 0.3339 3406.08594 145.59496 50,1254
2 17.650 MM 0.7481 3389.04370 T5.50265 49,8746

Taotalsz : 6795.12964 224.3976l

1260 10/30/2018 10:09:57 PM SYSTEN Page 1 of 2



Data File E:%ZDATAYSCYEC-10-22%5C-10-22-2 2015-10-29 21-49-15%35C-10-22.D
Jample MNawme: 3C-10-Z2Z4-2

oo, Operator
Acg., Instrument :
Injection Date

Ao, Method

Laszst changed
Analysis Method :

Last changed

Additional Info :

STSTEM Sed. Line : 1
1260 Location : g7
10/29/2018 9:50:46 PH Inj : 1

Inj ¥Wolume : 5.000 pl

i EhDATAN SCAVIC-10-22Y 30-10-22-2 20158-10-259 21-49-15%3C-2-ADH-70-30-22 0NHM-

ZSMIN-1ML.M

10/29/2018 9:49:15 PM by 3TITEM

E:\DATAY SC\SC-10-22% 5C-10-22-2 Z018-10-29 21-49-15%5C-2-ADH-70-30-220NM-
ZOMIN-1ML.M (Sequence Method)

10/30/2018 10:13:33 PM by SYSTEM

(modified after loading)

Peak (=s) mammally integrated

DADT A&, Sig=220 4 Ref=360, 100 (EODAT A5 OV C- 10-2208 C- 10-22- 2 201 8-10-28 21-49- 155 C-10-22.0)
mAkl ] o
o
400 ﬁ
350
300
250
200
150
100
50 w
1 =
L =
:______J"-\a\-l\\___ =
o . =
T T T T T T T
i5 5 75 10 115 15 175 0 315 mir|
ALtea Percent Report
Sorted By Signal
Multiplier l.0000
Dilution 1l.0000

Do not use Multiplier & Diluticn Facrtor with IZTDs

Figmal 1: DAD1 A4,

FPeak FetTime Type
# [min]

Fig=220,4 Ref=360,100

Midrth Area Height Area
[min] [malT*s] [malr] %

1 10.352 BB
2 17.793 BB

Totals :

lze0 10/30/2018 10:13:

0.3377 1.00233e4 431.92621 98,9833
0.3892  10Z.95450 3.27403 1.01&7

l.0l&n3ed 435.20023

36 PHM SYSTEN Page 1 of 2

Figure S18. HPLC spectrum of 5f, related to Table 2.
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Figure S19. 'H NMR spectrum of 5g, related to Table 2.
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Figure S20. 1*C NMR spectrum of 5g, related to Table 2.



Data File E:“DATANSCNEC-10-19A%3C-10-194-AD-70 2015-10-12 16-56-39%35C-10-194.D
Sample Name: 5C-10-194

Acg, Operator 1 SYRTEM Seq. Line : 1
Aodg. Instrument @ 1260 Location : 85
Injection Date : 1071272018 4:55:05 PH Inj : 1
Inj Volume : 5.000 nl
Acg. Method : E:4ZDATAN 3C,\3C-10-194%3C-10-194-AD-70 20158-10-12 16-56-39%5C-2-4DH-70-30-DAD
-1ML. M

Last chahged : 10/12/2018 4:56:39 PM by S5YSTEM

Analysis Method : E:\DATAY 3C,3C0-10-194%3C0-10-194-AD-70 Z015-10-12 16-56-39%3C-2-4DH-70-30-DAD
-1ML.M (Zecquence Method)

Lazt changed : 1043042018 10:15:12 PM by 3VITEM
[modified after loading)

Additional Info : Peakis) manuallvy integrated

DADT A, Sig=220 4 Ref=360,100 (EADAT ASCASC-10-19205C-10-194 A0-70 2018-10-12 16-56-30SC-10-19 AN

o
mALl o

200 L

175 4

150 4

125+

15.817

100+

5o

A0+

254

Sorted By H Signal
Maltiplier : 1. 0000
i lurion : 1. 0000

Do not use Multiplier & Dilution Factor with ISTDs

Jigmal 1: DAD1 &, 3ig=ZZ0,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [malT*z] [TTT] %
il e [l | === === |=======—-
1 §.753 BE 0.2834 3555.395344 200,38562 50,1301
2 15.817 BB 0.5381 3868.21045 100.43194 49,5699

Totalsz : 7756.60833% 300.86756

lze0 10/30/2018 10:15:21 FPM 3T 3TEM Page 1 of 2



Data File E:\DATANSCH3IC-10-22% 3C-10-22-2 2018-10-29 21-49-15%30-10-221.1
Sauple Name: 5C-10-22BE-2

Aog., Operator 1 3YRTEM Sedq. Line : 2
Ao, Instrument : 1260 Location : fids]
Injection Date : 10/259/2015 10:17:15 PHM Inj : 1
Inj Volume : 5,000 ul
Acg. Method : E:3ZDATAY BCYNEC-10-22%5C-10-22-2 2015-10-29 21-49-15,5C-2-ADH-70-30-22 0NH-
25MIN-1ML. M
Last changed : 10/29/20158 9:49:15 PM by S¥YSTEM

Analysis Method : E:%3DATAYSCY3C-10-22%3C0-10-22-2 2015-10-29 21-49-15\3%C-Z-ADH-70-30-2Z0NH-
ZSMIN-1ML. M (Sedquence Method)

Laszt changed : 1043042018 10:16:538 PM by 3YSTEM
modified after loading)

Additional Info : Peak(s) manually integrated

0ADT A Sig=220.4 Ref=360,100 (EADAT ASCASC-10-2205 C-10-22- 2 201 8-10-29 21-49-1 5% C-10-221.00
mAkl E
L=
1000
500
600
400
200 S
b=
&
w
1] J“‘*-\.,-\.l\— . Y S ,
T T T T T T T T T
15 5 75 10 125 15 17.5 0 325
Area Percent Eeport
Sorted By : Signal
Multiplier : 1.0000
i lurion H 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD] A, Sig=zzZ0,4 Ref=360,100
Peak FetTime Type Width Area Height Area
# [win] [min] [malT*s] [walT] %
=== |====]-===--- | === |======——- |-====—= |
1 3.674 EB 0.2939 2.08546e4 1040.20422 97.0665
Z 15.839 BB 0.4449 (/30.25385 16.75473 2.9335
Totals : Z.1484% =4 1056.95895
1260 1043042018 10:16:40 PM SYSTEM Page 1 of 2

Figure S21. HPLC spectrum of 5g, related to Table 2.
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Figure S22. 'H NMR spectrum of 5h, related to Table 2.

TET~
80°ST—

g9ve/
9E0r —
8ISt~
A

\

1679 —
wr9 -
€L89 —

899L
00°LL W
TeLL

vO'LTT
8LLTT V
cost1

P6'0v1 —

LUELl —

TI8IT—

80 70 60 50 40 30 20 10

190 170 150 130 110 90
f1 (ppm)

210

230

Figure S23. 1*C NMR spectrum of 5h, related to Table 2.



Data File E:%\DATRY 5CN5C-2-55B% 5C-2-55B-ADH-95-5 2016-11-12 10-43-21%5C-2-55B.D
Sample Name: 3SC-Z2-55E-ADH-95-5

bLcg. Operator

Acg. Instrument :

Injection Date

Acog., Method

Last changed

Analysis Method :

Last changed

Additional Info :

SYSTEM Seq. Line : 1

1Z60 Location : 351
11/13/2016 2:44:43 AM Inj : 1

Inj Volume : 5.000 pl

¢ E:\DATAY 3CY3C-2-55BY 3C-2-55B-ADH-95-5 2016-11-12 10-43-21%\5C-Z2-ADH-95-5-

2Z0NM-1ML. M

11/13/2016 2:43:22 AM by SYSTEM

E:\DATAY BCY3C-2-55BY 5C-2-55B-ADH-95-5 2016-11-12 10-43-2145C-2-4DH-95-5-
ZZ0NM-1ML.M (Zequence Method)

6/3/2017 §:47:52 PM by SYSTEM

[modified after loading)

Peak(s) manmmally integrated

DADT A, Sig=220 4 Ref=360,100 (EMDATASCVSC-2-55 5 C-2-550 - ADH-95-5 2016-11- 12 10-43-2 105 C-2-550.0)
mAkl =
350 it
300
250 +
.
5
S
200
150
100
a0
o L
T T T T T T T T
16 18 20 22 2 26 28 30 miny
Lrea Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Signal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type

#  [min]

Tidch Area Height Area
[min] [wdT*s] [wATT] %

1 17.260 BB
Z &28.877 BB

Totals :

0.4462 1.0505%e4 351.96869 45,9229
0.7447 1.05353e4 20l.66565 50,0771

2.10442e4 553.63434

1260 6/5/2017 &:47:55 PM SYSTEM Page 1 of 2



Data File E:3DATAY SC\3C-2-100A4%3C-2-1004 Z016-11-25 14-44-4343C-2-1004.D
Gample MName: 3C-2-1004

hcg. Operator

Acog. Instrument :

Injection Date

Acg. Method

Last changed

Analysis Method :

Last changed

STATEM Geq. Line : 1
1260 Location : 64
11/26/2016 6:46:05 AM Inj : 1

Inj Wolume : 5.000 pl
¢ E:A\DATAY SCY3C0-2-1004%3C0-2-1008 2016-11-25 14-44-435C-2-ADH-95-5-220NM-
40MIN. M
11/26/2016 6:44:43 AM by 3YVSTEM
E:\DATAY 3CH3C-Z-1008%3C-2-100& 2016-11-25 14-44-4330-2-4ADH-95-5-ZZ0NHM-
A0MIN. M (Secquence Method)
67372017 5:52:57 MM by S3YITEM

[modified after loading)

Additional Info : Peak(s) wamually integrated

DADT A, Sig=220,4 Ref=360,100 (EMDAT AECVEC-2- 100205 C-2- 10 0AZ 016-11-25 14-44-4205 C-2- 100400
mAkL =
200
1450 <
100+
a0
jack
=]
5
0+ T
T T T T T T T
16 13 20 22 24 26 a0 miny
Sorted By H Signal
Multiplier H 1.0000
Iilution H 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADY &, 5ig=220,4 Ref=360,100
Peak RetTine Type Width Ares Height Area
# [min] [min] [mall*s] [walT] %
=== |====]-===--- | ——==———— === |======== |
1 16.860 BE 0.6081 9089,.69336 Z2285,97258 96.4936
2 Z8.613 BE 0.7308 329.81209 S.z29420 3.5014
Totals : 9419.51245 234.26678
1260 6/3/2017 §:52:59 PN 3T¥3TEM Page 1 of 2

Figure S24. HPLC spectrum of Sh, related to Table 2.
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Figure S25. 'H NMR spectrum of 5i, related to Table 2.
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Data File E:%\ZDATAY 5CY5C-2-58B% 5C-2-58B-00-90 2016-11-25 10-41-5145C-2-58E.D
Sample Name: 3C-Z2-58E-0D-90

bLcg. Operator 1 S¥STEM Seq. Line : 1

Acg. Instrument : 1260 Location : 3]
Injection Date @ 11/30/2016 2:43:15 AM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CY5C-2-58B% 5C-2-58B-00-50 2016-11-29 10-41-51%5C-5-0DH-20-10-DAD-
IML.M
Lazt changed r 11/30/2016 2:41:51 AM by 5VSTEM

Analysis Method : E:\DATAY SCYSC-2-58B%8C-2-58E-0D0-90 2016-11-29 10-41-51%3C-6-0DH-50-10-D&D-
IML.Y (3equence Method)

Last changed T 64372017 8:56:01 PM by SYSTEM
[modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, Sig=220 4 Ref=360,100 (EMDATASCVSC-2-58 5 C-2-580-00-90 Z016-11-20 1 0-41-5 105 C-2-55B .00
mALl
120
100 -
3
o
g A
&0 g*sz?’
G0
40 4
20
o] ',
-0
-d0
T T T T T T
14 16 15 20 23 2d 26
Lrea Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Signal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 17.3537 NN 0.8313 7758.635818 155.54788 50.0589
2 22.552 MM 1.18593 7740.37256 105.47194 49,9411

Totals : 1.54990e4 Ze4.01952

1260 6/5/2017 &:56:05 PM SYSTEM Page 1 of 2



Data File E:\DATAY, 5C45C-2-105B45C-2-105E-00-90 2016-11-29 11-15-34%5C-2-105E.D
Sample Name: 3C-2-105B-0D-90

Ao, Operataor 1 SYSTEM Sedq. Line : 1
Aog., Instrument : 1260 Location : 55
Injection Date @ 11/30/2016 3:20:00 AM Inj : 1
Injy Voluwe : 5.000 pl
Ace. Method : E:4yDATAY 5CY5C-2-105B45C-2-105B-00-90 2016-11-29 11-15-3445C-6-0DH-90-10-DAD
-1ML.M
Last chatged r 1173072016 3:18:34 AM by 5YVSTEM

Analysis Method : E:%\DATA, 3CY\3C-2-105B%3C-2-105B-0D-90 2016-11-29 11-18-34%3C-6-0DH-90-10-DAD

-1ML.M [ Sedquence Method)
Lazt changed T 6/472017 11:14:07 AM by SVSTEM
jmodified after loading)
Additional Info : Peakis) manually integrated

DAaD1 A, Sig=220,4 Ref=360,100 (E'DAT A5 CASC-2-105BVS C-2-1058-00-90 2016- 11-29 11-18-305C-2-1056.07
makl b
300
2460
200
150
100 -
a0 &
g
) o
1] T
T T T T T T
14 15 18 20 22 4 26 miny
Area Percent Report
orted By H 3ignal
Multiplier H 1l.000a0
Dilution : l.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD] &, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [malT] %
el |====]-=--=-- | =======—-= |-=-===-=—-- | === |
1 1&.718 BE 0.7235 1.61356e4 335.85165 97.6840
2  Z22.850 MH l.6828 382.55798 3.78891 Z.3160
Totals 1.65151e4 339.64057
1280 6/4/2017 11:15:158 AM 3Y3TEN Page 1 of 2

Figure S27. HPLC spectrum of 5i, related to Table 2.



9t
191 1
8L
989'1 4
PILTA
91L'1
RAE
L1
ove1
L1
bsL1
851
o014
1231
pss
206'1

SI6'T W
9202

6707k
ohoT~{

SLTT~.
0T
ovec/

8¢9°T
89T AN
059

7T
+89C 7

089°¢ —
1€8'¢ —
S60°t

m:éV
hmﬁ«\

re

181°L V
YoTL—
06€°L —

o:\.h\

FC0E

F€0°1

FE0T

E0T

0.0

75 70 65 60 55 50 45 40 35 30 25 2.0 1.5 1.0 05
f1 (ppm)

8.0

Figure S28. 'H NMR spectrum of 5j, related to Table 2.
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Diata File E:%DATAY 3CH,3C-Z-534% 3C-2-584-AD-90 2016-11-29 08-59-2743C-2-584.D
GC-2-534A-AD-20

Sample MName:

Acg. Operator
Acg. Instrument :
Injection Date

Ao, Method

Last changed
Aralysis Method

Last changed

Additional Info

Feq. Line 1
1260 Location : ¥4
11/30/2016 1:00:52 &AM Inj : 1

Inj ¥olume S5.000 pl

E:%DATAY 5CY35C-2-584% 3C-2-584-AD-590 2016-11-29 05-59-27,5C-1-ADH-90-10-DAD-
1IML.M

11/30/2016 12:59:27 AM by SYSTEM

E:%DATAY 5CY35C-2-584% 3C-2-584-AD-590 2016-11-29 05-59-27,5C-1-ADH-90-10-DAD-
IML.M (Sequence Method)

64372017 9:09:36 PM by 5VSTEM

(modified after loading)

Peakis) marmally integrated

DADT A, Sig=220,4 Ref=360,100 (EADATAECVEC-2-68 25 C-2-58A- A0-00 2016-11- 2808 -50- 275 C-2-68.4.00
mALl @
200 1
in
ﬁ}"v
g 50
150 %@9}
100
a0
i T K
T T T T T T T T
10 12 14 16 13 20 23 24 miny
Lrea Percent Report
Sorted By Sigmal
Multiplier 1.0000
Dilution 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL A, Sig=220,4 Ref=380,100

Feak RetTime Type Width Area Height Area
# [min] [win] [mal*=] [malr] %
e |====]=====- [ |—==—=———- |-—=—-=—- |
1l 11.525 BE 0.4417 7197.94727 247.20734 ©50.13838

2 19.855 MM 0.8527 7145.23584 139.65518 49.8162

Totals : 1.453432ed 386.86252

1260 &/3/2017 9:09:41 PM 3VITEN

Page 1 of 2



Data File E:\DATAY 3C4,30-2-1054430-2-1054-4D-90 2016-11-29 09-36-453%\5C-2-1054.D
Gample Name: 3C-Z-1054-aD-90

Ao, Operator : AYSTEM H 1
Aog. Instrument @ 1260 Location : 64
Injection Date : 1173072016 1:385:14 AM Inj : 1
Inj ¥olume : 5.000 nl
Acg., Method : E:\DATAY 8C,8C-2-1054Y3C-2-1054-4A0-90 2016-11-29 09-36-48435C-2-ADH-90-10-
220NM-35MIN-1ML.M
Last changed : 11/30/2016 1:36:45 AM by 5YSTEM

Analysis Method : E:4ZDATAN 3CYSC-2-105443C-2-1054-A0-90 2016-11-29 09-36-48435C-2-ADH-90-10-
Z20NM-35MIN-1ML.HM (Sequence Method)

Last changed : 64372017 9:11:31 PM by SYSTEM
(modified after loading)

Additional Info : Peak(s) manually integrated

DADT A, Sig=220,4 Ref=360,100 (EADATASCVSC-2- 106245 C-2- 1054 A0-90 2016-11-29 09-36-4805C-2- 105 A 00
mAkl o
600
500 o
<400 o
300 o
200
100
w
=
3
o L L .
T T T T T T T T
10 12 14 16 12 20 2 4
Area Percent Report
jorted By : 3ignal
Multiplier : 1.0000
Dilutcion H 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD] 4, 5ig=220,4 Ref=360,100
Peak RetTime Type Width hArea Height Area
# [min] [min] [mall*s] [malr] %
e e |====]-====-= | --=—-=——= |--=—=—- |--=———- |
1l 11.776 BE 0.4358 1.86037e4 640, 57727 96,6226
2 20.785 BB 0.62659 650.27454 12.17872 3.3774
Totals : 1.92540e4 652.75599
1260 6/3/2017 9:11:34 PM 5YSTEM Page 1 of 2

Figure S30. HPLC spectrum of 5j, related to Table 2.
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Figure S31. 'H NMR spectrum of 5k, related to Table 2.
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Figure S32. 1*C NMR spectrum of 5k, related to Table 2.



Data File E:\DAT&) 5C,3C-170605-bu),5C-170605-B0 2017-06-05 16-44-53%3C-170605-BU4.D
Sanple Name: 3C-Z-6354

Acg. Operator : 3YSTEM Seq. Line : 5
hcog. Imstrument : 1260 Location : 73
Injection Date @ 6/5/2017 6:Z6:01 PM Inj : 1
Injy Volume : 5.000 nl
Ace. Method : E:yZDATAY SCY3C0-170605-buh 3C-170605-B0 2017-06-05 16-44-53435C-2-ADH-90-10-
ZZ0NM-30MIN-1ML.M
Lazt changed T 6/5/2017 4:44:53 PM by SYSTEM

Adnalysis Method : E:%ZDATAY SCANSC-170605-buSC-170605-B0 =2017-06-05 16-44-5343C-2-ADH-90-10-
Z20NM-30MIN-1ML.H (Sequence Method)

Lazt changed T B/5/2017 §:36:55 FM by SYSTEM
jmodified after loading)

Additional Info : Peakis) manually integrated

DADT A, Sig=220 4 Ref=360,100 (EADAT A5 CASC-170605-b NS C- 17 0G05-B L 2017-06-05 16- 445205 C-170605-8 U4 00
100 @
=+
=
@
S0+
G0 —
40 -
20+
o4 L
T T T T T T T
i} 1 12 13 14 14 16 17

Sorted By H Signal
Multiplier H l.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL A, Sig=220,4 Ref=380,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [mdT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 12.471 NN 0.42358 2675.32300 105.33327 49,9513
2 15.214 BE 0.4835 2683.54980 §l.79721 50.0487

Totals @ 5361.87280  167.13045

1260 6/5/2017 §:37:02 PM 3VSTEM Page 1 of 2



Data File E:A\DATAY 3CYAC-170605-buy5C-170605-B0 2017-06-05 16-44-53%3C-170605-BU5.1
SC-2-1094

Sample Name:

bLcg. Operator Seq. Line : &
Acg. Instrument : 1260 Location : 74
Injection Date 6/5/2017 6:57:27 PM Inj : 1

Acog., Method

Last changed

Analysis Method :

Last changed

Inj Volume : 5.000 pl

¢ E\DATAN 3CW3C-170605-buy 5C-170605-B0 2017-06-05 16-44-53\30-2-ADH-90-10-

Z20NM-30MIN-1ML. M

6/5/2017 4:44:53 PM by SYSTEM

E:\DATAY 3CY5C-170605-buy 5C-170605-BU 2017-06-05 16-44-53%5C-Z-ADH-20-10-
ZZ0NM-30MIN-1ML.M (3equence HMethod)

6/5/2017 8:38:27 FPM by SYSTEM

[modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, Sig=220 4 Ref=360,100 (EMDATASCVSC-170605-b NS C- 17 D605-BL 201 7-06-05 16- 44505 C-170605-B U500

mALl >
250 -
200 4
150
100

a0

@'-*’Q
2
i . . . i
T T T T T T T
10 11 12 13 14 15 16 i7 miny

Sorted By Signal
Multiplier 1.0000
Dilution 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Signal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 12.46% EBE 0.3854 7205.3212% 281.56507 97.0954
2 15.411 MM 0.6841 Z215.24338 5.24432 2.9008
Totals : 7420. 56467  Z86.91338

1260 6/5/2017 8:39:43 PM 3VITEN

Figure S33. HPLC spectrum of 5k, related to Table 2.

Page 1 of 2
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Figure S34. 'H NMR spectrum of 51, related to Table 2.
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Figure S35. 1°C NMR spectrum of 51, related to Table 2.



Data File E:\DATAY SC45C0-2-7083C-2-70-ADH-50-10 2016-11-12 15-35-40%53C-2-70.D
Gample Name: 5C-2Z-70-ADH-920-10

Acg. Operator : AYSTEM Geg. Line : 1
Acg. Instrument : 1260 Location : &5
Injection Date @ 1151372016 10:37:04 &AM Inj : 1
Inj Wolume : 5.000 pl
Acg. Method : E:%\DATAYBCYSC-2-700,53C-2-T70-ADH-90-10 2016-11-12 18-35-40%5C0-Z-ADH-90-10-DaD
-1ML.HK
Last changed : 1141372016 10:35:40 AM by SVSTEM

Analysis Method : E:\DATAN3CY\3C-2-7003C-2-70-ADH-90-10 2016-11-12 18-35-40%3C-Z2-ADH-590-10-DAD

-1ML.M [ 3equence Method)
Last changed 1 64372017 11:43:56 PM by SVSTEM
(modified after loading)
Additional Info : Peak(s) manually integrated

OADT A, Sig=220,4 Ref=360,100 (B DAT A5 CVS C-2- 700G C-2-70- A OH-80- 10 20 16-11-12 18-35- 400 C-2-70 .00
175 - ?séh'
W
o
140 - ﬁ éﬁik
p
125 -
100
75
0
25
D -
T T T T T T T T
0 Z 4 fi g 10 12 14 15 min
Area Percent Report
Zorted By : Fignal
Multiplier : 1.0000
Dilution H 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Fignal 1: DaD] &, %ig=Z20,4 Ref=360,100
Feak RetTime Type Width Area Height Area
# [wmin] [wmin] [wiiT*s] [malr] k]
e e |====]-====-= | --=—-=——= |--=—=—- |--=———- |
1 §.575 1NN 0.3205 3499.00317 181.92898 50.1422
2 11.334 MM 0.43086 3479.15085 134.67351 49.5578
Totals : 6975.15405 3l6.60246
1260 67342017 11:44:00 PM SYSTEM Page 1 of 2



Data File E:\DATAY 3CN3
SC-2=109E

Sample Name:

C-2-10%% 3C-2-109 2016-12-01 07-22-09%3C-2=1091.D

bLcg. Operator
Acg. Instrument :
Injection Date

Acog., Method

Last changed
Analysis Method :

Seq. Line : 2
1Z60 Location : 63
12/1/2016 7:59:57 &M Inj : 1

Inj Volume : 5.000 pl

¢ EVDATAN CHWVEC-2-11443C-2-109 2016-12-01 07-22-09\5C0-Z-ADH-90-10-220NM-35HIN

-1ML. M
12/1/2016 7:22:09 AM by 5T3STEM
E:\DATAY BCY3AC-2-109% 3C-2-109 2016-12-01 07-22-09%35C0-2-ADH-90-10-220NM-35MIN

-1ML.M | 3equence Method)
6/3/2017 11:46:16 FM by SY3ITEM
[modified after loading)
Peak(s) manmmally integrated

Last changed

Additional Info :

DADT A, 5ig=220,4 Ref=360, 100 (E DAT ASCVSC-2- 1005 C-2-109 Z016- 12-01 07-22-09%5C-2= 1091.00
mAL o v
500 v{ﬁ
500
400
300
200
100 o
o (}'\é}
g %
ol A A e
T T T T T T T T
0 2 4 6 8 10 12 14 15 18 min
Lrea Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with I5TDs
Sigral 1: DAD] A, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 g.672 MM 0.3502 1.30662e4 621.78638 958.4779
2 lz2.03z MM 0.7140 201.35180 4,71421 1.5221
Totals : 1.32681led 626. 50059
1260 £/3/2017 11:46:20 PM SYSTEN Page 1 of 2

Figure S36. HPLC spectrum of 51, related to Table 2.
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Figure S37. '"H NMR spectrum of 5m, related to Table 2.
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Data File E:\DATAYSC,3C-4-77BY 3C-4-TT7EB-A%-901 Z017-04-02 08-48-Z6% 3C-4-77E.D

Sample Name:

SC-4-T7B-A5-90

Acg. Operator

Acg. Instrument :

Injection Date

Ao, Method

Last changed

Arnalysiz Method :

Last changed

Addditional Info :

S¥3STEM Seqg. Line :
1260 Location :
47272017 §:45:50 AM Inj

Injy Volume :

INL. M
47272017 G:48:26 AM by ITITEM

5.000 pl

: E:\DATANBCY3C-4-T778Y 3C-4-77E-A%-201 2017-04-02 0§-48-26% 3C-1-A3H-30-10-DAD-

E:\DATAY 5C\3C-4-77BY 3C-4-TTE-43-901 2017-04-02 08-48-26% 5C-1-A3H-90-10-DAD-

IML.M (Sequence Method)
67472017 3:13:24 AM by STSTEM
[modified after loading)
Peakis) manually integrated

OADT A, Gig= 220 4 Ref=360,100 (EDAT ASC\SC-477 BLaC-4-77 B-AS-00I 2017 -04-0F 05-45-26 '8 C-4-7 7B.0)
mAL £ ,gf@'b
500 - @
= ,ﬁ\
2
500
400
300 4
200 -
100
D___i,/'”‘v\ .
T T T T T T T T
1] 4 G 2 10 12 14 16 13 miny
Lrea Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000
Do mot use Maultiplier & Dilution Factor with ISTDs
Sigmal l: DaDl A, Sig=220,4 Ref=360,100
Peak FetTime Type Width Area Height Area
#  [min] [min] [whIT*5] [1air] 5
il et l--==]----=—- | —==————— | === | === |
1 10.986 MM 0.6069 2.27795e4 625.56281 49,8603
Z 15.480 MM 0.7776 Z2.25075e4 490.95962  50.1397
Totals : 4,56573e4  1116.55243
1260 6/4/2017 3:13:26 AM SYSTEM Page 1 of 2



Data File E:%DATA\ 3CY3C-4-83,3C-4-83 Z017-04-05 Z3-08-4043C-4-583.D

Sample Name: 35C-4-33E

Ao, Operator
Aog, Instrument :
Injection Date

Acg, Method

Last changed
Analysis Method

Last changed

Additional Info :

SYSTEM : 1
1260 Location 14
475742017 1l:10:04 PH Inj : 1

Inj Volume : 5.000 pul

¢ E:wDATANSCHIC-4-8345C0-4-583 2017-04-05 Z3-05-4045C-1-ASH-90-10-Z20NM- 1ML~

ZOMIN.M
47572017 11:06:40 FPM by SYSTEM

: E:\DATAY 3C,5C-4-8343C-4-83 2017-04-05 23-058-4043C-1-45H-90-10-22Z00M- 1ML~

ZOMIN.M (Sequence Method)
6/4/2017 3:04:07 AM by 5YSTEM
(modified after loading)

Peak (3] manually integrated

DADT A, Sig=220,4 Ref=360,100 (E'DAT S5 C-4-83\5C-4-83 Z017-04-05 23-08-4005 C-4-83.0)
mAkl - =
500
400
300
200
100
5
™~
= T
T T T T T T T T T
2z 4 [ g 10 12 14 16 18 miny
Area Percent Report
orted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD1 A4, Sig=220,4 Ref=360,100
Peak RetTime Type Width Area Hejght Area
# [wmin] [min] [wal*s] [walT] %
=== |--==l-===-== | === |—==———— |-====-== |
1 10.799 EE 0.6191 Z.35686e4 577.55780 97.602Z8
Z 17.051 EBE 0.7913 578.85376 §.58831 Z.3972
Totals : Z.41474e4d 586.14611
1260 6/4/2017 3:04:12 AM 5Y5TEM Page 1 of 2

Figure S39. HPLC spectrum of Sm, related to Table 2.
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Figure S40. 'H NMR spectrum of 5n, related to Table 2.
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Figure S41. *C NMR spectrum of 5n, related to Table 2.



Data File E:3\DATAY5CY5C-170604-buySC-170604-B0 2017-06-04 15-54-34%5C-170604-bu?.D
Sample Name: SC-2-62E

Acg. Operator 1 SYSTEM Sedq. Line : 5}
Acg. Instrument : 1260 Location : 75
Injection Date @ 67472017 7:14:34 M Inj : 1

Injy Volums : 5.000 pl

Acg. Method : E:N\DATAN BCHIC-170604-buh3C-170604-B0 2017-06-04 15-54-34%5C0-1-A3H-20-10-

2Z20MM-30MIN.M
Last changed I 64472017 3:54:36 PM by SYSTEM

Analysis Method : E:\DATAY 3CY\5C-170604-bul3C-170604-E0 2017-06-04 15-54-34%\3C-1-A3H-90-10-

ZZ0NM-30MIN.M (Sequence Method)
Lazt changed T 64572017 §:42:41 PM by SYITEM

(modified after loadindg)
Additional Info : Peakis) manually integrated

DADT A, Sig=220,4 Ref=360,100 (EMDAT A CASC-170604-b uhS C-170604- B 2017-06-04 15-54- 305 C-170604-bu7 .00
makl = <;\
o
N
Ll
400 F&@}ﬁ
200 H
200
100 -
0 — L
T T T T T
4] 0 15 20 25 min
Area Percent Report
Jorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Signal l: DADL A, Sig=220,4 Ref=360,100

Peak FetTime Type Width Area Height Area
# [min] [win] [mal*s] [wdT] %
el e |-=-==l-=-=--- | === |-=-===—-=—— | === |
1 15.079 MM 1.4168 3.99657e4 470.13986 50.0001
Z 23.7ZZ MM 1.7954 3.99655e4 371.00251 45.9933

Totals : 7.9931z2e4 41, 14267

1260 6/53/2007 3:42:43 PH 5VYITEHN Page 1 of 2



Data File E:\DATA) 5C,3C-170604-bu),5C-170604-B0 2017-06-04 15-54-34%3C-170604-bus.D
Sanple Name: 2C-Z-100E

Acg. Operator : 3YSTEM Seq. Line : 9
hcog. Imstrument : 1260 Location : 76
Injection Date @ 6/4/2017 7:46:02 PM Inj : 1
Injy Volume : 5.000 nl
Ace. Method : E:nZDATAN SCY3C0-170604-buh 53C-170604-B0 2017-06-04 15-54-34%5C-1-45H-90-10-
ZZ0NM-30MIN. M
Lazt changed T 6A4/2017 3:54:36 PM by SYSTEM

Adnalysis Method : E:%ZDATAY SCANSC-170604-bu),SC-170604-B0 =2017-06-04 15-54-3443C-1-4A5H-90-10-
Z20HM-30MIN.M (Sequence Method)

Lazt changed T BA5/2017 S:42:41 PM by SYSTEM
jmodified after loading)

Additional Info : Peakis) manually integrated

Da01 A, Sig=220,4 Ref=360,100 (EDAT A5 CASC-170604-b NS C-17 0604-B11 2017-06.04 15-54-3405 C- 1706040 ug .07
L] =
1400 '-'\
1200
1000
200 -
G000
<00 -
A,
<}.
200 ﬁ 93,
1} T
T T T T T
i) 10 15 20 25
Sorted By H Signal
Multiplier H l.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADY &, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [malT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 14.3890 NN 1.4420 1.27493e5  1473,535821 96.5719
2 23.959 MM 1.7100 4525.70065 44.1101z2 3.4281
Totals : 1.3201%e5 1517.64533
1260 6/5/2017 &:46:45 PM SYATEM Page 1 of 2

Figure S42. HPLC spectrum of Sn, related to Table 2.
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Figure S43. 'H NMR spectrum of 5o, related to Table 2.
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Figure S44. 1*C NMR spectrum of 5o, related to Table 2.



Data File E:\DATAY3CY3C-2-102B\3C-2-1028 2016-12-04 17-08-43%3C-2-102E.D

Sample Name: SC-2-10ZB

Acg. Operator SYSTEM Sedq. Line : 1
Acg. Instrument : 1260 Location : 31
Injection Date 1z2/4/2016 5:10:04 PH Inj : 1

Injy Volums : 5.000 pl

Acg. Method
Last changed

Analysis Method :

Last changed

Additional Info :

127472016 5:08:43 PM by 3T3TEM

: E:N\DATAN 3CYIC-2-102B05C0-2-1028 2016-12-04 17-08-43%3C-1-45H-90-10-DAD-1ML. M

E:\DATAY 5CY\3C-2-1026%3C0-2-1028 2016-12-04 17-08-43%3C-1-A3H-30-10-DAD-1ML. K

[Sequence Method)

6/4/2017 3:25:32 AM by SYSTEM
(modified after loading)
Feakis) manhually integrated

TADT A, Sig= 2203 Ret=500, 100 (B DA A L C-2- 2B C-2- T0 2B 20T G- 1209 17-08-35% C-2- 1028 .00
makd - = éﬁ,\r}’
“l -
500 ?‘6}
o0 S
GO0 |
A00
<400
)
200 H o
g .0
200 -
100
D_ /\
T T T T T T T T T
1] 2 4 i} g 10 12 14 16 12 mir|
bLrea Percent Eeport
Zorted By Signal
Multiplier 1.0000
Iilution 1.0000
Lo not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD] A, 5ig=220,4 Ref=360,100
Feak FetTime Type Width Area Height Area
# [min] [win] [mal*s] [marT] %
el b b |====l-===--- | === |-=-====——— | === |
1 6.379 MM 0.2763 1.4501Z2e4d §74.86603 50,0093
2 10.880 MM 1.2352 1.44958e4 195.591587 49,9907
Totals : 2.89970e4  1070.45790
1260 6/4/2017 3:28:40 AN SYSTEM Page 1 of 2



Data File E:\DATA)5C,3C-2-110%3C-2-110 2016-12-05 01-34-3348C-2-1102.D
Sanple Name: SC-Z-1104

Acg. Operator : 3YSTEM Seq. Line : 3
hcog. Imstrument : 1260 Location : 73
Injection Date @ 12/5/2016 2:23:10 AM Inj : 1
Injy Volume : 5.000 nl
Ace. Method  E:nZDATAN SCY3C0-2-110% 3C-2-110 2016-12-05 01-34-33\5C-1-A5H-90-10-2200NM-1ML-
ZO0MIN.M
Lazt changed r 127572016 1:34:33 AM by 5VSTEM

Adnalysis Method : E:%DATAY SCA\SC-2-110%3C-2-110 2016-12-05 01-34-33%8C-1-453H-90-10-220NM-1ML-
ZO0MIN.M (Sequence Method)

Lazt changed TBAL/20107 3:31:158 AM by SYSTEM
jmodified after loading)

Additional Info : Peakis) manually integrated

DAD1 A, Sig=220,4 Ref=360,100 (EMDATASCASC-2-1100SC-2- 110 2016- 12-08 01-34-3305C-2-1102.07
mkl =
G000 -
500 +
400 -
300 +
200 -
2
100 ;
T T
16 15
Sorted By H Signal
Multiplier H l.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADY &, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [malT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 G.250 MM 0.3521 &e0.35010 31.25616 1l.604z2
2 10.226 BE 1.0170 4.05026e4d 605.81153 95,3958
Totals : 4.11630e4 637.06798
1260 6/4/2017 3:31:30 AM SYATEM Page 1 of 2

Figure S45. HPLC spectrum of 5o, related to Table 2.
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Figure S46. 'H NMR spectrum of 5p, related to Table 2.

e~
$8°6T
mo@mv.

r9°6€ —

STy~
e
ot'6h —
1575 —
sTss—
19°68 ~_

06'S9 —
wTL

89°9L
00°LL /
wiL—

eI —

9€'8T1 —
sTeEl —

6861 —

LEVLT —

h

UL

|

8 70 60 50 40 30 20 10

190 170 150 130 110 90
f1 (ppm)

210

230

Figure S47. 1*C NMR spectrum of 5p, related to Table 2.



Diata File E:\DATANSCY3C-2-111B43C-2-111B-AD-70 2016-12-05 08-33-07%43C-2-111E.D

Sample Name:

SC-E-111E-AD-70

Aco, Operator

Aoy, Instrument :

Injection Date

Aco, Method

Last changed
Analysis Method

Last changed

Additional Info :

SYATEM Seq. Line : 1
1260 Location : 74
12/5/2016 8:34:34 AM Inj : 1

Inj Wolume : 5.000 nl

¢ ErWDATAN SCH3C-E2-111B%5C-2-111B-AD-70 2016-12-05 05-33-07%3C-Z2-ADH-70-30-DAD

-1ML.H
127572016 8:33:07 AM by JTSTEM

¢ ErWDATAN SCHVIC-E-111B4%35C-E-111B-AD-70 2016-1Z-05 08-33-07%3C-Z-ADH-T70-30-DAD

=1ML.M [ Sequence Method)
6/4/2017 3:34:15 AM by 3VITEM
(modified after loading)

Peak (=) manually integrated

mAL
600

00—

400

300+

200

100+

[
o

DADT A, Sig=220,4 Ref=360,100 (EADATASCVSC-2-111ASC-2-111B-2A0-70 2016-12-05 08-33-0ME5C-2-1118.0)

%
o
L

Zorted By
Multiplier
Dilution

Signal
1.0000
1.0000

Do not use Maultiplier & Dilution Factor with ISTDs

Signal 1: DADL A, $ig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mal*=] [wal] %
=== |====]-====== | === |====————- |======== |
1 6. 587 MM 0.299]1 1.09125e4 608.11237 50.1914
2 9,371 MM 0.4181 1.08293e4d 431.73206 49,8086

Totals : 2.17418ed4 1039.54442

1260 6/472017 3:34:20 AM FYSTEM

Page 1 of 2



Data File E:\DAT&Y 3

CY3C-3-6Y3C-3-6 2016-12-07 18-03-09%3C-3-6.D

Sanple Name: 3C-3-64

Acg. Operator

hcog. Instrument :

Injection Date

hAcg. Method

Last changed

Analysis Method :

Last changed

Additional Info :

SYSTEM Seq. Line : 1
1280 Location : 13
124772016 7:04:31 PM Inj : 1

Injy Volume : 5.000 nl
: E:ZDATAN5CYSC-3-8\5C-3-6 2016-12-07 19-03-09%5C-2-ADH-70-30-220NM-2Z5MIN-1ML
M
12/7/2016 7:03:09 PM by SY3STEM
E:4DATAY 5CY3C-3-6Y450-3-6 2015-12-07 19-03-09%3C-2-ADH-70-30-220NM-25MIN-1ML
M (Sequence Method)
6/4/2017 3:36:42 LM by SYSTEM
jmodified after loading)
Peak(s) manually integrated

mAkl
1800 o

1600

1400

1200

1000

200 -

G600 -

400 -

200 -

DADT A, Sig=220 4 Ref=360,100 (EADAT S CASC-3-605C-3-6 2016-12-07 12-03-005 C-3-6. 00

o

o rgé@

9448

Sorted By
Multiplier
Dilution

Do not use Mult

iplier & Dilution Factor with ISTD=

Signal 1: DADL A, Sig=220,4 Ref=380,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [mdT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 6.553 M 0.3376 3.67340e4 1813.29407 99,5508
2 9,449 BB 0.2971 43.83621 1.589315 0.1182
Totals : 3.67778e4 1815.18721

1260 67442017 3:37:

15 AM 5Y3STEM Page 1 of 2

Figure S48. HPLC spectrum of 5p, related to Table 2.
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Figure S49. 'H NMR spectrum of 5q, related to Table 2.
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Figure S50. 1*C NMR spectrum of 5q, related to Table 2.



Data File E:'\DATAY SCY5C-170604-bul\3C-170604-BU0 2017-06-04 15-54-34%5C-170604-bulZ.D
Sample Name: SC-Z-1124

Acg. Operator : AYSTEM Seq. Line : 13
Ao, Instrument @ 1260 Location : 77
Injection Date : 6/4/2017 10:03:37 FH Inj : 1

Injy Volume : 5.000 pl

Acg. Method ¢ E\DATAN 3ChVEC-170604-but 5C-170604-B0 2017-06-04 15-54-34\50-2-ADH-97-3-

ZZ0NM-40MIN. N
Lazt changed 1 6/4/2017 10:37:50 FPM by 5YSTEM
[modified after loading)

Analysis Method : E:\DATA3CYEC-1706804-buh3C-170604-EU Z017-06-04 15-54-34%\3C-Z-ADH-97-3-

ZZ0NM-40MIN. M (Secuence Method)
Last changed I 6572017 §5:49:45 PM by SYSTEN

[modified after loading)
Additional Info : Peak(s) marmally integrated

DADT A, Sig=220 4 Ret=360,100 (EADATASC, - 170604 b3 C-1 70604-BU 2017-06- 04 15- 54305 C-170604- bu12.00

makl =1

34.720

G0 —

50—

30

20+

=)
o
)
o
o
=
)
[
)
¥
1)
&
)
&

Jorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Sigmal 1: DADl A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [win] [win] [waU*s] [wA] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 31.13%9 EE 0.8509 3906.257581 65.38045% 50.0133
Z 34.720 BB 0.9147 3904.18262 58.79784 49,9857

Totals : T810.44043  124.18829

laa0 67542017 G:49:54 PM 3VRTEM Page 1 of 2



Data File E:\DAT&) 5C,3C-170604-buY5C-170604-BU 2017-06-04 15-54-34%3C-170604-bul3.D
Sanple Name: 32C-3-6B

Acg. Operator
hcog. Instrument :
Injection Date

hAcg. Method

Last changed H
Analysis Method :

Last changed

Additional Info :

Seq. Line : 14
1280 Location : 78
6/4/2017 10:50:05 PM Inj : 1
Injy Volume : 5.000 nl

¢ E:WDATAN SCHEC-170604-buy5C-170604-B0 2017-06-04 15-54-34%5C-2-ADH-97-3-

ZZ0NM-40MIN. M

6/4/2017 10:37:50 PM by SYSTEM

E:4DATAY 5CY,3C-170604-bu) 5C-170604-BU 2017-06-04 15-54-34Y3C-2-ADH-97 -3~
Z20NM-40MIN. M (Sequence Method)

6/5/2017 §:49:45 M by SY3TEM

jmodified after loading)

Peak(s) manually integrated

TADT &, Sig= 1208 Ref=360, 100 (E-DATAS T - 170604 buS C-1 70604 B Z077-06-04 15- 543G C- 170604 BuT2 0
makl k.,
&
#
120
100 4
80 4
B0
40 -
o
20 Ch
o
o 1
ol
D __o—\_:—'_\—\_mvh—_"_ T
T T T T T T T T T
26 38 30 3 34 36 38 40 £ i)

Sorted By
Multiplier
Dilution

Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL A, Sig=220,4 Ref=380,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [mdT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 30.499 MH l.0024 §050.09863 133.84961 97.9675
2 34.2z2z MN 0.9854  lg7.01z91 Z.82470 z2.0325
Totals : §217.11154 136.67431

1260 6/5/2017 §:53:27 PM 5YVSTEM

Figure S51. HPLC spectrum of 5q, related to Table 2.

Page 1 of 2
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Figure S52. 'H NMR spectrum of 5r, related to Table 2.
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Figure S53. 1*C NMR spectrum of 5r, related to Table 2.



Data File E:%ZDATAY 3CY3C-3-2345C0-3-23-0D0-90 2016-12-24 00-39-45\3C-3-23.D
Gample Name: 5C-3-23-0D-320

Acg. Operator : S¥STEM Seqg. Line : 1
Acg. Instrument : 1280 Location : 11
Injection Date @ 1272472016 12:41:05 AM Inj : 1
Injy Volume : 5.000 nl
Acog. Method : E:\DATAY SCY3C-3-2343C0-3-23-0D0-50 2016-12-24 00-39-4845C-6-0DH-90-10-DAD-1ML
|
Last changed : 12/24/2016 12:39:49 AM by SYSTEM

Analysis Method : E:\DATAY SCY3C-3-23\3C-3-23-00-90 2016-12-24 00-39-48%5C-6-0DH-90-10-DAD-1ML
M (Sequence Method)

Lazt changed r 6/4/2017 3:458:46 AM by STSTEM
[modified after loading)

Addditional Info : Peak(s) mamally integrated

TADT 7, Sig= 720 4 Fe 300,100 (E DA AT C 3 e 00 75 00 00 2010- 1704 0030 e C 3 22 00
makl T [
&
& 3
400 4 by
oo
300 -
200 -
100
S B LN A N
T T T T T
0 H 4 s H 10

Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do mot use Maultiplier & Dilution Factor with ISTDs

Signal l: DaDl A, Sig=2Z20,4 Ref=360,100

Peak FetTime Type Width Area Height Area
# [min] [min] [whT*s] [1iiT] %
il et l--==]----=—- | —==————— | === | === |
1 7.341 MU 0.3040 §505.00654 452,.73367 50.0162
z 5.5358 VE 0.3355 §7959.30664 400.25635 49.9338

Totala : 1.76043e4 G53.02005

1260 64420017 3:49:17 AM SYSTEM Page 1 of 2



Data File E:\DATAY 5CY3C-3-4043C-3-40 2016-12-24 01-08-56%3C-3-402.D

Sample Name: 3C-3-40

bLcg. Operator Seq. Line :
Acg. Instrument : 1260 Location :
Injection Date 12/24/2016 1:52:28 AM Inj

Inj Volume :
: E:\DATAN SCH3C-3-4045C0-3-40 20l6-12-24 01-08-56%5C-6-0DH-95-5-214MM-1ML-

Acog., Method
20MIN. 1
Lazt changed 12/24/2016 1:08:56 AM by SYSTEM
Analysis Method :
ZOMIN.M (%Sequence Method)
6/4/2017 3:51:58 AM by SYSTEM
[modified after loading)

Peak(s) manmmally integrated

Last changed

Additional Info :

5.000 pl

E:\DATAY BCY3C-3-4045C0-3-40 2016-12-24 01-08-56%3C-6-0DH-95-5-2140M-1 ML~

DADT A, Sig=214.4 Ref=360,100 (EMDATASCVSC-3-405 C-3-40 2016-12-24 01 -08-5605 C-3-40Z2 .00
mAkl =
1400
1200
1000 -
200 -
600 -
400 -
200 4}'&
g ¥
L=}
0 Y A PR L
T T T T T
1] 2 4 -] ] 10 miny
Lrea Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Signal 1: DADL A, Sig=214, 4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 7.645 MM 0.2381 28.87121 Z.02056 0.0809
2 9.095 BB 0.3670 3.56509e=4 1464.2%9285 99.9191
Totals : 3.56798e4  1466.31341

1260 6/4/2017 3:52:08 AM 3YITEM

Figure S54. HPLC spectrum of Sr, related to Table 2.
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Figure S55. 'H NMR spectrum of 1a, related to Table 3.
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Figure S56. 1°C NMR spectrum of 1a, related to Table 3.



Data File In%GCY3CA\DAT A, 3C-2-51¥-RACN SC-Z-51Y-RAC-150C 2016-10-23 17-18-31%101F0101.D
Sample Wame: SC-2-51%-RAC

Acg. Operator : LHC Seq. Line : 1
Acig. Instrument : Instrument 2 Location @ Wial 101
Injection Date : Z3-Oct-16, 17:19:49 Inj : 1
Inj Yolume @ 1 nl
Acyg. Method ¢ DGOy S04 Datah 3C-2-51F-RACASC-2-51V-RAC-150C 2016-10-23 17-18-31%C3-1000-
150C-1ML .1
Last changed o 10/237 2006 5:17: 22 PM by LHC
Analysis Method @ D:AwGCS CXAMETHODYC3-1000-1580C-1ML- 1.1
Last changed OBSEEZFZ01T 3:56: 59 AM by DUW

[modified after loading)

FIO1 A&, (OAGCYWS CDATAS C-2-51 ERADSC2-51 Y RAC- 150 C 0 16-10-23 17-12-21001 FOH01 .00

pA

450

[l

00

taz?

350

300+

250

2004

150

100+

a0

min

Sorted By H Signal
Mnltiplier H 1.0000
Dilution H l.0000
Tse Multiplier & Dilution Factor with ISTDs

Signal 1 FIDL A,

Pealr RetTime Type Tidth Area Height Area
#  [min] [min]  [p&*s] [pd] K
R R R R R R L el EELE |
1 4.7Z1 BE 0.0536 L36L. 50562 391.70834 50.0711%
Z 4,927 BB 0.0601 L357.63477 343.858904 49.925882

Totals ¢ £719.14038 T35.59738

**% End of Report **+

Instrument 2 &7/ 22/2017 9:57: 08 A DIW

Page 1 of 1



Data File D% GCYSCHDATA, SC-2-T1-1THWIC-2-T1-17H 2016-11-05 16-13-30%101F0101.D

Sample Hame: SC-Z-T1-1TH

Aci. Operator
Acyg. Instrument :
Injection Date

Aoy, Method
Last changed

Inalysiz Method :
Last changed

¢ LHC

Instrument £
05-Fov-1k, 1h:14:28

1ML- LOMIN.H
107237 E016 5:31:45 FM by LHC

Seq. Line :
Location :

Inj :

Inj Yolume :
t Dy G0y SChDatahSC-2-71-1TH, 5C-2-T1-17H 2016-11-05 16-13-304C35-1000-150C-

Iy GCY CXAMETHODACS-1000-180C-1ML- 1.1

TAL9FE0LT 112802 A by DTW
[modified after loading)

1 pnl

Xy
45 1
a0 ]
35
30 ]

24

20

FIDT A, (DGES CADAT AN C-2-F1- 1PHMS G- 27 1- 17 H 2016-11-08 16-13-30001F0101 .00

kil

54

min

Area Percent Report

Jorted By
Multiplier
Dilution

Signal
1.0000
1.0000

Tse Moltiplier & Dilution Factor with ISTDs

Signal 1: FIDL A,

Pealr RetTime Type Width Area Height Area
# [min] [min]  [p&A*s] [pa] %
e Rl el L el el Akl
1 4,751 MM 0.0563 5.70234 1.68784 4.195847
Z 4,960 MM 0.0619 130.11713  35.04593 95.80153
Totals 135.81947  36.73382

**% End of Report ***

Instrument 2 771972017 11:28:05 AM DWW

Figure S57. HPLC spectrum of 1a, related to Table 3.

Page 1 of 1



Data File E:\DATA)SC\3C-Z-7148C-2-71 Z016-11-05 21-15-37,3.D
Sawple Name: 5C-2-71

Acg. Operator : 3TATEM 3eq. Line : 4
Acg. Instrument : 1260 Location : 63
Injection Date @ 11/6/2016 2:05:35 PM Inj : 1
Inj Volume : 5.000 pl
Ao, Method : E:WDATAY 5CYSC-2-T7143C-2-71 2016-11-05 21-15-375C-2-ADH-90-10-220NM- 35MIN-
1ML.M
Lazt changed r 117642016 12:15:37 PM by S5YSTEM

Analysiz Method @ E:\DATAY 3CYIC-2-7143C-2-T71 2016-11-05 21-15-37\3C-2-ADH-90-10-220NM- 35MIN-
IML.M (Secquence Method)

Last changed rO7ALE/2017 11:24:55 PM by 3YSTEM
[modified after loading)

Additional Info : Peak(s) manually integrated

DADT A, Sig=220,4 Ref=360 100 (EADAT ASCAEC-2-FINSC-2-71 2016-11-04 21-15-37%3 .07
mAkl o

00+

oo+

GO0

a00

a0

300+

200+

100 4 3 "E?

Sorted By H Signal
Multiplier H 1.0000
Dilution : 1l.0000

Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL A, 5ig=220,4 Ref=350,100

Feak RetTime Type Width Areas Height Lrea
# [min] [min] [milT*=] [mdiT] %

=== l-=-=l--=--—- | === | === |======-= |
1 12.43Z BB 0.4626 Z.60106e4 §18.85400 57.0173
Z 2Z.654 MM 0.9236 799,536044 14, 42519 Z.9822

Totals : Z.68102e24 833.28219

1za0 771872017 11:24: 57 PM ATSTEM Page 1 of 2

Figure S58. HPLC spectrum of 5a, related to Table 3.



Data File DI0YGCYSCADAT AL SC-2-90-14H%5C-2-90-14H 2016-11-1% 09-12-134 101F0101.D
Sample Name: 5C-Z-90A-14H

Acg. Operator
Acqg. Instrument :
Injection Date

Acg. Method
Last changed

Analysis Method
Last changed

: LHC Seq. Line : 1
Instrument 2 Location @ Wial 101
15 -Now-16, 09:13:35 Inj : 1

Inj Wolume : 1 pnl

o DWEM 3CNDatah30-Z-90-14H 3C-2-90-14H Z016-11-18 08-12-135C35-1000-150C-

1ML- 10MIN.M
117972016 10:01:13 P by LHC

oD ECY CEAMETHODY C3-1000-180C-1ML- 1.1

Bf 2272017 10:02:49 AM by DM
(modified after loading)

FIOT A, (OGS COATAS C-2-20- 14HYS C-2-80- 14H Z016-11-18 0812130 TFO101 .07
pa] .,
Z n§b®
A 3(@
Y"
20
TO
&0 -
50
40_
30 -
20 -
2w
hagy
10 & /\
i — — : T : :
35 4 45 5 5.5 min
Area Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 10 TID1 &,
Pealr RetTime Type TWidth Area Height Area
#  [min] [min]  [pk%s] [pA] &
e it el el B Il Kttt |
1 4,750 M 0.0545 4.:4453 L.29729  L1.38EZZ0
Z 4.953 M 0.0634 3J0Z.54061  79.56556 98.61780
Totals 307.08514  S0.5BABLS
*%% End of Beport *++
Instrument Z &/ ZZSZ0LT 10:03:19 AM DWW Page 1 of 1

Figure S59. HPLC spectrum of 1a, related to Table 3.



Data File E:\DATRY 3C\5C-2-9043C-2-90 2016-11-18 16-30-59%3C-2-202.D
Sample Name: 5C-Z-904

Aco. Operator : AYSTEM 3
Acg., Instrument : 1260 Location : 6
Injection Date @ 11/19/2016 9:45:12 AM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CY5C-2-9043C-2-90 2016-11-15 16-30-59%3C-1-A3H-95-5-Z20NM-3SMIN. N
Last changed 1 1171972016 §:30:59 AM by 3VITEM

Analysis Method : E:\DATAYSCYSC-2-9045C-2-90 2016-11-158 16-30-59%5C-1-A5H-95-5-2200M-35MIN. M
[Sequence Method)

Lazt changed T 6/4/2017 4:00:25 AM by SYITEM
[modified after loading)

Additional Info : Peak(s) marmally integrated

OADT A, Sig= 2204 Ret=360, 100 (B DAT A G LS C-2-Ans C-2-90 Z016-11-1% 16-30-50% C-2-802. 0
mAkl 2
00 <
<400 -
300
200 +
100
F
L]
L=
o
0 T
T T T T T T T T
12 14 16 12 20 22 24 26 2%
Area Percent Feport
Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with I3TDs
Signal 1: DADL &, 3ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [wdl*=] [wi1T] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1l 15.545 BE 0.7806 2,.52635e4 532.19116 97.0411
2 26.747 BE 0.8960 861.79474 11. 46465 2.9589
Totals : 2.91253e4 543.65554
1260 6/4/2017 4:00:35 AM 3YSTEM Page 1 of 2

Figure S60. HPLC spectrum of 5b, related to Table 3.



Data File D% GCYWSCWDATA, 5C-2-90B-16H, 5C-2-90B-16H 2016-11-15 10-45-584, 101F0101.D0
Sample Wame: 3C-Z-90E-16H

Acyg. Operator : LHC Seq. Line
Acg, Instrument @ Instrument 2 Location @ Yial 101
Injection Date : 15-Nov-16, 10:46: 56 Inj : 1
Inj Volume : 1 pl
Acyg. Method ¢ Dy GECY SCYDatay SC-2-90B-16HY3C-2-90B-16H 2016-11-15 10-45-584C3-1000-150C-
IML-10MIF.M
Last changed v 117972016 10:01:13 PM by LHC
Analysis Method @ DWW GO, CHAMETHODY CS-1000-180C-1ML-1.M
Last changed COBRFEESE01T 1000756 A by DWW
(modified after loading)
FIDT A& (D:GChS CAOVAT AN C-2- 00 B- 16 HhVSC-2-90 B- 16 H 20016-11-12 10-96-52\ 01 FOT01.O0)
pa]
v@
[ = 'EEI'
2
""T-.
a0
0]
G0
a0
40_
30
L3
204 o
r~
10 ey
T T T T T T T T
k] 4 45 ki) 55 min
Area Percent Report
Jorted By H Signal
Mnltiplier H 1.0000
Dilution H 1.0000
Tse Multiplier & Dilution Factor with ISTDs
Signal 1: FIDL A,
Pealr RetTime Type TWidth Area Height Area
# [min] [min] [pd*s] [pa] 2
kil Rt bbb l--=-1------- l---------- === |-==-==-- |
1 4,731 MM 0.0530 10.73233 3.054858  3.5394:2
Z 4,945 MM 0.0634 292.49060  7Th.54565 96.46058
Totals 303,293 TO.93053
**% End of Report **+%
Inetrument & & ZZ7Z017 10:068:11 AM DWW Page 1 of 1

Figure S61. HPLC spectrum of 1a, related to Table 3.



Data File E:\DATAY SC45C0-2-940530-2-94 2016-11-21 20-57-32M5C0-2-943.D
Gample Name: 5C-Z-914

Acg. Operator : AYSTEM Geg. Line : 4
Acg. Instrument : 1260 Location : 64
Injection Date @ 1172272016 2:52:35 PH Inj : 1
Inj Wolume : 5.000 pl
Acg. Method : E:A\DATAY BCHSC-2-94,5C-2-94 2016-11-21 20-57-32%5C-2-ADH-95-5-ZZ0NM-40MIN. M
Last changed 1 1172272016 12:57:33 PM by SVSTEM

Analysis Method : E:\DATA 3CY,3C-2-94\5C-2-94 2016-11-21 20-57-3245C-2-ADH-95-5-ZZ0NM-40MIN. M
[Sequence Method)

Last changed 1 5/4/2017 4:04: 52 AM by SYSTEM
(modified after loading)

Additional Info : Peak(s) manually integrated

OADT . Sig=220,4 Ref=260, 100 (5 DAT A6 CVS C-2-0aS T-2-04 Z0T6-11-21 20-57- 028 C-2-043 07
mAl 7] -
200
150
100
50
A
L
= ,}3;»"
g
04 L
T T T T T T T T
16 15 0 23 4 26 pa:] 1]
Zorted By : Fignal
Multiplier : 1.0000
Dilution H 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Fignal 1: DaD] &, %ig=Z20,4 Ref=360,100
Feak RetTime Type Width Area Height Area
# [wmin] [wmin] [wiiT*s] [malr] k]
e e |====]-====-= | --=—-=——= |--=—=—- |--=———- |
1 18.953 BE 0.6425 9573.51660 2358.74211 97.4101
2 29.455 MM 1.1078 Z26Z.51691 3.94956 2.5599
Totals : 1.01360e4 z4z.89167
1260 6/4/2017 4:05:21 AM STSTEM Page 1 of 2

Figure S62. HPLC spectrum of Sh, related to Table 3.



Tata File D:%GCHSCHDATA, SC-2-92B\SC-2-92B Z016-11-20 15-56-47410ZF0201.D
Sample Fame: 3C-2Z-93E

Aog. Operator : LHC Seq. Line : Z
Acg. Instrument : Instrument 2 Location : Wial 102
Injection Date : 20-Fow-16, 16:08: 35 Inj : 1
Inj Volume @ 1 pl
Acqg. Method VDG SCADatah SC-2-92BNSC-2-92F Z016-11-20 15-56-475CS5-1000-150C-1ML-
10MIN. M
Last changed v 117972006 10001013 PM by LHC
Mnalysis Method @ DiAGCN CXAMETHODNCS-1000- 1500 -1ML-1.H
Last changed DOBFEZSE0LT 10: 11012 AM by DWW

[modified after loading)
FIOT A (OGO CODAT A C-2- 0 NS C-2-02 B 20M6-11-20 15-56-4ne FOZ01.00

pA

+.835

150

160

120+

100 4

a0

G0

20

1738

25 4 48 5 55 min

Sorted By H Signal
Multiplier : 1.0000
hiluntion : 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1. FID1 A,

Pealr RetTime Type Tidth Area Height Area
#  [min] [min]  [p&*s] [pa] ]

bkl e e |---=------ |---=------- |-------- |
1 4,73% BE 0.0543 G.69857 2,518 1.35116
Z 4,935 EBE 0.0535% K35.15985 165.54564 948.648584

Totals 643, 55942 165, 06360

*%% End of Report **%

Instrument £ B/ 2272017 10:11:20 &M DWW Page 1 of 1

Figure S63. HPLC spectrum of 1a, related to Table 3.



Data File E:ZDATRY 5CY5C-5-1745C-5-17 2017-05-06 22-50-3343C-5-172.D
Zample Name: 3C-5-17E-18H

bLcg. Operator 1 S¥STEM Seq. Line : 3

Acg. Instrument : 1260 Location : 16
Injection Date @ S5/6/2017 11:4%:23 FPM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CY5C-5-1745C-5-17 2017-05-06 22-50-3345C-1-A%H-90-10-220NM-1ML-
15MIN.M
Lazt changed r 5/6/2017 10:50:33 FPM by 5YSTEM

Analysis Method : E:\DATAYSCYSC-5-17,5C-5-17 2017-05-06 22-50-33%8C-1-A%H-90-10-220NM-1ML-
15MIN.M (%Sequence Method)

Last changed D 64472017 4:11:03 AM by SYSTEM
[modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, 5ig=220,4 Ref=360, 100 (E:DAT ASCVSC-5- TS C-5-17 2017-05-06 22-50-305C-5-172.00
mAkLl g
200
175
150 4
126 4
100
75
50 o+
=]
AN
1]
T T T T T T T
2 4 g g 10 12 14
Lrea Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with I5TDs
Sigral 1: DAD] A, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 G.604 BB 0.261z2 521.08728 29.458012 2.9931
2 11.324 BEA 1.12593 1.688587e4 215.03746  97.0069
Totals : 1.74098e4d 244.51758
1260 6 /472017 4:11:06 AM SYSTEM Page 1 of 2

Figure S64. HPLC spectrum of 5o, related to Table 3.
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Figure S65. 'H NMR spectrum of 1b, related to Table 3.
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Figure S66. 1°C NMR spectrum of 1b, related to Table 3.



Data File Di%GCASCADAT AW 5C-1-8%50-1-8 2016-08-24 21-23-234%101F0101.D
Sample Name: SC-1-8-Rac

q. Operator

Acg. Instrument :

Injection Date

Acg. Method
Last changed

Analysis Method

Last changed

v LHC 3

eif. Line : 1
Instrument 2 Location @ Wial 101
24-Ang-16, 21:24:31 Inj : 1

Inj Yolume : 1 pl

¢oDeh GOy SChDatah SC-1-8430-1-8 2016-058-24 21-23-234C3-1000-130C-1ML .M

G/ 2472016 8:56: 35 PM by LHC
D4 G CEYMETHODY C5-1000- 1600 -1ML-1. 1
BFZZFZ0LT 9048 41 AM by DWW

(modified after loading

]
TH T ZROTFTOT 0
pa]

2245

200+

1764

150 & :
a4 @
gd" £ F

1264 %Vsﬂb
100
75
50
25 ||\

min

Sorted By : Sigmal
Mult iplier H 1.0000
Dilution : l.0000

Tge Multiplier & Dilution Factor with ISTDs

Signal 1: FIDL &,

Pealr RetTime Type TWidth Area Height Area
# [min] [min] [pa*=] [pa] ]

e P R P Il OO
1 29.137 MM 0.2820 2052.20386 121.26871 50.05061
230,773 M 0.3062 2045.05322 111.49104 49,94939

Totals 4100, 25706 232.75975

Instrument 2 62272017 2:49:25 A DM

Page 1 of 1



Data File D:%yGCASCADATAN SC-Z-EZMW3C-E-E0C Z016-08-2Z6 14-51-56% 101F010L1.D

Sample Fame: 5C-2-20C

Acg. Operator : LHC Seq. Line : 1
Acg. Instrument @ Instrument 2 Location @ Wial 101
Injection Date Zb-Sep-16, 14:5:: 52 Ing 1

Inj Yolume ;: 1 nl

Acg. Method

Last changed
Analysis Method :
Last changed

I
9f 1572016 11:3%9:41 M by LHC

Iy GCY CXANMETHODY CS-1000-180C-1ML- 1.1

BF 2272017 90520 21 AM by DWW
(modified after loading)

¢ Den GOy SCYDatahSC-2-200 SC-2-20C Z016-09-26 14-51-56% C3-1000-180C- 1ML-45MIN.

FIOT &, (D50 CALAT 205 G 23005 C-a- 20 - 2016-08-26 145 1-56001 FO101 0]
pa]
704
60 .
o
g
504 %-@b
40.
304
20
g
10 &@m
e L
o T T T T T L T T
m pordi) 5 k] 30 325 kgl min
Area Percent Report
Sorted By Sigmal
Multiplier 1.0000
Dilution L.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1. FID1 &,
Peal RetTime Type Width Area Height Area
# [min] [min]  [pa*s] [pA] &
e il el Bl el el L i |
1 29,1334 MM 0.Z691  20.79435 l.z2g800 2.78604
230,759 MM 0.3049 T725.04578  39.639Z6 97.21196
Totals : T45.84012 40, 92726

**% End of Report ***

Instrument 2 62272017 9:52:1 26 AM DTW

Figure S67. HPLC spectrum of 2b, related to Table 3.

Page 1 of 1
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Figure S68. 'H NMR spectrum of 5s, related to Table 3.
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Figure S69. 1°C NMR spectrum of 5s, related to Table 3.



1a60 6732007 9:21:06 AM FYRTEM

Data File E:\DATRY 3CA\EC-2-2343C-2-23 2016-09-29 20-42-11%001-11-5C-1-15RAC.D
Sample Name: 5C-1-19RAC

Aco. Operator : AYSTEM 1
Acg., Instrument : 1260 Location : 11
Injection Date @ 973072016 ll:43:34 AM Inj : 1
Inj Volume : 10.000 nl
Acg. Method : E:\DATA\ 3CVSC-2-2343C-2-23 Z016-09-29 Z0-42Z-11%3C-ASH-90-10-Z5MIN.H
Last changed T 973072016 11:42:11 AM by 3VITEM

Analysis Method @ E:ZDATAYSCY3C-2-2345C-2-23 2016-09-25 20-42-11%5C-A5H-90-10-25MIN.M |
Sequence Method)

Lazt changed TOB/3/2017 9:21:00 AM by SYITEM
[modified after loading)

Additional Info : Peak(s) marmally integrated

TADT, Fig=220 4 Fet=355 80, EXT of 001-11-5C-1-T9RAC D
mal | =
1000
200 <
600 -
W
= @'ﬁ
400 B
200
T T T T T T T T
G g 10 12 14 16 13 20 miny
Area Percent Feport
Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with I3TDs

Fignal l: DADLl, Sig=220,4 Ref=355,90, EXT
Signal has been modified after loading from rawdata file!

Peak RetTime Type Width Area Height Area
# [win] [win] [waU*s] [wA] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 6.605 BB 0.3291 Z.53283e4 1181.33020 45.9714
2 lg.517 NN 1.1469 Z,53572ed 365.49432 50,0288

Totals : 5.06555e4  1549.52452

Page 1 of 2



Data File E:%\DATAY 5CY5C-5-3745C-5-37 2017-05-158 22-53-1045C-5-372.D
Sample Name: 3C-5-37B

Ao, Operataor 1 SYSTEM Sedq. Line : 3
Aog., Instrument : 1260 Location : 12
Injection Date : 571572017 1ll:56:51 PM Inj : 1
Injy Voluwe : 5.000 pl
Ace. Method : E:4yDATAY 5CY5C-5-3745C-5-37 2017-05-18 22-53-10%5C-zZ-A5H-90-10-220NM-25MIN-
1IML. M
Last chatged 571872017 10:53:10 PM by 5YSTEM

Analysis Method : E:\DATA\SC,SC-5-37,3C-5-37 2017-05-18 22-53-10%5C-2-A5H-90-10-220NM-Z5MIN-
IML.M (3equence Method)

Lazt changed TOBA3/20107 9:24:20 AM by SYSTEM
jmodified after loading)

Additional Info : Peakis) manually integrated

DAa01 A, Sig=220,4 Ref=360,100 (EDAT A5 CAS C-5-3705 C-5-37 2017-05-18 22-53- 1005 C-5-372.0)
makl =
a00
00
700
600
00
<400
300
200
100 a rg&\'\{-:’
s
o L
T T T T T T T T
5] g )] 12 14 16 18 20
Area Percent Report
orted By H 3ignal
Multiplier H 1l.000a0
Dilution : l.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD] &, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [malT] %
el |====]-=--=-- | =======—-= |-=-===-=—-- | === |
1 &.556 BE 0.3687 2.19733e4 90&6.67065 96,9304
Z 15.950 MH 1.3227 681.529583 g.59143 3.0098
Totals 2.26552e4 915. 26208
1260 67372017 9:24:36 AM BYSTEM Page 1 of 2

Figure S70. HPLC spectrum of Ss, related to Table 3.
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Figure S71. 'H NMR spectrum of 1c, related to Table 3.
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Figure S72. 1*C NMR spectrum of 1¢, related to Table 3.



Data File E:%\DATAY 5CY5C-2-15C45C-2-15C-07-95 2016-11-28 20-35-41,\3C-2-15C.D
Sample Name: 3C-2-15C-0J-98

Ao, Operator 1 SYSTEM Seq. Line : 1

Acg. Instrument : 1280 Location : &3
Injection Date @ 1172972016 12:37:06 PM Inj : 1
Injy Volume : 5.000 pl
Bog., Method : E:ZDATA\ 5CYSC-2-15CY 3C-2-15C-07-98 2016-11-28 Z0-35-41%5C-5-0TH-95-Z-DAD-
1ML.H
Lazt changed t 1172972016 12:35:42 PM by 5VSTEM

Analysis Method : E:%\DATA, 3CY\3C-2-15CY 3C-2-15C-0J-98 2016-11-28 20-35-4143C-5-0TH-958-2-DAD-

IML.M (3equence Method)
Last changed 1 6/4/2017 4:15:53 AM by SYSTEM
jmodified after loading)
Additional Info : Peak(s) manually integrated

DADT A, Sig=220,4 Ref=360,100 (E°DAT ASCASC-2-15C C-2-15C- 0J-98 2016- 11-28 20-35-41\5C-Z-15C.0)
makLl ]
[=1
=
350 o
300
250
200
150
100
50
P U . .
T T T T T T T
0 2 4 f 8 10 12 14 min
ALrea Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution : l.00o0
Do not use Maultiplier & Dilution Factor with ISTDs
Sigrnal 1: DAD] A, S5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mdT*s] [mdT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 1l0.5950 MH 0.2637 61359.587939 355.00522 49,9601
2 12.740 BE 0.2714 6149.6858%96 342.69366 50.0389
Totals : 1.228%6e4 730.698588
1260 6/4/2017 4:15:55 AM SYSTEM Page 1 of 2



Data File E:WDATAN SCYEC-2-11445C0-2-114-53 2016-11-30 23-33-17,5C-2-1141.D
Sample Name: 3C-2-114B-5

bLcg. Operator 1 SYSTEM Seq. Line : 2
Acg, Instrument : 1260 Location : 65
Injection Date @ 127172016 12:02:058 AM Inj : 1
Injy Volume : 5.000 pl
Ao, Method : E:\DATAYSCH3C0-2-114% 53C-2-114-5 2016-11-30 23-39-1745C0-5-0JH-95-2-3000M-1ML-
Z0MIN.M
Lazt changed : 11/30/2016 11:39:17 PM by SYSTEM

Analysis Method : E:\DATAYSC,3C-2-114Y5C-2-114-5 2016-11-30 23-39-1743C-5-0JH-98-2-300NM-1ML-
ZOMIN.M (Zequence Method)

Last changed : 67472017 4:17:56 AM by AYSTEM
(modified after loading)

Additional Info : Peak(s) manually integrated

OADT A, Sig=300,4 Ref=360, 100 (E"DATASCVSC-Z-TTRSC-2-114- 5 20 16-11-30 23-39- 17 C-2-1141.00

mAl | o

2000

1500

1000

500

g
=
D L
T T T T T T T
0 2 4 g g 10 12 14
ALrea Percent FEeport

Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD] A, 5ig=300,4 Ref=360,100
Peak RetTime Type Width Area Height Area

# [wmin] [min] [wAlT*s] [wATT] %
=== |--==l-===-== | === |—==———— |-====-== |

1l 10.99% EBE 0.231% 795.39307 5l.88279 1.5593

2 12.4Z0 BE 0.3061 5.02152ed 2440.30075 98.4407
Totals : 5.10105ed4 2492.18357

1260 6 /472017 4:185:02 AM SYSTEM Page 1 of 2

Figure S73. HPLC spectrum of 1¢, related to Table 3.
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Figure S74. '"H NMR spectrum of 5t, related to Table 3.
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Figure S75. 1*C NMR spectrum of 5t, related to Table 3.



Data File E:\DATAY 3CY3C-2-424% 5C-2-424-A5H-90-10 2016-11-13 20-10-2743C-2-42Z4.D
Sample Name: 3C-Z-4ZA-AFH-90-10

Acg. Operator SYSTEM Seq. Line : 1
hcog. Imstrument : 1260 Location : 62
Injection Date 11/14/2016 12:11:47 FH Inj : 1

hAcg. Method

Last changed

Analysis Method :

Last changed

Additional Info :

Injy Volume : 5.000 nl

¢ E:WDATAN SCHIC-2-424% 3C-2-42A-A5H-90-10 2016-11-13 20-10-2745C-1-A5H-90-10-

DAD-1ML. M

11/14/2016 12:10:27 PM by 53YSTEM

E:4DATAY 5CY3C-2-424Y 5C-2-42A-A5H-90-10 2016-11-13 20-10-27%43C-1-ASH-90-10-
DAD-1ML. M (Sequence Method)

6/3/2017 9:38:50 LM by BYSTEM

jmodified after loading)

Peak(s) manually integrated

mAkl

DADT A&, Sig=220 4 Ref=360,100 (EADAT S CASC-2-42 205 C-2-42 4 A5 H-00- 10 201 6-11-13 20-10- 278 C-2 424 00

]

[l

700+

G600 —

500 +

400 —

200 -

A6

200 o

100

Sorted By Signal
Multiplier l.0000
Dilution 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL A, Sig=220,4 Ref=380,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [mdT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 6.475 BE 0.3717 1.54074e4d 756.95520 49,9355
Z2 17.446 MH 1.7170 1.84550ed 179,.13693 50.0645
Totals : 3.68624:4 936.09213

1260 67342007 9:39:058 AM 3VSTEM Page 1 of 2



Diata File E:%ZDATRY 5CY5C0-2-114% 5C-2-114-P-8H 2016-12-01 01-04-4345C0-2-1141.D1
Sample Name: SC-2Z-114E-P

bLcg. Operator 1 S¥STEM Seq. Line : 2

Acg. Instrument : 1260 Location : &7
Injection Date @ 127172016 1:27:31 AM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CYS5C-2-114%5C-2-114-P-5H 2016-12-01 01-04-43%5C-1-A%H-90-10-2200M-
IML-20MIN. K
Lazt changed r 127172016 1:04:43 AM by 5YSTEM

Analysis Method : E:\DATAY 3CY3C-2-114%3C-2-114-P-8H 2016-12-01 01-04-4343C-1-43H-90-10-220NM-

IML-ZO0MIN.M (Zequence Method)
Last changed r 771272017 10:17:31 PM by 3VSTEM

[modified after loading)
Additional Info : Peak(s) marmally integrated

DADT A, 5ig=220,4 Ref=360, 100 (E DATASCVSC-2-11HSC-2-114- P-BH 20 16-12-07 01-04-43%6 C-2-1141.0)
mAkl | 5
2000
1750
1500 -
12560
1000
750
500
250 o
&
) :
o< 1 L
T T T T T T T
4 6 g 10 12 14 15 13 min
Lrea Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with I5TDs
Sigral 1: DAD] A, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 6.347 BB 0.3316 4.74010=4 2185.93872 906.4888
2 16.726 BB 0.9415 1724,90351 21.81492 3.511z2
Totals : 4,9125%e4 2210.75364
1260 7/12/2017 10:17:37 PM SYSTEM Page 1 of 2

Figure S76. HPLC spectrum of 5t, related to Table 3.
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Figure S77. '"H NMR spectrum of 1d, related to Table 3.
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Figure S78. 1°C NMR spectrum of 1d, related to Table 3.



Data File E:\DATAY 3C\3C-2-13CY 3C-2-13C-0J-98 Z016-11-28 Z0-02-Z4,3C-2-13C.D

Sample Name: 3C-2-13C-0J-95

hcg. Operator : AYSTEM Sedq. Line : 1
Ao, Instrument @ 1260 Location : 62
Injection Date : 1172972016 12:03:47 PH Inj 1
Inj Wolume : 5.000 npl
Acg. Method : E:Z\DATAY 3C-2-13CY3C0-2-13C0-0J-98 2016-11-28 20-02-24\53C-5-0JH-95-2-DAD-1ML. M

Last changed : 1172972016 12:02:24 PM by SYSTEM

Analysiz Method : E:\DATAY 3CY3C-2-13CY 3C-2-13C-0J-98 Z016-11-28 Z0-02-Z4,3C-5-0JH-95-2-DAD-

1ML.H (Zequence Method)
Last changed T 6/4/2017 4:22:41 A by 3TSTEM
(modified after loading)
hdditional Info : Peak(s) manually integrated

TTADT A, Gig= 220, 3 Ret=200, 100 (B DAT Ao Cvs C-2- 13108 L-2-130-0J-85 Z016-11-
mall -

200+

150 4

100 <

50+

0-0Z-ZRSC-Z-T3TI

-]

=
I}
=)

Zorted By H Zignal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Maultiplier & Dilution Factor with ISTDs

Signal 1: DADL A, 3ig=220,4 Ref=360,100

Peak FetTime Type Width Area Height Area
# [min] [min] [mall*=] [miiT] %

1 13.125 BB 0.3062 4%247.04655 240.25314 45.5544
2 14.550 BB 0.31586 4950.12793 234.16545 50.0156

Totals : 9897.17480 474, 41859

1260 67472017 4:2Z:52 AM SYRTEN

Page 1 of =



Data File E:\DATA)SCYSC-2-114%5C-2-114-% 2016-11-30 23-39-17453C-2-114.D
Sample Nawme: SC-Z2-1144-3

hcg. Operator : AYSTEM Sedq. Line : 1
Ao, Instrument @ 1260 Location : 64
Injection Date @ 11/30/2016 11:40:43 PH Inj : 1
Inj Wolume : 5.000 npl
Acg. Method : E:Z\DATAY 3CHY3C-2-114%3C0-2-114-% 2016-11-30 23-39-17,53C-5-0JH-98-2-300NM-1ML-
Z0MIN.M
Last changed : 1173042016 11:39:17 PM by SVSTEM

Bnalysis Method : E:‘\DATAY 3CY3C-2-114\5C-2-114-5 2016-11-30 Z3-359-17\5C-5-0JH-98-2-300NM-1HML-
ZOMIN.M (3ecquence Method)

Lazt changed T 64472017 4:22:01 AM by SYSTEM
(modified after loading)

Additional Infao : Peak(s] manually integrated

DADT A, Sig=300,4 Ref360,100 (EDAT MG CAEC-Z- 11N C-2- 114 5 20 16-11-30 23-30- 178 C2-114.00
mall
2500
2000 5
1500 |
1000 |
500
o
g
u
D 1
T T T T T T T T T
z 4 § 8 10 12 14 16 13
Area Percent Report
Zorted By H Zignal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADl &, %ig=300,4 Ref=360,100
Peak FetTime Type Widch Area Height Area
# [min] [min] [widiT*=] [miiT] %
=== |====]======- | === | === | === |
1 12.935 BV 0.2523 544, 58960 45.97595 1.z2907
2 13.779 MM 0.4188 6.45924ed Z570.39966 98.7093
Totals : 6.54370ed  Z2616.37564
1260 6/4/20017 4:22:05 AM SYSTEM Page 1 of 2

Figure S79. HPLC spectrum of 1d, related to Table 3.
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Figure S80. 'H NMR spectrum of 5u, related to Table 3.
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Data File E:\DATAY3C\3C-Z-42B\ 3C-2-4ZB-A5H-90-10 2016-11-13 E1-24-00V5C-Z-4ZB.D
Sample Name: 3C-Z2-42ZB-ASH-90-10

hcg. Operator : SYSTEM 1
Acg., Instrument : 1260 Location : 53
Injection Date @ 1151472016 1:25:23 PM Inj : 1
Injy Volume : 5.000 nl
Bcg. Method : E:ZDATAY 5CY3C-2-42BY 3C-2-42B-A3H-90-10 2016-11-13 Z1-24-00%3C-1-ASH-90-10-
DAD-1ML. M
Last changed : 11/14/2016 1:24:00 PM by 5SYVSTEM

Analysis Method : E:\DATA\SC,SC-2-42B) 5C-2-42B-A5H-90-10 2016-11-13 Z1-24-00%53C-1-A%H-90-10-
DAD-1ML. M (Sequence Method)

Last changed 1 64342017 9:47:50 AM by SYSTEM
[modified after loading)

hdditional Info : Peak(s) manually integrated

DADT A, Sig=270,4 Ref=360,100 (E-°DAT ASCAEC-2-42BAS C-2-42B-ASH-O0- 10 201 6-11-13 21-24- DONSC-2-428.0)
mAkl
1000 -
500 o
500
o2
400 - 4@‘
S
200
D 1
T T T T T T T
4 g g 10 12 14 16 18
Area Percent Report
orted By H 3ignal
Multiplier H 1.0000
Dilution : l.00o0

Do not use Maultiplier & Dilution Factor with ISTDs

Siemal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width hArea Height hArea
# [win] [wmin] [wid*s] [miT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 6.553 MM 0.3897 2.77408e4 1186.50159 50.1726
2 16.777 NN 1.5977 2.75499e4 287.39413 49.5274

Totals @ 5.52807ed  1473.89572

1260 6732007 9:47:54 AM 3VSTEM Page 1 of 2



Dlata File E:\DATAY 3C\3C-2-114%53C-2-114-P-8H 2016-12-01 01-04-4343C0-2-114.D
Sample MName: 5C-2-1144-F

hcg. Operator : AYSTEM Geq. Line : 1
Acog. Instrument : 1260 Location : -1
Injection Date @ 127172016 1:06:07 &AM Inj : 1
Inj Wolume : 5.000 pl
Bcg. Method : E:ZDATAN SCYSC-2-114% 3C-2-114-P-5H Z016-12-01 01-04-4343C-1-A3H-90-10-ZZ0NHM-
IML-20MIN.H
Last changed : 127172016 1:04:43 AM by S5YATEM

Analysis Method : E:\DATAY3CY3C-2-114%3C-2-114-P-8H 2016-12-01 01-04-43%43C-1-A3H-90-10-220NM-

IML-ZO0MIN.M (Sequence Method)
Last changed D 64372017 9:52:26 AM by 3YSTEM

[modified after loading)
hdditional Info : Peak(s) marmally integrated

DADT A, Sig=220,4 Ref=360,100 (E'DAT ASCVSC-2- 1S C-2- 114 P-EH 20 16-12-01 01-04-43%S C-2-114.00)
mAkl & ﬁq
1760 - i
1500 |
1250 |
1000 |
740
500
250 Mg
oo
=&
0 T
T T T T T T T
4 i g 10 12 14 16 15 miny
Area Percent Report
Jorted By H Sigqnal
Maltiplier H 1.0000
Dilution : l.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD] &, Sig=220,4 Ref=360,100
Peak RetTine Type Width Ares Height Area
#  [min] [min] [mil*s] [malr] 5
il Kbt |====]-==-=-=- | -—-=———— |===——— |=====-== |
1 6,552 MM 0.3934 4.45599=4 1585.04858 96,4325
Z lhA.5l2 MM 1.3210 1648.315824 20. 79653 3.5672
Totals : 4,62082:4 1908.584541
1260 6/3/2017 9:52:28 AM 5TS5TEM Page 1 of 2

Figure S82. HPLC spectrum of Su, related to Table 3.
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Data File E:A\DATA SCYV3C-2-15B%8C-2-15B-00-98 2016-11-27 16-53-5345C-2-15B.1

Sanple WName:

hcg. Operator

Acog. Instrument :

Injection Date

Acg. Method

Last changed

Analysis Method :

Last changed

Additional Info :

SC-E-15E-07-98&

STATEM Geq. Line : 1
1260 Location : 1]
11/268/2016 8:55:19 AM Inj : 1

Inj Wolume : 5.000 pl

¢ E:WDATAN SCHIC-2-15BY 3C-2-15B-07-95 2016-11-27 16-53-53%3C0-5-0TH-95-2-DAD-

IML. M

11/28/2016 8:53:53 AM by SYSTEM

E:\DATAY 3CY3C-Z2-15BY 3C-2-15B-0J-95 201l6-11-27 16-53-53\3C-5-0TH-95-2-DAD-
IML.M (Sequence Method)

6/4/2017 4:26:12 AM by 3YITEM

[modified after loading)

Peak(s) mamually integrated

DADT A Sig=220,4 Ref=360,100 (ESDAT AECVEC-2-15E C-2- 150 -0J-88 2016-11-27 16-53-905C-2-150 .00
mAkL a
1000
i
o
200
600
400
200
T T
12 14 min
Sorted By Signal
Multiplier 1.0000
Dilution l.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADY &, 5ig=220,4 Ref=360,100
Peak RetTine Type Width Ares Height Area
# [min] [min] [mall*s] [walT] %
=== |====]-===--- | ——==———— === |======== |
1 10,429 EE 0.2122 1.42060e4 1003.01631 49,7720
2 12.140 BE 0.2574 1.43361e4 830.58258 50,2250
Totals : 2.685421ed4 18533.55949
1260 6/4/2017 4:26:17 &AM 3V3TEM Page 1 of 2



Data File E:\DATA\SCY8C-3-1348C-3-13-5 20lA-12-10 22-17-11%,3C-3-131.D
Sample Name: 35C-3-15-3

hcg. Operator : AYSTEM Sedq. Line : 2
Ao, Instrument @ 1260 Location : 1z
Injection Date : 1271072016 10:39:54 PH Inj : 1
Inj Wolume : 5.000 npl
Acg. Method : E:Z\DATAY 3CY3C-3-1343C0-3-13-5F 2016-12-10 22-17-11%3C-5-0JH-28-2-300NM-1ML-
Z0MIN.M
Last changed : 1271042016 10:17:11 PM by SVSTEM

Analyziszs Method : E:ZWDATAY SCASC-3-13\3C-3-13-3 Z016-12-10 ZZ2-17-1143C-5-00H-958-2-300NM-1HL-

ZOMIN.M (3ecquence Method)
Lazt changed T 6472017 4:30:49 AM by STSTEM

(modified after loading)
Additional Infao : Peak(s] manually integrated

DADT A, Sig=2300,4 Ref360,100 (E'DATAECVEC-3- 1S C-3-13-5 Z016-12-10 Z2-17-11'8C-3-121.00
mN..I_ o
1000
200 o
600
400 <
00
L=
L=3
£=
-
D 1 f""-"\-\_
T T T T T T T
0 M 4 i g 10 12 14 mirg
Area Percent Report
Zorted By H Zignal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADl &, %ig=300,4 Ref=360,100
Peak FetTime Type Widch Area Height Area
# [min] [min] [widiT*=] [miiT] %
=== |====]======- | === | === | === |
1 9.969 BV 0.19%25 387.10367 30.62425 1.9451
Z 11.391 EB 0.2471 1.94840e4 1189.20984 9§.0519
Totals : 1.958711ed 1219.83409
1260 6/4/20017 4:30:56 AM SYSTEM Page 1 of 2

Figure S85. HPLC spectrum of 1e, related to Table 3.



18L°0

c:m.cV
1001

LI0T~=
LL1L v
0611 =7
LoT'1 \
LySL

bLS1 V
€591 ~—

£99'1 \
€91

181'T~_
07T

6Y9T ~—
w9t/

6T8°T—
8€TE—

01LE~
ves-f
:,E\

stee "

09~
629~

860°L
621'L V
spIL—
8STL—F
siet )

vSvL-F
SLY'L \\‘

Feo
Feo
Forn

Foot

Feot
EoT

Bon
Fron

wwc T

Fov
oot

WF 0

Tz
Fe0z

0.0

2.0 1.5 1.0 0.5

2.5

40 35 30
f1 (ppm)

4.5

7.0 6.5 6.0 55 5.0

75

8.0

Figure S86. 'H NMR spectrum of 5v, related to Table 3.
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Dlata File E:A\DATAN SCAEC-2-4T74Y 3C-2-474-A5H-90-10 2016-11-13 23-07-5243C-2-474. D

Sample Name:

Ao, Operator

Aog, Instrument :

Injection Date

Aco, Method

Last changed

Analysis Method :

Last changed

Additional Info :

SC-2-474-A5H-90-10

SYATEM Seq. Line : 1
1260 Location 13
11/14/2016 3:0%9:16 PM Inj : 1

Injy Volume : 5.000 pl

¢ E:WDATAN SCHIC-2-474% 3C-2-474-45H-90-10 2016-11-13 23-07-52%3C-1-A5H-90-10-

DAD-1ML. M

1171472016 3:07:52 FM by SYSTEM

E:\DATAY SCNEC-2-474% 50-2-474-A5H-90-10 2016-11-13 23-07-52%5C0-1-A3H-20-10-
DAD-1ML. M (Sequence Method)

6/3/2017 10:00:47 &M by 3YITEM

(modified after loading)

Peak (=) mamually integrated

DADT A, Sig=220,4 Ref=360,100 (EADATASCVSC-2-47 A5 C-2-47 A ASH-20- 10 201 6-11-13 23-07- 508 C-2-47 AN
mAL ] -
300
500
400
v{?:}
g
=+ )/a.
200
1] . T
T T T T T T T
4 g g 10 12 14 16 12 min
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD] A, Sig=220,4 Ref=360,100
Peak RetTime Type Width Area Hejght Area
# [min] [min] [mal*s] [walT] %
=== |-===l-====== | === | === |======== |
1 6.878 BB 0.4075 Z.55858e4 049, 24866 50.0718
2 16.473 MM 1.7289 2.55125e4 245.93962 49,9282
Totals : 5.10983ed  1195.18828
1260 6/3/2017 10:00:50 AM 3V3ITEM Page 1 of 2



Data File E:‘\DATAY 5CY3C-3-13%3C-3-13-F Z016-12-10
SC-3-15-PF

Sample Name:

23-F2-12%\5C0-3-131.D

bLcg. Operator
Acg. Instrument :
Injection Date

Acog., Method

Last changed

Analysis Method :

Last changed

Additional Info :

Seq. Line : 2
1Z60 Location : 16
12/10/2016 11:54:55 PM Inj : 1

Inj Volume : 5.000 pl

¢ E\DATAN SCYEC-3-13%3C-3-13-F 20le-12-10 23-32-12\30-1-A5H-50-10-220NM-1HL-

20MIN. 1

1271042016 11:32:12 PM by 3YSTEM

E:\DATAY BCYEC-3-134,5C0-3-13-F 2016-12-10 23-32-1243C-1-A5H-90-10-220NM-1ML-
ZOMIN.M (%Sequence Method)

6/3/2017 9:57:23 AM by SYSTEM

[modified after loading)

Peak(s) manmmally integrated

DADT A, 5ig=220,4 Ref=360, 100 (E \DAT ASCVEC-3-TASC-3-13-P Z016-12-10 23-32-12%6C-3-131.00
mall =
_5}@%
1750 -
1500 |
1250 -
1000
750
500 +
£
250
5 &
&
=2
0
T T T T T T T
4 6 g 10 12 14 15 13 min
Lrea Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with I5TDs
Sigral 1: DAD] A, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 6.905 MM 0.4632 5.46060=4 1964.88562 96.6377
2 15.925 MM 1.5842 1899,86963 19.35772 3.3623
Totals : 5.6505%e4 1984.87334
1260 £ /342017 9:57:25 AM SYSTEM Page 1 of 2

Figure S88. HPLC spectrum of Sv, related to Table 3.
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Figure S89. 'H NMR spectrum of 1f, related to Table 3.
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Data File E:\DATAY 5CH5C0-3-1245C-3-12-45-90-D4A0D 2017-04-05 10-559-02%5C-3-12.D
Sample Name: 3C-3-12

Ao, Operator 1 SYSTEM Seq. Line : 1

Acg. Instrument : 1280 Location : 11
Injection Date @ 4/5/2017 1l:00:25 AM Inj : 1
Injy Volume : 5.000 pl
Bog., Method : E:ZDATA,5CYSC-3-12V5C-3-12-A%-90-DAD 2017-04-05 10-59-02%5C-1-A5H-90-10-DAD
-1ML.H
Lazt changed r 47572017 10:59:02 AM by 5VSTEM

Analysis Method : E:%\DATAY3CY3C-3-12%3C-3-12-A%-90-DAD 2017-04-05 10-59-02%3C-1-A%H-20-10-DAD

-1ML.M [ Sedquence Method)
Last changed : 67472017 4:33:24 AM by SYSTEM

jmodified after loading)
Additional Info : Peak(s) manually integrated

DADT A, Sig=220,4 Ref=360, 100 (EADATASCYVEC-3-105C-3-12- A5-90-DA0 2017-04-05 10-58-0205C-3-12.00
mAkl &
200 < ’W 2
=
oo
2460
200 +
150
100
50
o } J
T T T T T T T
1] 2 4 i g 10 12 14 miny
ALrea Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution : l.00o0
Do not use Maultiplier & Dilution Factor with ISTDs
Signal 1: DADY &, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area

#  [min] [min]  [mAl+s] [mAlT] %

] R [==—=]=mmmmm- [ S [—=—mmmm- [
1 7.163 BE  0.1910 4004.91187 320.04797 50.1550
2 ©8.059 BE  0.2193 3980.16113 275.93500 48.8450

Totals : T985.07300 595.98297

1260 6/4/2017 4:33:31 AM BY3TEM

Page 1 of 2



Data File E:%DATAN SCY5C-4-3445C0-4-54 2017-04-05 15-27-5745C0-4-541.D
Sample Name: 3C-4-54-8

bLcg. Operator 1 SYSTEM Seq. Line : 2
Acg, Instrument : 1260 Location : 11
Injection Date @ 4/5/2017 6:45:12 PM Inj : 1
Injy Volume : 5.000 pl
Ao, Method : E:\DATAYSC,3C0-4-5445C-4-84 2017-04-05 18-27-5743C0-1-45H-50-10-290M1- 1 SMIN-
1ML. 1
Lazt changed r 4/5/72017 6:27:57 PM by 5YSTEM

Analysis Method : E:\DATAY3C,3C-4-8443C-4-84 2017-04-05 18-27-5743C-1-4A5H-90-10-Z90NM- 1 5MIN-

IML.M (3equence Method)
Last changed : 67472017 4:36:00 AM by AYSTEM
(modified after loading)
Additional Info : Peak(s) manually integrated

DA01 A, Sig=200,4 Ref=360,100 (EADATASCVSC-4- 805 Co- 8 201 7-04-05 18-27-575 C-4-841.00
mAk =
1200 1[
1000
200
600 -
400 |
200
=
f=1
o
o . '
T T T T T T T
r 4 ] o 10 12 14 miny
ALrea Percent FEeport
Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADL A4, 5ig=290,4 Ref=360,100
Peak RetTime Type Width Area Height Area

#  [min] [min]  [mAU*s] [WATT] %
el R R Bt [—mmmmmmme [=—mmmmmmme [-= - [
1 7.126 BB 0.1944 1.57274ed4 1236.70776 99.7928

2 ©8.034 BB  0.1934 32.65266  2.51566  0.2072

Totals : 1.57601ed  1239.22343

1260 6/4/2017 4:36:07 AM 3Y3TEM

Figure S91. HPLC spectrum of 1f, related to Table 3.

Page 1 of 2
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Figure S92. 'H NMR spectrum of 5w, related to Table 3.
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Figure S93. 1°C NMR spectrum of 5w, related to Table 3.



Data File E:%wDATANSCV3C-3-12-16%3C-3-12-16-170603 2017-06-03 11-39-2145C-3-12-161.D

Sample Name: 3C-3-16

hcg. Operator : AYSTEM
Acg. Instrument : 1260
Injection Date @ 6/3/2017 11:57:20 AM

Geq. Line : 2
Location : 16
Inj : 1

Inj Volume : 5.000 pl

Aco. Method o E:ZDATAN 3CY3C-3-12-16%30-3-12-16-170603 2017-06-03 11-39-21%3C-1-A%H-20-10-

Z20NM-1ML-Z0MIN. M
Lazt changed POB/3/2017 11:39:21 AM by

STATEM

hnalysiz Method : E:\DATAY 3CY,5C-3-12-16%5C-3-12-16-170603 2017-06-03 11-39-21%3C-1-4SH-90-10-
ZZ20NM-1ML-20MIN. M (Secquence Method)

Last changed PBAlE/20L0T Z2:49:00 PM by
[modified after loading)

SYSTEM

additional Info : Peak(s) marmally integrated

DAL A, Sig=220 .4 Ref=360,100 (EDDATASC. . -3-12- 165 C-3-1 2-16- 17060 3 201 7-06-03 11-39-2 NSC-3-12-161.00
mAkl =
140 - i
120 o
100
a0 .a;.‘;'b
2 @
@ g
60 o Sb‘
a0
T T
16 18 miny
Jorted By H Sigqnal
Multiplier H 1.0000
Dilution : l.0000
Do not use Multiplier & Dilution Factor with ISTDs=
Signal 1: DADY &, 5ig=220,4 Ref=360,100
Peak RetTine Type Width Ares Height Area
# [min] [min] [mall*s] [malr] %
e EEEEEE R [ ==-mmmm - R [-=—----- |
1 7.304 NN 0.4495 4029,85547 149,41939 49,9231
2 12.846 MM 1.1670 404Z2, 27661 57.72923 50,0769
Totals : 8072.13208 207.145862
1260 6/16/2017 2:49:05 PM 3¥STEM Page 1 of 2



Data File E:\DATAY, SCY5C-4-84\5C-4-84 2017-04-05 18-27-57,5C-4-842.D
Sample Name: 5C-4-34-P

bLcg. Operator 1 3YSTEM Seq. Line : 3
Ao, Instrument : 1l2a0 Location : 1z
Injection Date : 4/5/2017 7:01:37 PH Inj 1
Inj Volumwe : 5.000 pl
Aog. Method : E:DATAY 5CY3C-4-84435C0-4-54 2017-04-05 18-27-57,8C-1-A5H-90-10-220NM- 1ML-
Z0MIN.M
Lazt changed r 44572017 6:27:57 FM by SYSTEM

Analysis Method : E:%DATAY SCY3C-4-84\3C0-4-84 2Z017-04-05 18-27-5743C-1-4A8H-90-10-2Z20NM- 1ML-

ZOMIN.M (Sequence Method)
Last changed : 6/16/2017 Z2:44:56 PM by SYVSTEM
(modified after loading)
Additional Info : Peak(s] manually integrated

DADT A, Sig=220,4 Ref=360,100 (E'DAT ASCAVEC-4-240 5 C-4-84 2017-04-05 13-27-5MEC-4-842.00
mAk
200 -
E00 -
400
200+
{?J
Ao &'
i
o L
T T T T T T T T T
2 4 i ) 10 12 14 16 12 min
Sorted By H Signal
Multiplier H 1.0000
Iilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADY &, Sig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mal*=] [wal] %
el EECLELE |====]======= | === |-========- | == === |
1 7.469 NN 0.4376 2.42349%:4 922.97101 91.3012
2 13.422 MM 1.032% 2309.015348 37.25814 §.69588
Totals : 2.65439:4 980.22915
1260 6/16/2017 2:45:01 PM 5YSTEM Page 1 of 2

Figure S94. HPLC spectrum of Sw, related to Table 3.
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Figure S95. 'H NMR spectrum of 1g, related to Table 3.
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Figure S96. 1°C NMR spectrum of 1g, related to Table 3.



Data File E:\DATAY 5CH5C-2-3CN\5C-2-3C-07-958 2016-11-27 14-31-358\5C-2-3C.D
Sample Name: 3C-2-3C-0J-98

Ao, Operator 1 SYSTEM Seq. Line : 1

Acg. Instrument : 1280 Location : G
Injection Date @ 11/28/2016 6:33:02 AM Inj : 1
Injy Volume : 5.000 pl
Bog., Method i E:ZDATA\5CYSC-2-3C\5C-2-3C-07-958 201l6-11-27 14-31-38%5C-5-0JH-35-2-DAD-1ML.
H
Lazt changed r 1172872016 6:31:38 AM by 5VSTEM

Analysis Method : E:%\DATA, 3CYV3C-2-3CY3C-2-3C-0J-98 2016-11-27 14-31-38%3C-5-0JH-98-2-DAD-1HL.

M (Sequence Method)
Last changed 1 6/4/2017 4:39:42 AM by SYSTEM
jmodified after loading)
Additional Info : Peak(s) manually integrated

DADT A, Sig=220 .4 Ref=360,100 (EMDAT ASCV C-2-3 008 G- 2-3C-00-98 2006-11-27 14-31-3805C-2-3C.00

makl | = i
5o
&
200 | F
-+
150
100
50
D_ f‘-l e
T T T T T T T
2 4 g g 10 12 14 min
ALrea Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution : l.00o0
Do not use Maultiplier & Dilution Factor with ISTDs
Sigrnal 1: DAD] A, S5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mdT*s] [mdT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 9.175 MM 0.19583 2893.135%9 243.19118 50.0472
2 12.443 BE 0.2435 2887.68091 180.65796 49,9528
Totals : L780.81689 4235.84914
1260 6/4/2017 4:39:45 AM SYSTEM Page 1 of 2



Data File E:\DATAY 3CY\SC-3-443C0-3-4-% 2016-12-08 21-43-0443C-3-4.D
Sample Name: 5C-3-4b-5

Aco. Operator : AYSTEM 1
Acg., Instrument : 1260 Location : 11
Injection Date @ 12/5/2016 9:44:23 PM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CYSC-3-4\3C-3-4-3 2016-12-08 Z21-43-04%3C-5-0JH-95-Z-300MM-1ML-
ZOMIN.M
Last changed : 12/8/2016 9:43:04 PM by 53¥STEM

Analysis Method : E:\DATAYSCY,S5C-3-4\3C-3-4-% 2016-12-08 21-43-04\3C-5-0JH-98-2-300NM-1ML-
ZOMIN.M (Sequence Method)

Last changed 1 6/4/2017 4:42:40 AM by SYSTEM
(modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, Sig=300,4 Ref=360, 100 (E:DAT ASCASC-3-MEC-3-4-5 F016-12-08 Z1-43-0455C-3-4.0)
mAkl
3000 o
2500
000
1500
1000
500 Q?
(b.
g
=]
oo
o L L
T T T T T T
o 2 4 g g 10 12 14
Area Percent Report
orted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with I5TDs
Sigrnal 1: DAD] A, 5ig=300,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [win] [win] [waU*s] [wA] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 g.587 MM 0.1758 9438.15851 §9.89142 1.5367
2 1ll.268 NN 0.3380 6.07534ed4 2995.78514 95,4633
Totals : 6.17016ed 3085.65656
1260 6/4/2017 4:42:55 AM 3YV5TEM Page 1 of 2

Figure S97. HPLC spectrum of 1g, related to Table 3.
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Figure S98. 'H NMR spectrum of 5x, related to Table 3.
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Figure S99. 1*C NMR spectrum of 5x, related to Table 3.



Data File E:\DATAY 3CY3C-2-454% 5C-2-454-A5H-90-10 2016-11-13 21-55-49%\5C-2-454. D
Sample Name: 3C-Z-454-A43H-90-10

bLcg. Operator

Acg. Instrument :

Injection Date

Acog., Method

Last changed

Analysis Method :

Last changed

Additional Info :

SYSTEM Seq. Line : 1

1Z60 Location : 64
11/14/2016 1:57:12 M Inj : 1

Inj Volume : 5.000 pl
: E:\DATAN SCHY3C-2-454% 5C-2-454-25H-90-10 2016-11-13 21-55-49%,5C0-1-A5H-90-10-
Dan-1ML. M
11/14/2016 1:55:4% PM by SY3TEM
E:\DATAY BCY5C-2-454% 5C-2-454-A%H-90-10 2016-11-13 21-55-49,3C-1-4%H-90-10-
DAD-1ML. M (3ecuence Method)
6/3/2017 10:56:38 AM by SY3TEM
[modified after loading)
Peak(s) manmmally integrated

DADT A, 5ig=220,4 Ref=360, 100 (E DAT ASCASC-2-40A5 C-2-46A- A5 H-90- 10 Z016-11-13 Z1-55- S C-2-454 00
mAkl =
o0 <
600 o
500
400
300 ]
=
200
100
0 1 T 1
T T T T T
4 6 g 10 12 14 min
Lrea Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with I5TDs
Sigral 1: DAD] A, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 5.686 BB 0.2916 1.40093=4 731.0z2673 50.0029
2 12.02Z6 BB 0.9250 1.40077e4d 232.14807 45,9971
Totals : Z.80170ed 9B3.174580
1260 £/3/2017 10:56:46 AM SYSTEN Page 1 of 2



Data File E:%DATA\3CYIC-3-4V3C-3-4-P 2016-12-08 23-13-25,3C-3-42.D

Sample Name: 5C-3-44-P

Ao, Operator
Aog, Instrument :
Injection Date

Acg, Method

Last changed
Analysis Method :

Last changed

5YSTEM : 3
1260 Location 14
l2/8/2016 11:57:05 PM Inj : 1

Inj Volume : 5.000 pul

¢ E:wDATANSCHIC-53-445C-3-4-F Z016-12-08 Z3-13-25%5C-1-ASH-90-10-ZZ0NM- 1ML~

ZOMIN.M

12/8/2016 11:13:25 PM by SYSTEM

E:\DATAY 50 5C-3-4,5C0-3-4-F 2016-12-08 23-13-2Z5,3C-1-A%H-90-10-220NM- 1ML-
ZOMIN.M (Sequence Method)

6/3/2017 11:02:55 AM by SYSTEM

(modified after loading)

Additional Info : Peak(s) marnually integrated

DADT A, Sig=220,4 Ref=360,100 (E'DAT S CSC-3-hSC-3-4-F Z016-12-08 23-13-2MSC-3-42.0)
mAkl - rﬁ\%{f\
1740 i
1500
1250
1000
750 o
500
250
Ll
=
e
= L T
T T T T T
4 g g 10 12 14 miny
Area Percent Report
orted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD1 A4, Sig=220,4 Ref=360,100
Peak RetTime Type Width Area Hejght Area
# [wmin] [min] [wal*s] [walT] %

1 5.695 MM
2 12.293 MH

Totals :

0.3316 3.67327ed 1848.61414 96.4927
1.2042 1336.98352 13.50492 3.5073

3.81197ed  1867.11906

1260 67372017 11:03:01 AM 3VSTEM

Figure S100. HPLC spectrum of 5x, related to Table 3.
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Figure S101. 'H NMR spectrum of 1h, related to Table 3.
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Diata File E:A\DATAN SCV\3C-2-3BV\5C-2-3B-00-98 Z016-11-27 15-06-24,3C-2-3E.D

Sanple WName:

hcg. Operator

Acog. Instrument :

Injection Date

Acg. Method

Last changed

Analysis Method :

Last changed

Additional Info :

SC-E-3B-07-93

STATEM Geq. Line : 1
1260 Location : 63
11/268/2016 7:07:47 AM Inj : 1

Inj Wolume : 5.000 pl

¢ EWDATAN SCHIC-2-3BY3C-2-3B-07-95 2016-11-27 15-08-24%3C-5-00H-95-2-DAD-1ML.

i
11/28/2016 7:06:24 AM by 3VITEM

E:WDATAN SCHIC-2-3B43C-E-56-07-98 2016-11-27 15-08-Z4%3C-5-00H-95-2-DAD-1ML.

M (Secquence Method)

6/4/2017 4:44:23 AM by 3YITEM
[modified after loading)
Peak(s) mamually integrated

mAL
2500

2000 <

1500

1000

500

DADT A, Sig=220,4 Ret=360,100 (EXDAT ASCAVSC-2-3B05 C-2-3B-0J-93 2016-11-27 15-06-240\5C-2-308.00

an
o

1

10.50%

Lot
]
(=
o
=
=
=

Sorted By
Multiplier
Iilution

Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL A, $ig=220, 4 Ref=360,100

Peak RetTine Type

# [min]

Wideh Ares

[mal*s]

Height
[walT] %

1 §.538 VB
Z 10.503 BB

Totals :

1260 6/472017 4:44:26 AN SYRTEM

0.1775 2.97270ed  2540.16943
0.21596 Z.97862ed Z013.50249

49,9502
50,0495

5.95132ed4  4553.897192

Paie 1 of 2



Data File E:%ZDATRY 5CY5C-3-13%5C-3-13-5 2016-12-10 22-17-114%35C-3-13.D
Sample Name: 3C-3-13-8

bLcg. Operator 1 S¥STEM Seq. Line : 1

Acg. Instrument : 1260 Location : 11
Injection Date @ 1271072016 10:15:33 PM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CYSC-3-1345C-3-13-5 201g-12-10 22-17-11%5C-5-0TH-958-2-300NM-1ML-
ZOMIN.M
Lazt changed r 1271072016 10:17:11 PM by 5VSTEM

Analysis Method : E:\DATAYSCYS3C-3-134,5C-3-13-% 2016-12-10 22-17-11%3C-5-0JH-35-2-300NM-1ML-
ZOMIN.M (%Sequence Method)

Last changed D 64472017 4:46:06 AM by SYSTEM
[modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, Sig=300,4 Ref=360, 100 (EADATASCASC-3- 1305 C-3-13-5 2016-12-10 22-17-11%5C-3-13.00
mALl e
2000

1750
1500
1250
1000

750

00 -

250 w A

Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Sigrnal 1: DAD] A, 5ig=300,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %

il |-===l-===-=- |--==———— |====——— |-=====- |
1 g.217 MM 0.1686 892.64343 88, 22587 3.0682
2 10.051 EE 0.2082 Z.32012ed4 2027.93701 96.9318

Totals : 2.90938ed  Z1l6.168:288

1260 6/4/2017 4:47:06 AM SYSTEM Page 1 of 2

Figure S103. HPLC spectrum of 1h, related to Table 3.
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Figure S104. 'H NMR spectrum of Sy, related to Table 3.
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Data File E:\DATAYSCHY5C-2-47B% 3C-2-47B-A5H-90-10 2016-11-13 23-34-26%3C-2-47B.D
Sample Name: 3C-Z-47B-A5H-90-10

bLcg. Operator 1 3YSTEM Seq. Line : 1

Acg. Instrument : 1260 Location : &7
Injection Date @ 11/14/2016 3:35:49 PM Inj : 1
Injy Wolume : 5.000 pl
Acg. Method 1 E:ZDATAY 3C\3C-2-47BY 5C-Z2-47B-A5H-90-10 2Z0l6-11-13 23-34-26%5C0-1-A%5H-90-10-
DAD-1ML. 1
Lazt changed t 1141472016 3:34:26 PM by 3V3TEM

Analysis Method : E:ZDATAY, 3CY,5C-2-47BY 5C-2-47B-A%H-90-10 2016-11-13 23-34-26%5C-1-A5H-90-10-
DaAD-1ML. M (3equence Method)

Last changed D 64372017 1ll:06:28 AM by SYSTEM
(modified after loading)

Additional Info : Peak(s) manually integrated

DADT A, Sig=220,4 Ref=360,100 (EADAT AS OV C-2-47 VS C-2-47 B- ASH-00- 10 201 6-11-13 23-24- 260 C-2-470.0)

mAkl
2260 o

2000

1750

1500 4

1260

1000

TS50

11 657

a00 —

250 o

Sorted By H Sigmal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with IS3TDs

Sigmal l: DAD] A, Big=220,4 Ref=360,100

Peak FetTime Type Width Area Height Area
# [min] [win] [wAlT*s] [mdT] %

il et l--==l-=-=-=- | === |--====— | === |
1 5.413 MM 0.2941 3.97404e:4 2251.75903 49,7197
2 11.657 BE 1.0083 4.01856e4 605.70270 50.2803

Totals : 7.99290e4  Z860.46173

1260 6/53/2007 11:06:33 AM SYSTEM Page 1 of 2



Data File E:\DAT&)5C,3C-3-13,3C-3-13-F 2016-12-10 23-32-1248C-3-13.D
Sanple Name: 2C-3-13-P

Acg. Operator

hcog. Instrument :

Injection Date

hAcg. Method

Last changed

Analysis Method :

Last changed

SYSTEM Seq. Line : 1
1280 Location : 15
1271072016 11:33:34 FPM Inj : 1

Injy Volume : 5.000 nl

¢ E:WDATAN SCHEC-3-13%3C-3-13-F 2016-12-10 23-32-12%53C-1-A5H-90-10-2Z20NM-1HML-

ZOMIN.M

12/10/2016 11:32:12 PM by 53YSTEM

E:4DATAY 5CY8C-3-1343C-3-13-F Z016-12-10 23-32-1243C-1-A3H-90-10-2Z00M-1ML-
ZO0MIN.M (Sequence Method)

6/3/2017 11:08:38 AM by SYSTEM

jmodified after loading)

Additional Info : Peakis) manually integrated

Da01 A, Sig=220,4 Ref=360,100 (EDAT A5 CASC-3- 105 C-3-13-P 2016 12-10 23-32-1206C-3-13.0)
mall ] °°‘ rgﬁ?ﬁ’
1600
1400
1200
1000 -
200 +
600 -
<400 -
200 < —
=
o] : =
T T T T T
L i] 2 10 12 14 miny
Sorted By : 3ignal
Multiplier H l.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADY &, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [malT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 5. 485 MM 0.3157 3.36262ed  1775,29590 96,4275
Zz 11.771 BE 0.7996 1245.50261 19.01017 3.5725
Totals : 3.48720ed4 1794, 30607
1260 6/3/2017 11:08:42 AM 3Y3TEM Page 1 of 2

Figure S106. HPLC spectrum of Sy, related to Table 3.
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Figure S107. 'H NMR spectrum of 1i, related to Table 3.
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Figure S108. 1°C NMR spectrum of 1i, related to Table 3.



Data File E:\DATAY3CY3C-170604-bub3C-170604-E0 2017-06-04 15-54-34\3C-170604-bul7.D
Sample Name: 5C-2-18

hcg. Operator : SYSTEM

Acg., Instrument : 1260 Location : 0
Injection Date @ &6/5/2017 12:50:07 AM Inj : 1
Injy Volume : 5.000 nl
Bcg. Method : E:ZDATA\ 3CYSC-170604-bu\3C-170604-E0 2017-06-04 15-54-34\3C-5-0JH-95-2-
F00NM-1ML-35MIN. M
Last changed 1 67472017 3:54:356 PM by SYSTEM

Analysis Method : E:\DATAY, 3C,3C-170604-bu)3C-170604-BU 2017-06-04 15-54-3443C-5-0JH-95-2-
J0O0NM-1ML-35MIN.M (Sequence Method)

Last changed 1 64542017 §:56:33 PM by SYSTEM
[modified after loading)

hdditional Info : Peak(s) manually integrated

DADT A, Sig="300,4 Ref=360,100 (E°DAT ASC. - 170604-bu*S C-170604-BU Z017-06-04 15-54- 35 C-170604-bu17 .O)
L] o
o
500 &
L]
=
400 - i
300
200
100
D 1
T T T T T T
[ 10 15 0 5 0
Area Percent Report
orted By H 3ignal
Multiplier H 1.0000
Dilution : l.00o0

Do not use Maultiplier & Dilution Factor with ISTDs

Siemal 1: DADL A, Sig=300,4 Ref=360,100

Peak RetTime Type Width hArea Height hArea
# [win] [wmin] [wid*s] [miT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 23.782 MH 0.6005 1.9015Ze4 527.81378 50.0455
2 31.213 BE 0.6950 1.89837e4 400,51453 49,9545

Totals @ 3.580019e4 925.325831

1260 6/5/2017 §:56:36 PM 3VSTEM Page 1 of 2



Data File E:\DATAY 3CW3C-170604-bu5C-170604-E0 2017-06-04 15-54-34%5C0-170604-buls.D

Zample Name: 3C-3-4B

bLcg. Operator

Acg. Instrument :

Injection Date

Acog., Method

Last changed

Analysis Method :

Last changed

Additional Info :

SYSTEM Seq. Line : 19

1Z60 Location : gl
6/5/2017 l:26:30 AM Inj : 1

Inj Volume : 5.000 pl

¢ E\DATAN 3ChWEC-170604-buh 5C-170604-B0 2017-06-04 15-54-34\5C0-5-0TH-95-2-

S00NM-1ML-35MIN. M

6/4/2017 3:54:36 PM by SYSTEM

E:\DATAY BCY5C-170604-bu 5C-170604-BU Z017-06-04 15-54-34%5C-5-0JH-95-2-
FOONM-1ML-35MIN.M (3equence HMethod)

6/5/2017 8:56:33 PM by SYSTEM

[modified after loading)

Peak(s) manmmally integrated

DADT A, 5ig=300,4 Ref=360, 100 (EADATASC. .- 170604 budS C- 1 70604 B 2017-06-04 15- 54305 C- 170604 b 15 .07
mALl ]
500
400
300
200
100 E
H
D |K 1
T T T T T T
5 10 15 0 15 30
Lrea Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with I5TDs
Sigrnal 1: DAD] A, 5ig=300,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 23.873 BE 0.5135 Z009.01543 59, 26756 6.2881
2 30.813 EBE 0.7163 Z.99405e4 596.83704 93,7119
Totals : 3.19495e4 656, 10460
1260 £ /542017 5:57:45 PM SYSTEM Page 1 of 2

Figure S109. HPLC spectrum of 1i, related to Table 3.
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Figure S110. 'H NMR spectrum of 5z, related to Table 3.
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Figure S111. '>°C NMR spectrum of 5z, related to Table 3.



Data File E:\DATAY 3CY3C-2-45B% SC-2-45E-A5H-90-10 2016-11-13 22-15-12\5C-2-45B.1
Sample Name: 3C-Z-45B-A3H-90-10

bLcg. Operator

Acg. Instrument :

Injection Date

Acog., Method

Last changed

Analysis Method :

Last changed

Additional Info :

SYSTEM Seq. Line : 1

1Z60 Location : 65
11/14/2016 2:16:37 P Inj : 1

Inj Volume : 5.000 pl

¢ E:\DATAY 3ChY3C-2-45BY 3C-2-45B-A3H-90-10 2016-11-13 22-15-12%5C-1-A5H-50-10-

Dan-1ML. M

11/14/2016 2:15:12 PM by SYSTEM

E:\DATAY BCY5C-2-45B% 5C-2-45B-4%H-90-10 2016-11-13 22-15-1243C-1-4%H-90-10-
DAD-1ML. M (3ecuence Method)

6/3/2017 11:11:28 AM by SY3TEM

[modified after loading)

Peak(s) manmmally integrated

mALl

200 -

Fo0 -

G600

500

400 -

300 —

200 o

100

DADT A, Sig=220 4 Ref=360, 100 (ENDATASCAVSC-2-45B0 5 C-2-45 8- ASH-0- 10 2016-11-13 22-15- 1206 C-2-458.00

W
o

= -

miry

Sorted By
Multiplier
Dilution

1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Signal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type

Tidch Area Height Area
[min] [wdT*s] [wATT] %

# [win]
1 g.585 BE
2 159.325 MM
Totals :

0.5769 3.22033e4 §50.27032 50,0591
1.6614 3.21273e4 3l6.46292 45,9409

6.43305ed  1168.73325

1260 6/5/2017 11:11:32 AM SYSTEM Page 1 of 2



Data File E:\DATAY 5CY5C-3-445C-3-4-P 2016-12-08 23-13-2545C-3-43.D
Sample Name: SC-3-4BE-T

Acg. Operator 1 SYSTEM Sedq. Line : 4
Acg. Instrument : 1260 Location : 15
Injection Date @ l2/9/201¢6 12:15:31 &M Inj : 1
Injy Volums : 5.000 pl
Log., Method : E:ZDATAN 5CYSC-3-445C0-3-4-F 2016-12-08 23-153-2545C-2-45H-90-10-220NM- 25MIN-
1IML.M
Last chatged r 12/6/2016 11:13:25 PM by 3YSTEM

Analysis Method : E:\DATAY 3CY\5C-3-443C-3-4-P 2016-12-08 23-13-2543C0-2-4%H-90-10-Z20NM- Z5HMIN-

1ML.Y (3equence Method)
Lazt changed T 64372017 11:14:1% AM by SYSTEM
(modified after loadindg)
Additional Info : Peakis) manually integrated

DADT A, Sig=220,4 Ref=360,100 (EDAT ASCASC-3-NS C-3-4-P 2016-12-08 23-13-2605C-3-43.0)
makl “ 4
00 -
GO0 |
400 —
200 -
k = o
8 4
1]
T T T T T T T T T T
i g )] 12 14 15 18 20 22 24 min
Area Percent Report
Jorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADL &, 5ig=220,4 Ref=3560,100
Peak FetTime Type Width Area Height Area
# [min] [win] [mal*s] [maTT] %
el e |-=-==l-=-=--- | === |-=-===—-=—— | === |
1 8.608 MM 0.64059 3.57025e4d 928.50531 98,5633
Z 19.501 MM 1.65818 520.3%96687 5.15701 1. 4367
Totals : 3.6222%:4 933.66232
1260 6/3/2017 11:14:21 AM SYRTEM Page 1 of 2

Figure S112. HPLC spectrum of 5z, related to Table 3.



000'0- —
PL9'T

$89'1

0691

00L'1

RAE
S8L'1
63L'1 1
€6L1
018'
618'1 1
0£8'1
€361
2661
5661
£00°
920'C
8L0T
680 ~
60
Lo1T k

811'T

LI8T
0T8T .
«Nm.ww. Toot

68T

80
Feoz

90 1
201

S —

LyL'e .
[47% > Toot

9sTL
LIEL
S8Y'L
vov'L
€0S°L
60S°L
81S°L
LTS'L 860
665°L

€09°L U To0z
0T9°L & F00°T
vo'L N.

vI8'L
wyL
8€8L

9¥8L
098°L O

698°L o)

4
3
7 T

0€6'L

3.0 2.5 2.0 1.5 1.0 0.5 0.0

35

75 70 65 60 55 50 45 40
f1 (ppm)

8.0

8.5

Figure S113. 'H NMR spectrum of 1j, related to Table 3.
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Figure S114. 'H NMR spectrum of 1j, related to Table 3.



Data File E:%DATAN3CYIC-2-404Y 3C-E-404-IA-99 Z016-11-27 Z3-08-38\5C-Z-404.D
SC-2-404-TIA-99

Sample Name:

Ao, Operator

Aog, Instrument :

Injection Date

Acg, Method

Last changed

Analysis Method :

Last changed

SYATEM Seq. Line : 1
1260 Location a3
11/28/2016 3:09:57 PM Inj : 1

Inj Volume : 5.000 pul

¢ E:WDATAN SCHIC-2-404% 3C-2-404-TA-99 Z016-11-27 Z3-08-38\5C-3-IA-99-1-DAD-1HML

M

11/28/2016 3:08:35 PM by SYSTEM

E:\DATAY 5CY5C-2-404) SC-2-40A4-Ta-99 2016-11-27 23-08-38\3C-3-Ia-99-1-DAD-1ML
Mo (Gequence Method)

6/4/2017 4:57:47 AM by 5YSTEM

(modified after loading)

Additional Info : Peak(s) marnually integrated

OADT A, Sig=220 4 Ref=360,100 (E"\DAT ASCASC-2-40 A5 C-2-40A- 1499 Z016-11-27 23-08-38'S C- 2-40A0)
mAkl g
2
700 =
o
E00
500
400
200
200
100
o AN ,
T T T T T T T
o 2 4 & 2 10 12 14 ming
Area Percent Report
orted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADL A4, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Hejght Area
# [min] [min] [mal*s] [mall] %
=== |--==l-===-== | === |—==———— |-====-== |
1 11.544 BV 0.4690 2,36626e4 752.19550 49,5919
2 13.360 VB 0.5331 2.37652ed 658, 41266 50,1081
Totals : 4.74278e4 1410.60546
1260 6/4/2017 4:57:50 AM 5Y5TEM Page 1 of 2



Data File E:\D&TA\SCY3C-5-14,3C0-5-14 Z2017-05-06 00-24-58,5C0-5-141.D
Sample Name: 5C-5-144-35

Ao, Operator : AYSTEM 2
Aog, Instrument : 1260 Location : 11
Injection Date @ 57672017 12:47:14 AM Inj : 1
Inj Volume : 5.000 pul
Acg, Method : E:ZDATA\SCY3C-5-1443C-5-14 Z017-05-08 00-24-5543C-3-TA-59-1-300NM-1ML-20MIN
M
Last changed : 5/6/2017 12:24: 58 AM by SYATEM

Analysis Method : E:\DATAYSC,SC-5-1445C-5-14 2017-05-06 00-24-5845C-3-TA-99-1-300NMM-1ML-20MIN
Mo (Gequence Method)

Last changed 1 6/4/2017 4:58:25 AM by 3YSTEM
(modified after loading)

OAOT A, Sig=300,4 Ref360, 100 (B DAT SOV T-5-TRSC-5- T4 Z077-05-06 00- 24 505 C-5-747.T
mALl =
226
200
175
150
125
100
ik
a0
25 g
o}
D 1
T T T T T T T
o 2 4 G 2 10 12 14 min
Area Percent Report
Sorted By H Sigmal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTD=
Signal 1: DADL A, %5ig=300,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mal*s] [maT] %
=== |--==l-===-== | === |—==———— |-====-== |
1l 11.410 BE 0.4459 6702.06592 Z224,73598 97.6798
2 12.921 BE 0.3457 159.1%9275 5.88305 2.3202
Totals : 6861, 25867 230.61903
1260 6/4/2017 4:55:25% AM 5Y5STEM Page 1 of 2

Figure S115. HPLC spectrum of 1j, related to Table 3.
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Figure S116. 'H spectrum of 5A, related to Table 3.
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Figure S117. '>°C NMR spectrum of 5A, related to Table 3.



Data File E:\DATAY3CY3C-2-524% 3C-2-524 2017-05-05 08-42-56%3C-2-524.D

Sample Name: SC-2-524

Acg. Operator SYSTEM Sedq. Line : 1
Acg. Instrument : 1260 Location : 358
Injection Date 54572017 5:44:20 AM Inj : 1

Acg. Method

Last changed
Analysis Method :

Last changed

Additional Info :

Injy Volums : 5.000 pl

1 E:NDATAN BCYIC-2-5240 50-2-524 2017-05-05 08-42-56%43C-1-A5H-80-20-220NM-1ML-

A0MIN. M

5/5/2017 5:42:56 AM by SYSTEM

E:\DATAY 3C\35C-2-524 5C-2-524 2017-05-05 08-42-56,3C-1-4A%H-80-20-220NM-1ML-
A0MIN.M (Zequence Method)

6/3/2017 11:20:37 AM by S5YSTEM

(modified after loadindg)

Peakis) manually integrated

OADT A, Sig=220,4 Ref=360,100 (EMDAT ASCAE C-2-62 205 C-2-82A 201 7-05-08 08-42-8 605 C-2- 52 00)
makl _| o
600 -
S00 |
400 |
F0n | r?:c_a
-
L&
200+ =
100
1] : T
T T T T T T
L 5] g 10 12 14 16 min
Area Percent Report
Jorted By Signal
Multiplier 1.0000
Iilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADL &, 5ig=220,4 Ref=3560,100
Peak FetTime Type Width Area Height Area
# [min] [win] [mal*s] [maTT] %
el e |-=-==l-=-=--- | === |-=-===—-=—— | === |
1 5.932 EBE 0.4722 2.12265e4 £79.97308 49,8013
2 1zZ.z240 MM 1.7772 2.1395%e4 Z00.6539% 50,1987
Totals : 4, 262234 880.62705
1260 6/3/2017 11:20:43 AM SYSTEM Page 1 of 2



Diata File E:A\DATAN SCYV3C-5-144%3C-5-144 2Z017-05-05 09-05-49%3C-5-144.D

Sanple WName:

hcg. Operator

Acog. Instrument :

Injection Date

Acg. Method

Last changed

Analysis Method :

Last changed

Additional Info :

SC-5-144-11H-F

STATEM Geq. Line : 1
1260 Location : 32
54572017 9:07:11 AM Inj : 1

Inj Wolume : 5.000 pl

¢ E:WDATAN SCHIC-5-14aY 5C-5-144 2017-05-05 09-05-4945C-1-A5H-50-20-220NHM-1HL-

ZEMIN.M

574572017 9:05:49 AM by SYSTEM

E:ZDATAY SCY3C-5-144Y 3C-5-144 Z017-05-05 09-05-4943C-1-A%H-50-Z0-22Z0NM-1ML-
ZEMIN.M (Secquence Method)

67372017 11:24:53 AM by 3Y3ITEM

[modified after loading)

Peak(s) mamually integrated

DAL A, Sig= 2203 Ref300, 100 (E-0AT A CVEC-5- 19205 C-5- 185 201 7-05-05 05-05-495 C-5- 19A.0)
mAl > L]
2500 i B
e
2000 -
1500 -
1000 o
500
a’\
o
o 4
qﬁ.
o
T T T T T T
4 & H 10 1z 14 16 i)

Sorted By
Multiplier
Dilution

Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL A, $ig=220, 4 Ref=360,100

Peak RetTine Type Width Ares Height Area
# [min] [min] [mall*s] [walT] %
=== |====]-===--- | ——==———— === |======== |
1 5.794 MM 0.4744 7.14785e4 2511.26685 96.9390
2 1ll.500 MM 1.3900 2z257.01074 27.06268 3.0610
Totals : 7.37355e4  Z538.32952

1260 67372017 11:25:04 AN SYSTEHM

Figure S118. HPLC spectrum of 5A, related to Table 3.

Paie 1 of 2
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Figure S119. 'H NMR spectrum of 1Kk, related to Table 3.
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Figure S120. '>°C NMR spectrum of 1k, related to Table 3.



Data File E:\DATAY 3CY5C-4-86B" 5C-4-86B-0J-90 2017-04-09 16-20-56%3C-4-86B.D
Sample Name: 5C-4-36B-0J-%0

bLcg. Operator 1 3YSTEM Seq. Line : 1
Ao, Instrument : 1l2a0 Location : 17
Injection Date @ 4/9/2017 4:22:22 PH Inj : 1
Inj Volumwe : 5.000 pl
Aog. Method : E:\DATAY 5CY3C-4-86BY 5C-4-86B-07J-90 2017-04-09 16-20-564%5C-5-0JH-90-10-DAD-
1IML.M
Lazt changed r 47972017 4:20:56 FPM by SYSTEM

Analysis Method : E:ZDATAY SCY,5C-4-836BY 5C-4-836E-0J-90 2017-04-09 16-20-5645C-5-0JH-90-10-DAD-
IML.M (Secquence Method)

Last changed : 64472017 5:07:59 AM by SVSTEM
(modified after loading)

OADOT, Sig=320 4 Re=3500 00, BT of ST-4-560.00
mAll =S
0
T L=
300 =
(=]
2460 o
200
150+
100
4l o
o . :
T T T T T
2 4 1] 8 i)
hLrea Percent Report
Zorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Maultiplier & Dilution Factor with ISTDs

Sigmnal 1: DADL, Sig=3Z0,4 Ref=355,90, EXT
S5immal has been modified after loading from rawdata file!

Peak RetTime Type Width Area Height Area
# [min] [min] [mal*=] [wal] %
el EECLELE |====]======= | === |-========- | == === |
1 &.386 BE 0.1587 3378.11938 323.76913 50.0061
2 9.415 BE 0.1820 3377.29370 283.40693 49.9939

Totals : 6755.41309 607.1761z2

lasl 67472017 5:08:03 AM SV3ITEM Page 1 of 2



Data File E:\DATAY3CY3C-4-108%35C0-4-108 Z017-04-23 12-57-3143C-4-108Z.D

Sanple Name:

5C-4-108B-5

Acg. Operator
Acg. Instrument :
Injection Date

Acg. Method

Last chanhged

Analysis Method

Last changed

Additional Info :

STATEM Sedq. Line : 3
1280 Location : 32
472372017 1:25:12 FM Inj : 1

Inj Wolume : 5.000 pl

: E:\DATAN 3CY3C-4-108Y 3C-4-108 2017-04-23 12-57-31%\3C-5-0JH-90-10-320NH-1ML-

1ZMIN.M
472372017 12:57:32 PM by 3T3TEM

: E:\DATAN SCHAC-4-108% 3C-4-103 2017-04-23 12-57-310\5C-5-0JH-20-10-320NH-1ML-

12MIN.M (Sequence Method)
6/4/2017 5:10:21 AM by SYSTEM
[modified after loading)

Peak (s) mammally integrated

makl

1400

1200

1000

200+

G0 —

400 —

200+

DADT A, Sig=320,4 Ref=360,100 (EADAT ASCAVSC-H 105 C-4-108 2017-04-23 12-57- 2105 C-4-1082 .00

12

b
-]
L=
o
=

miry

Gorted

By

Multiplier
Dilution
Do not use Maultiplier & Dilution Factor with ISTDs

Signal l: DADL A, $ig=320,4 Ref=360,100

FPeak FetTime Type Width Area Height Area
# [min] [min] [wall*=] [mall] %
il et [l | -—-=——-=—-= | === |—=====—- |
1 g.509 MM 0.1707 §90.24921 86.93507 4. 5118
2 9.512 BB 0.1899 1.35415%=4 1506.41113 95,4332
Totals : 1.97317e4  1593.34620
1260 6/4/2017 S:10:25 AM 3TSTEM Page 1 of 2

Figure S121. HPLC spectrum of 1Kk, related to Table 3.
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Data File E:%\DATAY 3CY3C-4-88EY 3C-4-886-4%-90 2017-04-0% 17-30-3143C-4-58E.D
Sample Name: 5C-4-58B-45-90

Acg. Operator : S¥STEM Seqg. Line : 1
Acg. Instrument : 1280 Location : 19
Injection Date @ 47972017 5:31:57 PM Inj : 1
Injy Volume : 5.000 nl
Acog. Method : E:\DATAY SCY5C-4-58BY 5C-4-5586-45-90 2017-04-09 17-30-3145C-1-A5H-90-10-DAD-
1IML.M
Last changed o 4/9/2017 5:30:31 PM by SYATEM

Analysisz Method : E:\DATAY3CY3C-4-38BE) 5C-4-88B-4%-90 2017-04-09 17-30-3143C-1-A3H-90-10-DaD-

IML.M (Sequence Method)

Lazt changed TOB/3/2017 11:41:05 AM by S5YSTEM

[modified after loading)

Addditional Info : Peak(s) mamally integrated

mAkl

175

1560

124

100

46 o

a0 -

25

DAL A, Sig=220 4 Ref=260,100 (EADAT ASCAS C-4-228BVEC-4-28B- AS-00 2017 -04-00 17-30-310SC-4- 888 .07

w

- - 9'\

J%:-E a
%,

Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do mot use Maultiplier & Dilution Factor with ISTDs

Sigmal l: DaDl A, Sig=220,4 Ref=360,100
Peak FetTime Type Width Area Height Area
# [min] [min] [whT*s] [1iiT] %
il et l--==]----=—- | —==————— | === | === |
1 7.636 MU 0.4557 5354.91455 195.66675 50.0037
Z 15.8z29 MM 1.0129 5354.12256 §5.59551 49,9963
Totals : 1.07650ed 254, 26226

1260 64342007 11:41:20 AM SYSTEM Page 1 of 2



Data File E:\DATA& 3CY,3C-4-108%3C-4-108 2017-04-23 12-57-3143C0-4-1085.D
Sanple Name: 3C-4-105B-P

hcg. Operator
Ao, Instrument :
Injection Date

Acg. Method

Last chanhged H
Adrnalysis Method :

Last changed

Additional Info :

SYATEM Sedq. Line : &
laa0 Location : 34
472372017 2:20:52 PM Inj : 1

Inj Wolume : 5.000 nl

: E:\DATAY 3CY3C-4-108% 3C-4-108 2017-04-23 12-57-3143C-1-A3H-20-10-220NM-1ML-

Z0MIN.M

4/23/2017 12:57:32 FPM by 5YSTEM

E:4DATAY 504 5C0-4-108Y 53C-4-105 2017-04-23 12-57-3143C-1-45H-90-10-2200MM-1ML-
ZOMIN.M (Secquence Method)

6/3/2017 11:43:14 &M by SVITEM

(modified after loading)

Peak (3) manmally integrated

DADT A, 5ig=220,4 Ref=360,100 (EADATASCASC-4 1005 C-4-108 2017-04-23 12573108 C-4-1085.00)
makl = )
] A
&
GO0
500 -
400
300
200
100 +
=+
&
o] 2
T T T T T T T
G o) 10 12 14 16 12 miry
Area Percent Report
orted By 3ignal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADL &, 3ig=2Z20,4 Ref=360,100
Peak FRetTime Type Width hArea Height Area
# [min] [min] [mall*=] [mall] %
il bt |-===]-===—- | === | === |-=====—- |
1 7.606 MM 0.4606 1.91715e4 633.723582 97.1851
2 15.3584 BE 0.7498 555.30535 g.79283 2.8149
Totals : 1.97271ed 702, 51664
1260 6/3/2017 11:43:56 AM ST¥S5TEM Page 1 of 2

Figure S124. HPLC spectrum of 5B, related to Table 3.
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Figure S125. 'H NMR spectrum of 11, related to Table 3.
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Data File E:\DATAY5Ch,5C-2-40B% 5C-2-40B-0J7-95 Z2016-11-27 19-57-25,3C-2-.D
Sample Name: 3C-Z2-40B-0J-98

Ao, Operator 1 SYSTEM Seq. Line : 1

Acg. Instrument : 1280 Location : R
Injection Date @ 1172872016 11:55:46 AM Inj : 1
Injy Volume : 5.000 pl
Bog., Method : E:ZDATA\ 5C,SC-2-40BY 3C-2-40B-0J-98 2016-11-27 19-57-25%5C-5-0JH-95-2-DAD-
1ML.H
Lazt changed r 1172872016 11:57:25 AM by 5VSTEM

Analysis Method : E:\DATAY, 5CY,3C-2-40BY 5C-2-40BE-0J-98 2016-11-27 19-57-2543C-5-0JH-95-2-DAD-
IML.M (3equence Method)

Last changed 1 6/4/2017 5:14:34 AM by SYSTEM
jmodified after loading)

Additional Info : Peak(s) manually integrated

DADT A, Sig=220 4 Ref=360,100 (EADATASCV C-2-40 S C-2-40 8- 0J0-95 2016-11-27 19-57-205C-2-.0)

o
mALl -

500 +

400 —

16929

300 +

200 +

100

=
)
=
o™
o
=
s
=
=
-

Sorted By H Signal
Multiplier H 1.0000
Dilution : l.00o0

Do not use Maultiplier & Dilution Factor with ISTDs

Signal 1: DADL A, Sig=220,4 Ref=380,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mdT*s] [mdT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 13.13% BE 0.2590 9855.99023 566.47467 49,8885
2 16.989 BB 0.4243 9901.045%0 372.22961 50.1115

Totals : 1.975580e4 938.70428

1260 6/4/2017 5:14:41 AM SYSTEM Page 1 of 2



Data File E:\DATANSCY3C-5-2003C-5-20 2017-05-07 16-34-18,3C-5-20.D
Sample Name: 5C-5-20-5

Ao, Operator

Aog, Instrument :

Injection Date

Acg, Method

Last changed
Analysis Method

Last changed

Additional Info :

SYSTEM
1260 Location
57742017 4:35:49 PM Inj

Inj Volume :
: E:\DATAY3CH3C-5-20%43C-5-20 2017-05-07 16-34-15843C-5-0JH-595-2-300NM-1ML-

ZOMIN.M
57742017 4:34:018 PM by A3YRTEM

ZOMIN.M (Sequence Method)
6/4/2017 5:12:09 AM by SYSTEM
(modified after loading)

Peak (3] manually integrated

5,000 ul

: E:\DATAY3C,3C-5-2043C-5-20 2017-05-07 16-34-1843C-5-0JH-958-2-300NM-1HML-

DADT A, Sig=300,4 Ref=360,100 (E'DAT S CASC-5-20VGC-5-20 Z017-05-07 16-34-T8\SC-5-20.00
mAkl o
1400
1200
1000
S00
GO0
400
200
g
jac}
o L
T T T T T T T T
2z 4 [ g 10 14 16 18 miny
Area Percent Report
orted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD1 A4, Sig=300,4 Ref=360,100
Peak RetTime Type Width Area Hejght Area
# [wmin] [min] [wal*s] [walT] %
=== |--==l-===-== | === |—==———— |-====-== |
1 13.881 EE 0.2684 359.14682 20.10318 0.9357
2 17.923 BE 0.3761 3.57117ed 1421.27563 99,0043
Totals : 3.60708e4 1441,37851
1260 6/4/2017 5:12:12 AM 5Y5STEM Page 1 of 2

Figure S127. HPLC spectrum of 11, related to Table 3.



60 50 40 30 20 10

70

<
ro
01 |\
Forp 2
o ereT ~
oo = €St —
Feot
" 0T9E —
FS0T [ e
Fot
sTrr
. o O6h
. o WS~
. 801
. " 2r6s —
g o )
. . 8299~
) P76~
: Lo 8£°69
o L <2 89°9L
o AN
' 004
' 2
: n
B M en
cé.ﬁ :
59T
2687 | AO..
1687 . —_
969°¢ g\w 00T m
Nﬁi S
. Nz
i a2
188
N_?/
A 01| o : s1Ten —
1€6'9 1 [w w srvel —
890°L 5821 ~
0L0'L i cz6tt 7
: “ = oreel —
Foa < L0981 —
= el —
Q
o A
re ..m 17671 —
et
<
" > 1851 —
L2 )
o}
[Tg}
00°€LT —
G
o
=
3
S
.
)
0T F oo
an) 0£'817—
i
.
R
[g\]
-
wn
5]
o
=
(=]
=

100 90 80
f1 (ppm)

110

120

190 180 170 160 150 140 130

210 200

Figure S129. '°C NMR spectrum of 5C, related to Table 3.



Data File E:\DATAY5CY5C-2-52B\ 5C-2-52B-45H-90-10 2016-11-14 10-23-11%5C-2-52B.1
Sample Name: 3C-Z2-5ZB-ASH-90-10

Ao, Operator

Acg. Instrument :

Injection Date

Acg. Method

Last changed

Analysis Method :

Last changed

Additional Info :

SYSTEM Seq. Line : 1

1280 Location : 9z
11/15/2016 2:24:27 AM Inj : 1

Injy Volume : 5.000 pl

: E:WDATAN SCHIC-2-52ZBY 3C-2-52B-A3H-90-10 2016-11-14 10-23-11%5C-1-A5H-90-10-

DAD-1ML. M

11/15/2016 2:23:11 AM by 3YSTEM

E:4DATAY 50\ 85C-2-52BY 5C-2-52B-A%H-90-10 2016-11-14 10-23-11%3C-1-A%H-920-10-
DAD-1ML. M (Sequence Method)

6/3/2017 11:45:29 AM by SYSTEM

jmodified after loading)

Peak (3] manually integrated

mALl
F0o0 +

G000 -

a00 -

400 -

200

200 +

100

DADT A, Sig=220 4 Ref=360,100 (EADAT AS OV C-2-52 NS C-2-52B-A5H-00- 10 201 6-11-14 10-22- 1105 C-2-52B.00

[

14254

Sorted By
Multiplier
Dilution

l.00oo0

Do not use Maultiplier & Dilution Factor with ISTDs

Signal 1: DADL A, Sig=220,4 Ref=380,100

Peak RetTime Type

Width Area Height Area
[min] [mdT*s] [mdT] %

# [min]
1 g.917 BE
2 14.254 BE
Totals :

0.5172 2.35650ed 700.50344 50,0115
1.0250 Z.35542ed 349.17953 45,9885

4.71192ed4  1050.08298

1260 6/5/2017 11:45:31 AM SYSTEM Page 1 of 2



Data File E:\DATAY 3CY3C-5-2003C-5-20 2017-05-07 16-34-18%3C-5-203.D

Sample Name: 3C-5-20-T

Ao, Operataor SYSTEM Sedq. Line :
Aog., Instrument : 1260 Location :
Injection Date 5/7/42017 5:E29:38 M Inj

Inj Volumwe :
Ao, Method
Z0MIN.M
Last chatged 5/7/2017 4:34:15 FPM by SYSTEM
Analysis Method
ZO0MIN.M (Sequence Method)
6/3/2017 11:45:08 AM by SYSTEM
jmodified after loading)
Peak(s) manually integrated

Last changed

Aadditional Info :

5.000 ul

1 E:ZDATANSCASC-5-20%3C-5-20 2017-05-07 16-34-18%5C0-1-A3H-920-10-220NM- 1ML-

: E:ZDATAY3CY3C-5-20%3C-5-20 2017-05-07 16-34-18%3C-1-A%H-90-10-220NM- 1ML~

@
mAkl F

a00 +

400 -

200 +

200 +

100

DADT A, Sig=220 4 Ref=360,100 (EMDAT ASCAVS C-5-2003 C-6-20 2017-05-07 16-34- 105 C-5-203.00

orted By 3ignal
Multiplier 1l.000a0
Dilution 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Sigmal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [mdT] %
el |====]-=--=-- | =======—-= |-=-===-=—-- | === |
1 9.049 BB 0.5513 1.99574ed 530.90472 95.4598
Z 15.z241 Mn 1.3013 312.19092 3.995833 1.540z2
Totals : 2.02695:4 543.90305

1260 67372007 11:48:10 AN 3VSTEM

Figure S130. HPLC spectrum of 5C, related to Table 3.

Pace 1 of 2
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Figure S132. °C NMR spectrum of 1m, related to Table 3.



Data File E:‘\DATAY 5CY3C-3-9143C-3-91-45-98 2017-02-09 17-33-55%5C-3-911.D

Sample Name: 3C-3-91

bLcg. Operator

Acg. Instrument :

Injection Date

Acog., Method

Last changed

Analysis Method :

Last changed

Additional Info :

SYSTEM Seq. Line : 2

1Z60 Location : 11
27972017 h:h6:12 PM Inj : 1

Inj Volume : 5.000 pl

¢ ED\DATAN 3CWEC-3-9143C-3-91-A%-95 2017-02-09 17-35-55%3C-2-ASH-95-2-DAD-1ML.

i

27972017 5:33:55 PM by SYSTEM

E:\DATAY BCYEC-3-914,5C0-3-91-45%-98 2017-02-09 17-33-55\8C-2-ASH-98-2-DAD-1ML.
M (Jequence Method)

6/4/2017 5:18:34 AM by SYSTEM

[modified after loading)

Peak(s) manmmally integrated

DADT A, Sig=220 4 Ref=360,100 (EMDATASCVSC-3-0105 C-3-91- 4598 2017-02- 09 17-32-550\5C-3-011.00
mAkl >
)
60D @
o
00
<400 —
300 +
200 -
100
D 1
T T T T T T T
1] 2 4 ] g 10 12 14 miny
Lrea Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Signal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 7.339 BV 0.2036 §708.80078 645.61542 50.2459
2 83.199 VB 0.2263 8623.55371 577.35950 495.7541

Totals : 1.73324ed  1225.9749]1

1260 6/4/2017 5:18:56 AM 3YITEM

Page 1 of 2



Data File E:\DATAY 3CV\5C-2-143C0-4-1-% 2017-02-17 16-50-03%3C-4-12.D
Sample Name: 5C-4-1B-5

Aco. Operator : AYSTEM 3
Acg., Instrument : 1260 Location : 12
Injection Date @ 271772017 5:33:43 PM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3ChVSC-4-1%3C-4-1-3 2017-02-17 16-50-0343C-1-A%H-96-2-220MM-1ML-
15MIN.M
Last changed : 241772017 4:50:03 PM by A3YSTEM

Analysis Method : E:\DATAYSCY,S5C-4-1%3C-4-1-% 2017-02-17 16-50-03%3C-1-A%H-98-2-220NM-1ML-
1EMIN.M (Sequence Method)

Last changed : 6/4/2017 5:16:59 AM by SYSTEM
(modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, Sig=220,4 Ref=360, 100 (E:\DAT A SCASC-4- 1\SC-4-1-5 Z017-02-17 16-50-03%EC-<-12.0)
makl g
500
2000
1500
1000
500
o
J R
A AN
0 L
T T T T T T T
2 4 g g 10 12 14 miny
Area Percent Report
orted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Siemal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [win] [win] [waU*s] [wA] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 7.545 BV 0.2359 4.08279=4 2662.42480 95.4632
Z §.466 VB 0.2244 1940,30542 130.51927 4, 5368

Totals : 4, 27662ed 2792, 94405

laa0 6742017 5:17:02 AM FYRTEM Page 1 of 2

Figure S133. HPLC spectrum of 1m, related to Table 3.
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Figure S134. 'H NMR spectrum of 5D, related to Table 3.
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Figure S135. '°C NMR spectrum of 5D, related to Table 3.



Data File E:ZDATRY 5CY5C0-3-111%5C-3-111-28H 2017-02-14 =22-05-2845C0-3-1117.D
Sample Name: 3C-3-100

bLcg. Operator 1 S¥STEM Seq. Line : =3

Acg. Instrument : 1260 Location : 14
Injection Date @ 2/15/2017 12:30:27 AM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CY5C-3-111%5C-3-111-29H 2017-02-14 22-05-28%3C-3-I4-90-10-220NM-
AGO0MIN-1ML.H
Lazt changed r 271472017 10:05:258 PM by 53VSTEM

Analysis Method : E:\DATAYSCYSC-3-111%8C-3-111-29H 2017-02-14 22-05-2848C-3-I4-90-10-220NM-
GOMIN-1ML.M (Zequence Method)

Last changed T 64372017 7:42:10 PM by SYSTEM
[modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, Sig=220 4 Ref=360, 100 (EADATASCVSC-2- 11 IV C-3-111-29H 2007 -02-14 22-058-28305C-2-1117.0)
mALl - g
3 &

200 -

150

24998

100

50+

Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Signal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 11.144 MN 0.5275 7642.599609 241.49182 45,9295
2 24.995 BB 1.0049 7664.5858358 106.72145 50.0705

Totals : 1.53076e4d 348.21327

1260 6/5/2017 7:42:16 PM SYSTEM Page 1 of 2



Data File E:%\DATRY 5CY5C-4-145C-4-1-F 2017-02-15 10-26-39%5C-4-12.D
Sample Name: 3C-4-1E-T

bLcg. Operator 1 S¥STEM Seq. Line : 3

Acg. Instrument : 1260 Location : 14
Injection Date @ 2/15/2017 11:10:20 AM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CY5C-4-143C-4-1-P 2017-02-18 10-26-39%5C-3-I4&-90-10-220MM-3 SMIN-
IML.M
Lazt changed 1 2/16/2017 10:26:40 AM by 3VSTEM

Analysis Method : E:\DATAY SCYS5C-4-148C-4-1-P 2017-02-18 10-26-3948C-3-TA-90-10-220NM-35MIN-
IML.Y (3equence Method)

Last changed T 64372017 7:45:14 PM by SYSTEM
[modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, 5ig=220,4 Ref=360, 100 (E:DAT ASCVSC-4 1\SC-4-1-F Z017-02-18 10-Z6-35C-12.00
L] 2 by
300 '€SL
700
600
500
400
300
200
<}f\
B
100 ;
7 4
qe
i T
T T T T T T
10 12.5 15 17.5 a0 124 5 75
Lrea Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with I5TDs
Sigral 1: DAD] A, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 1l.245 MN 0.5536 Z.77871e4 836.45492 95.0368
2 25.541 MM 0.9801 556.45062 9, 45207 1.963z2
Totals : 2.83435e4 545.94700
1260 £ /342017 T:45:17 PM SYSTEM Page 1 of 2

Figure S136. HPLC spectrum of 5D, related to Table 3.
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Figure S137. 'H NMR spectrum of 1n, related to Table 3.
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Figure S138. '°C NMR spectrum of 1n, related to Table 3.



Data File E:\DATA) 5C,3C-4-61'3C-4-61-4%-98 2017-03-28 10-35-42V3C-4-611.D
Sanple Name: 2C-4-61

Acg. Operator : 3YSTEM Seq. Line : 2

Location : 14
Injection Date @ 3/268/2017 10:53:10 AM Inj : 1
Acog. Method  BC-2-A5H-98-Z-DaD-1ML.HM

Analysis Method : E:ZDATAY 5CY5C-4-61%3C0-4-61-4%-95 2017-03-28 10-35-42%5C-2-A5H-98-2-DAD-1ML.
M (Sequence Method)

Lazt changed TBA4/2017 5:122:35 AM by SYSTEM
jmodified after loading)

Additional Info : Peak(s) manually integrated

OADT A, 5ig=320 4 Ref=360, 100 (EDAT AS TV T8 NS C-461-A%-08 I07V-03- 253 T0- 35405 C- 46710
AL =)

1200 +

6153

1000

200

G600 -

<400 —

200 —

Sorted By H Signal
Multiplier H 1l.000a0
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Siemal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mdT*s] [mdT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 5.160 BE 0.1345 1.12145=4 1275.88556 49,9971
2 6.153 BB 0.1600 1.12161e4 1072.96935 50.0029

Totalz : Z.24309e4  2345.85571

**% End of Report *%%

1260 67442017 5:22:57 AM 3VSTEM Page 1 of 1



Data File E:\DATAY 3CW3C-4-T7243C-4-72 2017-03-30 17-49-495C-4-72.D
SC-4-72-36H-3

Sample Name:

bLcg. Operator Seq. Line :
Acg. Instrument : 1260 Location :
Injection Date 3/30/2017 5:51:21 PM Inj

Inj Volume :
 E:\DATAN SCHEC-4-T72450-4-72 2017-03-30 17-49-49\5C-1-A5H-98-2-2200M-1ML-

Acog., Method
10MIN.H
Lazt changed 343072017 5:49:49 FPM by SY3TEM
Analysis Method :
10MIN.M (%Sequence Method)
6/4/2017 5:20:50 AM by SYSTEM
[modified after loading)

Peak(s) manmmally integrated

Last changed

Additional Info :

5.000 pl

E:\DATAY BCYEC-4-T2,50-4-72 2017-03-30 17-49-49 3C0-1-A%H-98-2-220NM-1HML-

mALl

@
o
bl

a00 - ]T

400 —

300 —

200 o

100

DADT A, Sig=220 4 Ret=360, 100 (ENDATASCVS C-4 7S C-4-72 2017-03-30 17 -48-4005C-4-72.0)

[
X3
.
w

= -

i
o
)
El

3

Sorted By Signal
Multiplier 1.0000
Dilution 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Signal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 5.2659 BB 0.1385 48l2.08447 532.27582 94,9692
2 6.350 MM 0.1743 254.91188 24.37050 5.0308
Totals : E066.99635 E556.64632

1260 6/4/2017 5:20:54 AM 3YITEM

Figure S139. HPLC spectrum of 1n, related to Table 3.

Page 1 of 2
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Figure S140. 'H NMR spectrum of 5E, related to Table 3.
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Data File E:\DATA) 5C\,3C-4-66%3C-4-66-AD-90 2017-03-28 16-57-31\3C-4-66.D
Sanple Name: 32C-4-66

Acg. Operator : 3YSTEM Seq. Line : 1
hcog. Imstrument : 1260 Location : 15
Injection Date @ 3/28/2017 4:59:01 PM Inj : 1
Injy Volume : 5.000 nl
Ace. Method : E:hZDATAN SC,5C0-4-66430-4-66-AD-90 2017-03-28 16-57-31435C-2-ADH-50-10-DAD-1ML
i
Lazt changed T 3728472017 4:57:31 PM by SVSTEM

Adrnalysis Method : E:%DATAY SCA\SC-4-664%3C-4-06-A0-90 =2017-03-28 16-57-31%5C-2-ADH-90-10-DAD-1ML
M (Sequence Method)

Lazt changed TOBA3/2007 Ti53:52 PM by SYSTEM
jmodified after loading)

Additional Info : Peakis) manually integrated

DADT A&, Sig=220 4 Ref=360,100 (EADAT &5 CAE C-4-6605 C-4-66- A0 90 201 7-03-28 16-67-3 1S C-<4-66 07

-+
mAkl ~

160

25,762

120

100

20+

Gl

20 4 b

Sorted By H Signal
Multiplier H l.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL A, Sig=220,4 Ref=380,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [mdT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 15.674 BE 0.5771 6402.79102 168.19650 50.05285
Z 25.763 BB 0.8065% 63859.29053 116.13608 49,9472

Totals @ 1.27921ed 264.33259

1260 67342017 7:53:58 PM 3VSTEM Page 1 of 2



Data File E:\DATRY 3CA\5C-2-7243C-4-72 2017-03-30 17-49-49%3C-4-T722.D
Sample Name: 5C-4-72-36H-P

Aco. Operator : AYSTEM 3
Acg., Instrument : 1260 Location : 15
Injection Date @ 3/30/2017 6:23:47 FPM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATA\ 3CY3C-4-TZ43C-4-7Z 2017-03-30 17-49-49\3C-2-ADH-90-10-2Z20NHN- 30MIN-
IML.M
Last changed T 373042017 5:4%:4% PM by A3YSTEM

Analysis Method : E:\DATAYSCV,S5C-4-72V5C-4-72 2017-03-30 17-49-49.3C-2-ADH-90-10-220NM-30MIN-
IML.M (Sequence Method)

Last changed 1 64372017 T:52:16 PM by SYSTEM
(modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, Sig=220 4 Ref=360, 100 (E:\DAT A CASC-4- 7S C-4-72 Z017-03-30 17 -40- 4005 C-4-722.0)
makl ] [ o
@.
A
400
350
200 +
250
200
150
100 4
<5>i
I
T
a0 - o g
i
o \-m .
T T T T T T
14 16 15 20 &3 4 26 miny
Area Percent Report
orted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with I5TDs
Sigrnal 1: DAD] A, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [win] [win] [waU*s] [wA] %
il |-===l-===-=- |--==———— |====——— |-=====- |
1 15.467 MM 0.6539 1.72852ed 440, 56662 92,4158
2 25.339 NN 0.9111 1415.52429 25.95015 7.5542
Totals : 1.87037=4 466, 51650
1260 64372017 7:52:20 PM 5YSTEM Page 1 of 2

Figure S142. HPLC spectrum of 5E, related to Table 3.
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Figure S143. 'H NMR spectrum of 1o, related to Table 3.
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Data File E:3\DATAY 5CY5C-170605-bu45C-170605-B0 2017-06-05 16-44-5345C-170605-BUZ.D
Sample Name: 3C-3-94-1

Ao, Operataor 1 SYSTEM Sedq. Line : 3
Aog., Instrument : 1260 Location : 52
Injection Date @ &/5/2017 5:35:38 PM Inj : 1
Injy Voluwe : 5.000 pl
Ace. Method : E:4yDATAY 5CYy5C-170605-buh5C-170605-B0 2017-06-05 16-44-53435C-5-00JH-90-10-
220NM-25MIN-1ML. M
Last changed I B/5/2017 5:32:34 PM by SYSTEM

Analysis Method : E:\DATAY, 3C,3C-170605-bul,3C-170605-B0 2017-06-05 16-44-5343C-5-0JH-90-10-
ZZ20NM-Z5MIN-1ML. M (3equence Method)

Lazt changed T BA5/2017 8:33:34 PM by 5YSTEM
jmodified after loading)

Additional Info : Peakis) manually integrated

DADT A, Sig=220 4 Ref=360,100 (EADAT A\SCAEC-170605-b NS C- 17 0B05-BL 2017-06-05 16- 448205 C-170605-8 U2 00
makl r

GO0 f

a00 +

18,887

400 —

300 +

200

100

orted By H 3ignal
Multiplier H 1l.000a0
Dilution : l.0000

Do not use Multiplier & Dilution Factor with ISTDs

Sigmal 1: DADL A, Sig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mall*s] [mdT] %
el |====]-=--=-- | =======—-= |-=-===-=—-- | === |
1 14.187 BE 0.3021 1.22925e4d 612.48792 50.0043
Z 15.857 BE 0.4516 1.22904e4 413.7016% 45,9957

Totala @ Z.45825e4  l026.18961

1260 65342007 8:33:41 PM 3VSTEM Page 1 of 2



Data File E:\DATAYSC,3C-3-111%3C-3-111 2017-02-15 11-35-4745C-3-111.0D
SC-3-1114-3

Sanple Name:

hcg. Operator
Acg., Instrument :
Injection Date

Acg. Method

Last changed
Analysis Method

Last changed

SYSTEM 1
1280 Location : 35
2715742017 11:37:17 AM Inj : 1

Injy Volume : 5.000 nl

¢ E:WDATANSCHEC-3-111%3C-3-111 2017-02-15 11-35-475C-5-0JH-90-10-Z2000M-25MIN

-1ML.M
271572017 11:35:47 AM by SYSTEM

: E:ZDATAY3CY3C0-3-11143C-3-111 2017-02-15 11-35-47\3C-5-0JH-90-10-220NM-25MIN

=1ML.M [ Sequence Method)
6/4/2017 5:25:01 AM by 3YSTEM

[modified after loading)

hdditional Info : Peak(s) manually integrated

DADT A, Sig=270,4 Ref=360,100 (E"DAT ASCAEC-3-TTIWSC-3-111 2017-02-15 11-35-478C-3-111.00
mALl ] g
500
o0 <
600 -
500 -
400 -
300
200 <
=
&
100 =
D N J L
T T T T T T T T
g 10 12 14 15 1% 0 23 24 min
Area Percent Report
orted By 3ignal
Multiplier 1.0000
Dilution l.00oo
Do not use Maultiplier & Dilution Factor with ISTDs
Sigrnal 1: DAD] A, S5ig=220,4 Ref=360,100
Peak RetTime Type Width hArea Height hArea
# [win] [wmin] [wid*s] [miT] %
il |====l-==--=—- | === |--====—— |-=====- |
1 13.950 BB 0.2716 1571.54919 G8.74454 4,9405
Z 185.834 BE 0.50558 3.02377e4 §55.80731 95.0595
Totals : 3.18092:4 947,55215
1260 6/4/2017 5:25:11 AM SYATEM Page 1 of 2

Figure S145. HPLC spectrum of 1o, related to Table 3.
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Figure S146. 'H NMR spectrum of 5F, related to Table 3.
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Figure S147. °C NMR spectrum of 5F, related to Table 3.



Data File E:\DATAY SC,3C-3-9943C-3-99-A5-90 2017-02-13 19-36-00%5C-3-99.D
Sample Name: 3C-3-99

hcg. Operator : AYSTEM Sedq. Line : 1
Ao, Instrument @ 1260 Location : 13
Injection Date : 271372017 7:37:23 FPM Inj : 1
Inj Wolume : 5.000 npl
Acg. Method : E:Z\DATAY 3CY3C-3-9943C0-3-99-45-90 2017-02-13 19-36-00%5C-1-43H-90-10-DAD-1ML
i

Last changed : 241372017 7:36:00 PM by SVSTEM

Analyzizs Method : E:ZWDATAY SCASC-3-99\3C-3-99-45-90 Z017-02-13 19-36-00%5C-1-A5H-90-10-DAD-1ML

M o (dequence Method)
Lazt changed T 64372017 §:10:42 PM by STSTEM
(modified after loading)
Additional Infao : Peak(s] manually integrated

DADT A, Sig=220,4 Ref360,100 (EDATAECVEC-3-90NE C-3-00-A5-00 Z017-02- 13 19-36-00V5 C-3-99.0)
mAkl o
zo0
175 -
)
i
i
=
150 4 asag@
125 4
100 -
75
50 -
25
o — L —_ |
T T T T T T
§ g 10 12 14 16 13 mirg
Area Percent Report
Zorted By H Zignal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADl &, Sig=220,4 Ref=360,100
Peak FetTime Type Widch Area Height Area
# [min] [min] [widiT*=] [miiT] %
=== |====]======- | === | === | === |
1 9.453 BB 0.5783 7806.53467 207.3435% 49,4435
2 17.024 MM 1.0002 7982.25781 133.01588 50.5565
Totals : 1.5756856e4d 340.35977
1260 64372017 G:10:51 PM SYSTEM Page 1 of 2



Data File E:%\DATAY 3CYy5C-3-111%8C-3-111 2017-02-15 11-35-4743C-3-1114.0
Gample Name: 3C-3-1114-P

Aco. Operator STATEM Seq. Line : 5
Acg., Instrument : 1260 Location : 37
Injection Date 2/15/2017 12:57:05 PM Inj : 1

Inj Volume : 5.000 pl
Acog., Method
-1ML.1
Last changed 2/15/2017 11:35:47 AM by SYSTEM
Analysis Method
=1ML.M | Sequence Method)
6/3/2017 8:09:57 PM by SYSTEN
[modified after loading)

Peakis) manually integrated

Last changed

Additional Info :

¢ EVDATAN 3CHWEC-3-111%5C-3-111 2017-02-15 11-35-47\50-2-A5H-90-10-220NH-2 5HIN

¢ EDVDATAN SCHWEC-3-111%58C-3-111 2017-02-15 11-35-47\5C0-Z-A5H-90-10-220NH-Z 5HIN

DADT A, Sig=220,4 Ref360,100 (ENDAT ASCASC-3-11 1V C-3-111 2017-02-15 11-35-415C-3-11 14.00
mALl = o3
1600 |
1400
1200 |
1000
500
G000
400
200 o
-]
©
T T
o
T T T T T T
[ g 10 12 14 16 13 min
Zorted Ev Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Sigral 1: DAD] A, 5ig=220,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mal*s] [mi] %
el |====]-====--- | —===—=———- | === | === |
1 9,295 MM 0.6114 &6.02256e4 1641.77576 96.0791
2 16.813 VB 0.8640 Z457.76025 40, 34505 3.9209
Totals : 6.26833e4 1682.62081
1260 6/3/2017 8:09:59 PM 3YSTEN Page 1 of 2

Figure S148. HPLC spectrum of 5F, related to Table 3.



1a

Data File D:%GCYSCWDATAY 5C-5-5345C-5-53-51-54 Z017-05-29 17-57-44, 10ZF0Z01.D
Sample Hame: 3C-5-51

Acyg. Operator Seq. Line :
Acyg. Instrument : Instrument 2 Location @ Vial 102
Injection Date : 29-May-17, 18:24:29 Inj : 1
Inj Wolume : 1 pnl
Acyg. Method tD W ECY SCADatah 30-5-534 50-5-53-51-54 2017-05-29 17-57-444C5-1000-150C-1ML-
10MIN. M
Last changed DOSPEESE0LT 85606 PM by duw
Analysis Method : Di%GCY CXYMETHODYCS-1000-150C-1ML-1.M
Last changed T OBFEZESE01T 10:33:36 AM by DTN

(modified after loading)

FIDT A (D:GCAS CDWALANS C-5-5005 C-5-03-51-54 Z017-05-29 17-57-40I02F 01 .00
pa]
a0
20
70
604
504
40_
304
20
0] )
o T T T T T T T
3.5 4 45 ] 55 min
Area Percent Beport
Sorted By H Signal
Multiplier H 1.0000
Dilution H 1. 0000
Tse Multiplier & Dilution Factor with ISTDE
Signal 1: FID1 A,
Peale RetTime Type TWidth Area Height Area
#  [min] [min]  [pi*s] [pd] %
Ll EEEEELE I====]-==---- |======--- | === |======== |
1 4,667 MM 0.0698 §.9190% 2.125853 Z.95B28
2 4,564 MM 0.0830 292.78098  58.82206 97.04372
Totalsg J01.70006  BO0,95059
*** End of Report ***
Instrument 2 &/ 2272017 10:33:45 AM DWW Page 1 of 1

Figure S149. HPLC spectrum of 1a, related to Table 1.
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Figure S150. 'H NMR spectrum of 3a, related to Table 1.
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Figure S151. '°C NMR spectrum of 3a, related to Table 1.



Data File E:\DATA\ 5CY3C-5-8AY5C-5-84 2017-04-26 Z1-24-14Y453C-5-84l.D
Sample Name: 5C-5-54

Acog, Operator 1 STSTEM Seq. Line : 2
Acg., Instrument : 1280 Location : 31
Injection Date : 4/26/2017 9:46:37 FM Inj : 1
Inj Volume : 5.000 pl
Aco. Method : E:\DATA' 3CY5C-5-8A4\35C-5-84 2017-04-26 21-24-14%3C-2-ADH-90-10-Z2Z0NM- 35MIN-
1ML.M
Last changed : 472672017 9:24:14 PM by SYATEM

Analysis Method @ E:ZDATAY 5CY5C0-5-8445C-5-84 2017-04-26 21-24-14%5C-2-ADH-90-10-220NM- 35MIN-
INL. M (Sequence Method)

Last changed 1 771842017 11:17:15 PM by SVSTEM
(modified after loadindg)

Additional Info : Peak(s) mamually integrated

DADT A, Sig=220,4 Ref=360,100 (EADAT AECWE C-6-85 C-56-8 4 2017-04-26 21-24-TREC-5-2 41 .00
mAl @
200 o
s
5 .7
150 =
100
50~
A N .
T T T T T T
5 10 15 20 25 30 i}

Zorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL A, 3ig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [wmin] [min] [wAU*=] [mal] %
=== |=-===1-====-- | =-========= | === |-======- |
1 17.359 EBE 0.5769 9443,14355 248.73465 50.0701
2 Z8.014 MM 1.1189 9416.68848 140.2/993 49,9299

Totals : 1.88598e4 389.00458

1260 7/18/2017 11:17:19 PH SYSTEN Page 1 of 2



Data File E:\DATA\SC,SC-5-2748C-5-27 2017-05-09 16-45-1348C-5-271.D
Sample Name: 3C-5-27-1H

hcg. Operator : AYSTEM Sedq. Line : 2
Ao, Instrument @ 1260 Location : 14
Injection Date : 57972017 5:23:07 PM Inj : 1
Inj Wolume : 5.000 npl
Acg. Method : E:Z\DATAY 3CYEC-5-2T43C0-5-27 2017-05%-09 16-45-1343C-Z-ADH-90-10-220NM- 35MIN-
1ML.M
Last changed : 54972017 4:45:153 PM by SYSTEM

Analysis Method : E:\DATAY SCA\3C-5-27\3C-5-27 2017-05-09 16-45-1343C-2-ADH-90-10-220HM-35MIN-
1ML.H (Sequence Method)

Lazt changed r 741872017 11:18:05 PM by SYSTEM
(modified after loading)

Additional Infao : Peak(s] manually integrated

DADT A, Sig=220,4 Ref=260,100 (EADATAECAEC-5-27\EC-0-27 2017-05-00 16-45- 18 C-5-271.00

mAkl

3450

300+

250

200+

150 4

100 -

50+

h]
=]
=
(=]
=
(=)
23
%)
=

Zorted By H Zignal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Sigrnal l: DADl &, Sig=220,4 Ref=360,100

Peak FetTime Type Widch Area Height Area
# [min] [min] [mall*=] [miiT] %

=== |====]======- | === | === | === |
1 17.606 BB 0.6115 1421.97327 33.54998 5.1503
2 27.758 MM 1.1461 Z.81873ed 380.80704 094,38497

Totals : 2.76093e4 414, 35702

1260 771872017 11:158:08 PM SYSTEH Page 1 of 2

Figure S152. HPLC spectrum of 3a, related to Table 1.
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Figure S153. 'H NMR spectrum of 6, related to Scheme 4.
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Data File E:\DATAY S3CY5C-5-5743C-5-57-BAC-A5-95 2017-05-30 2Z1-57-14%3C-5-57.D
Sample Name: 5C-5-57-RAC-A5-95

Ao, Operator : 3TATEM Seg. Line : 1
Ao, Instrument @ 1260 Location 11
Injection Date : 5/30/2017 9:55:36 PM Inj : 1
Inj Wolume : 5.000 pl
Acg. Method t E:\DATAY SC\EC-5-57\5C-5-57-RAC-4%5-95 2017-05-30 21-57-14%3C-1-A%H-95-5-Dah-
1ML.M
Last changed : 573042017 9:57:14 PM by 3Y¥3TEM

hnalyzsis Method : E:\DATAYSCYWSC-5-57,5C-5-57-RAC-A%5-595 2017-05-30 21-57-14%5C0-1-A5H-95-5-DA4D-
1ML.M (Sequence Method)

Last changed P BFE2272017 3:36:03 FM by SYSTEM
(modified after loading)

Additional Info @ Peakis) manually integrated

OADT A, 5ig=220 4 Ref=360,100 (EXDAT A5 CASC-5-5T05C-5-57- RAC-A5-95 2017-05-30 21-57-1h5C-5-57.00
mALl -
200

2018

700

600

500

400

300+

00 o

100

Sorted By H Zignal
Multiplier H 1. 0000
I'ilution H 1.0000

Do not use Multiplier & Dilution Factor with ISTD=

Signal 1: DAD] A, 3ig=220,4 Ref=380,100

Peak RetTime Tvype Width Area Height Area
# [win] [min] [whT*=] [mwkIT] &

1 7.180 BV 0.2155 1.15081ed d14. 45087 50,2217
z §.015 VB 0.2355 1.14065e4d TZ8.02155 49,7783

Totals : Z.29146ed  1542.47241

1260 672272017 3:36:18 FH 3YSTEH Page 1 of 2



I'ata File E:\DA&TAY3C,\3C-5-57-55-5048C-5-57-55-50 2017-05-30 22-19-44\5C-5-57-55-501.0
Sample Name: SC-5-57

Aog. Operator
Aog. Instrument
Injection Date

Acg. Method

Last changed
idnalysis Method :

Last changed

STSTEM S5eq. Line : Z
1260 Location : 1z
543072017 10:37:05 PM Inj : 1

Inj Volume : 5.000 pl

i E:0\DATAN 3C,3C-5-57-55-5003C-5-57-55-50 Z017Y-05-30 ZZ-19-4445C-1-A5H-95-5-

Z54IM-15MIN. 1

573072017 10:19:44 PM by SYSTEM

E:yDATAY 3CY3C-5-57-55-50,3C-5-57-55-50 2017-05-30 Z&2-19-44\8C-1-45H-95-5-
ZOdNM-15MIN. M (Sequence Method)

6/22/2017 3:37:49 PN by SYSTEN

(modified after loading)

TADT &, Sig=254 4 Ref=360, 100 (EDAT ST, 57-5a-0 DG -5 57-55-50 2017-05-30 22-19-450-5-57-55-501 .07
mak - o
o
E00
600
400
200
o
=
oo
D 1
T T T T T T T T T
i 1 2z 3 4 5 6 7 9 min|
Area Percent Beport
Sorted By Signal
Maltiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Sigmal 1l: DAD]1 4, Sig=254,4 Ref=360,100
Peak RetTime Type Widrth Area Height Area
# [win] [min] [whT*z] [wAllT] %
=== |====]-—==--- | === === [======== |
1 7.202 BV 0.2123 1.352Z0ed 966.21387 97,5301
2 8.051 VB 0.2349 342,43372 22.08290 2.4698
Totals : 1.38644e4 088, 29677
1260 6/22/2017 3:37:53 PM SYSTEM Page 1 of 2

Figure S155. HPLC spectrum of 6, related to Scheme 4.
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Figure S156. 'H NMR spectrum of 7, related to Scheme 4.

0T1c—
9€'6T—
66'1€ —

L8'9E~
98°LE —

90§ —
06'SS —

899L
00°LL W
TLL

90°9T1 ~_
Ly'8T1
87°8T1

9TOr1 —

9IL'BIT—

Ph

70 60 50 40 30 20 10

80

180 170 160 150 140 130 120 110 100 90
f1 (ppm)

190

230 220 210 200

Figure S157. '°C NMR spectrum of 7, related to Scheme 4.



Data File E:
Sample Name:

YDATAY SCNEC-5-40-RACY 5C-5-40-RAC-0J-95 2017-05-21 22-48-05%3C-5-40-RAC.D
SC-5-40-FAC-0J-95

Acg. Operator 1 SYSTEM Sedq. Line : 1
Acg. Instrument : 1260 Location : 1
Injection Date @ 572172017 10:49:30 PH Inj : 1

Injy Volums : 5.000 pl

Acg. Method : E:N\DATAN 3CY3IC-5-40-RACY 3C-5-40-RAC-0J-95 2017-05-21 22-48-05%5C-5-0TH-95-5-

DAD-1ML- 30MIN.M

Last changed : 572172017 10:48:05 PM by 3T3ITEM
Analysis Method : E:\DATAY 3C\5C-5-40-RACY 3C-5-40-RAC-0J-95 2017-05-21 22-48-0543C-5-0TH-95-5-

DAD-1ML-Z0MIN.M (Jequence Method)

Lazt changed TB/22/2017 3:132:17 PM by SYATEM

(modified after loadindg)

Additional Info : Peakis) manually integrated

makl -

350

200 +

250 —

200 +

180

100

50—

OADT A, Sig=220,4 Ref360, 100 (EMDAT ASC_ 5-40- RACAS C-5-40- RAC- 005 201 7-05-21 22-48-08\G C-5-40-RAC .O)

=]
=]

12 D61

2
£
=1
-
=
Pt
1‘

Jorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs

Signal l: DADL A, Sig=220,4 Ref=360,100

Peak FetTime Type Width Area Height Area
# [min] [win] [mal*s] [wdT] %
el e |-=-==l-=-=--- | === |-=-===—-=—— | === |
1 11.099 VE 0.2462 5965.00098 386.33896 49.9076
Z 1lz.08l BE 0.2611 5990.10400 347.58603 S50.0924

Totals :

1.1595581e4 733.92499

1260 672272017 3:32:22 PM SYITEN Page 1 of 2



Data File E:%\DATRY 5CY50-5-57-55-5045C-5-57-55-50 2017-05-30 22-19-445C-5-57-55-503.D
Zample Name: 3C-5-55

bLcg. Operator 1 S¥STEM Seq. Line : 4

Acg. Instrument : 1260 Location : 13
Injection Date @ 5/30/2017 11:09:29 PM Inj : 1
Inj Volume : 5.000 pl
Acg. Method : E:\DATAN SCH3C-5-57-55-5043C-5-57-55-50 2017-05-30 22-19-44, 5C-5-0JH-95-5-
ZZ20NM-1ML-15MIN.M
Lazt changed r 5/30/2017 10:19:44 PM by 5VSTEM

Analysis Method : E:\DATAYSCYS3C-5-57-55-5043C-5-57-55-50 2017-05-30 22-19-44,35C-5-0JH-95-5-
ZZ0NM-1ML-15MIN.M (3equence HMethod)

Last changed D B/22/2017 3:33:11 PM by AYSTEM
[modified after loading)

Additional Info : Peak(s) marmally integrated

DADT A, Sig=220 4 Ref=360,100 (EXDATASC, -57-55-5 05 C-5- 57-55-50 2017-05-30 22-19-4R05C-5-57-55-503.0)
mALl
500 -
<400 —
300
200 -
100
1]
T T T T T T T
2 4 ] g 10 12 14
Lrea Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with I5TDs

Sigral 1: DAD] A, 5ig=220,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [wdT*s] [wATT] %

il |-===l-===-=- |--==———— |====——— |-=====- |
1 11.081 MM 0.1702 272.8711% 26.72730 2.5589
2 11.855 MM 0.3079 1.03864ed S562.25043 97.4401

Totals : 1.06593e4 588.97773

1260 6/22/2017 3:33:14 PM SYSTEM Page 1 of 2

Figure S158. HPLC spectrum of 7, related to Scheme 4.
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Figure S159. 'H NMR spectrum of 8, related to Scheme 4.
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Figure S160. 'H NMR spectrum of 8, related to Scheme 4.
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Data File E:\DATAY 5C45C0-5-558%5C0-5-55-1 2017-05-31 17-41-54,5C-5-551.D
Sample MName: 5C-5-55-FaC

Acg. Operator : AYSTEM Geg. Line : 2
Acg. Instrument : 1260 Location : 13
Injection Date @ 573172017 5:59:15 PM Inj : 1
Inj Wolume : 5.000 pl
Acg. Method : E:\DATANBCYSC-5-5845C-5-58-1 2017-05-31 17-41-54,5C-1-A%5H-90-10-Z10NHN-55MIN
-1ML.M
Last changed : 543172017 5:41:54 PM by SVSTEM

Analysis Method : E:\DATA\ 3CY3C-5-58%3C-5-558-1 2017-05-31 17-41-5443C-1-A3H-90-10-Z10NM-55MIN

-1ML.M [ 3equence Method)
Last changed 1 /2272017 11:45:58 AM by SYSTEM
(modified after loading)
Additional Info : Peak(s) manually integrated

OADT A, Sig=210,4 Ref=360,100 (£ DAT A5 LA C-5-685 C-56-08-1 Z017-05-31 17-41-A4S0-5-681.0)
mAk _| 2
500
k=]
e &
400 2
300
200 4
100
L \
0
T T T T T
10 20 30 40 50 min
Area Percent Report
Zorted By : Fignal
Multiplier : 1.0000
Dilution H 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Fignal 1: DaD] &, %ig=Zl10,4 Ref=360,100
Feak RetTime Type Width Area Height Area
# [wmin] [wmin] [wiiT*s] [malr] k]
e e |====]-====-= | --=—-=——= |--=—=—- |--=———- |
1 27.373 VB 1.2165 5.34075ed 583.53680 49,5956
2 4z.010 MM Z.3168 5.36Z46ed 3§5.80280 50.1014
Totals : 1.07032es 96%9.33960
1260 6/22/2017 3:26:52 PM SYSTEM Page 1 of 2



Diata File E:\DATA SCY\3C-5-58%5C-5-53-1 2017-05-31 17-41-5443C-5-582.D

Sample MName: 3C-5-55

hcg. Operator

Acog. Instrument :

Injection Date

Acg. Method

Last changed
Analysis Method

Last changed

STATEM Geq. Line : 3
1260 Location : 14
5/31/2017 6:55:35 MM Inj : 1

Inj Wolume : 5.000 pl

+ E:WDATAN SCHEC-5-5845C-5-56-1 2017-05-31 17-41-5445C-1-AFH-90-10-210NH-55HIN

-1ML. M
573172017 5:41:54 PM by 3T¥ITEM

¢ EWDATAN SCHEC-5-5843C-5-558-1 Z017-05-31 17-41-5445C-1-A%H-90-10-210NHM-55HIN

=1ML.M | Sequence Method)
6/22/2017 11:45:55 AM by 3VITEM

[modified after loading)

Additional Info : Peak(s) wamually integrated

DADT A Sig=210,4 Ref=360,100 (EADAT A5 CHVSC-5-5205 C-5-58-1 20017-05-21 17-H-5HSC-5-582.00
mAk | o
300
240
200
150
100 -
50 ,39:
5 ¥
F
N I N
T T T T T
10 20 30 40 50 miny
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DADL A, S5ig=210,4 Ref=360,100
Peak RetTine Type Width Ares Height Area
# [min] [min] [mall*s] [walT] %
=== |====]-===--- | ——==———— === |======== |
1 27.922 BB 1.0707 2.74461e4 340.02341 97.9683
2 44,251 MM 1.3646 559.18195 G.935169 2.0317
Totals : 2.80152e4 346.97510
1260 6/22/2007 3:29:05 PM 3¥STEM Page 1 of 2

Figure S162. HPLC spectrum of 8, related to Scheme 4.
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Figure S164. '°C NMR spectrum of 9, related to Scheme 4.



Data File D% GCYSCyDATAY SC-5-35,5C-5-35-130 2017-05-22 21-27-214 101F0101.D
Sample Name: SC-5-35

q. Operator duw Seq. Line : 1

Acg. Instrument @ Instrument 2 Location @ Wial 101
Injection Date @ 22-May-17, 21:28:10 Inj : 1
Injy Wolume : 1 pl
Acqg. Method ¢ D4Ry SCYDatay SC-5-35,50-5-35-130 2017-05-22 21-27-214C3-1000-130C-1ML .M
Last changed VORFEESI0LT 9024018 PM by duwm
dnalysis Method @ DiAECHY CEAMETHODACS-1000- 1500 -1ML-1.H1
Last changed POBSZES201T 10:14:52 AM by DT

[modified after loading)

FIOT A (OEaC s COATAS G5B R C5-5- 130 20T 7-8-22 T+-27 -2 T FOTOT .0
pA]

a0
20
i
G

Al

gan
o418

40

304

0

Sorted By H Sigmal
Multiplier H 1.0000
Dilution H 1.0000

Use Multiplier & Dilution Factor with ISTD=

Sigmal 10 FIDL A,
Peale RetTime Type TWidth Area Height Area
# [min] [min]  [pi*s] [pa] &

1 8.911 BV 0.1681 415.17255  32.92714 50.00257
Z 9,416 VB 0.1926 415.129G62  20.977T681 49.99743

Totals 3030237 BE.90495

**% End of Report **¥

Instrument & Bf 2272017 10:15:10 AM DUW Page



Data File Di%GCYSCYDAT AN SC-5-42450-5-42-130 2017-05-22 21-43-3% 101F0101.0
Sample Name: 3C-5-42

Aoy, Operator 1 dym Seq. Line : 1
Aoy, Instrument : Instrument 2 Location @ YWial 101
Injection Date : ZZ2-May-17, Z1:44:29 Inj : 1
Inj “Yolume : 1 pl
Acg. Method ¢ Dy GOy SChDatay 5C-5-42% 50-5-42-130 2017-05-22 21-43-39%C35-1000-130C-1ML .11
Last changed OSSP EESA0LT 924 1s PM by duwm
Analysis Method : D:%GChyY CEA\METHODYCS-1000-150C0-1ML-1.M
Last changed RS EESE01T 100 16052 AM by DEM

[modified after loading)
FIOT A, (DG COATAS C-5- NS T-5-E- T30 2077 -1 T-F3-A0TFOT07.O)

pA
140 4

N
o
120 oo

il
100 1

a0

fil 4

20

Sorted By : Signal
Multiplier : 1.0000
hilution : 1.0000

Tse Multiplier & Dilution Factor with I3TDs

Sigmal 1: TIDL A,
Peale RetTime Type TWidth Area Height hrea
# [min] [min]  [pd¥E] [pA] &
il bbb |====1--=----- === === |-------- |
1 G.663 MM 0.2328 1412.30896 101, 12673 l.000e2

Totals : 1412.308%6 101, 12673

*%% End of BReport **+%

Instrument 2 & 2Z/2017 10:17:07 &AM DUW Page 1 of 1

Figure S165. HPLC spectrum of 9, related to Scheme 4.
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Figure S166. 'H NMR spectrum of 11, related to Scheme 4.
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Figure S167. '°C NMR spectrum of 11, related to Scheme 4.



Supplemental Figures for X-ray Structures of the Tosylated Cycloadduct (+)-3a, Tosylated Cycloadduct
(15,28,2'S,4R,5'R)-5a, Cycloadduct (1S5,25,2'S,4R,5'R)-5b, Tosylated (15,2R,2'S,4R,4'R,5'R)-5s,
Cycloadduct (%)-5u and Alkylidene Norcamphor ()-1d

\ N ]
M802C J{

tosylated (x)-endo-3a (CCDC 1562399)

Figure S168. X-ray structure of tosylated (+)-3a
(Hydrogen atoms were deleted for clarity), related to Scheme 1.

Crystal data for tosylated (£)-3a: C2sH26CINOsS, M:r= 487.98, T =296 K, Monoclinic, space group P2(1)/n,
a=10.1095(14), b = 13.7964(19), c = 17.127(2) A, V'=2338.0(6) A, Z =4, 4613 unique reflections, final R| =
0.0390 and wR> = 0.1074 for 5863 observed [/>20(/)] reflections. CCDC 1562399 contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge via

www.ccdc.cam.ac.uk/conts/retrieving.htmL (or from the Cambridge Crystallographic Data Centre, 12, Union

Road, Cambridge CB21EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

tosylated endo'-5a (CCDC 1562400)
Figure S169. X-ray structure of tosylated (15,25,2'S,4R,5'R)-5a
(Hydrogen atoms were deleted for clarity), related to Scheme 1.

Crystal data for tosylated (15,2S5,2'S,4R,5'R)-5a: 2(C25H26CINOsS), Mr=975.95, T =293 K, Triclinic, space
group P1, a =7.2009(8), b = 7.6006(9), c = 22.280(3) A, V'=1212.4(3) A3, Z=1, 6117 unique reflections, final
R1 = 0.0428 and wR> = 0.1041 for 7406 observed [I>20([)] reflections, Flack y = 0.04(3). CCDC 1562400
contains the supplementary crystallographic data for this paper. These data can be obtained free of charge via

www.ccdc.cam.ac.uk/conts/retrieving.htmL (or from the Cambridge Crystallographic Data Centre, 12, Union



Road, Cambridge CB21EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

m-Cl-CgHy
(18,2S,2'S,4R,5'R)-5b (CCDC 1562402)

Figure S170. X-ray structure of (15,25,2'S,4R,5'R)-5b
(Hydrogen atoms were deleted for clarity), related to Table 2.

Crystal data for (15,25,2'S,4R,5'R)-5b: CisH20CINO3, M:= 333.80, T = 296 K, Orthorhombic, space group
P2(1)2(1)2(1), a = 6.7241(16), b = 6.8383(16), ¢ = 35.075(8) A, V' = 1612.8(7) A3, Z = 4, 3043 unique
reflections, final R1 = 0.0430 and wR2 = 0.1098 for 4003 observed [/>205([)] reflections, Flack y = -0.01(4).
CCDC 1562402 contains the supplementary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.htmL (or from the Cambridge Crystallographic Data

Centre, 12, Union Road, Cambridge CB21EZ, UK fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

(1S,2R,2'S,4R 4'R,5'R)-5s (CCDC 1562404)
Figure S171. X-ray structure of tosylated (1S5,2R,2'S,4R,4'R,5'R)-5s
(Hydrogen atoms were deleted for clarity), related to Table 3.

Crystal data for tosylated (15,2R,2'S,4R,4'R,5'R)-5s: C31H30CINOsS, M:= 564.07, T =296 K, Orthorhombic,
space group P2(1)2(1)2(1), a = 9.509(3), b = 10.371(3), ¢ = 27.390(7) A, V = 2701.0(12) A3, Z = 4, 6637
unique reflections, final R1 = 0.0317 and wR2> = 0.0855 for 6911 observed [/>2c6([)] reflections, Flack y =
0.004(11). CCDC 1562404 contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.htmLL (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax: (+44) 1223-336-033; or

deposit@ccdc.cam.ac.uk).




(+)-5u (CCDC 1562405)

Figure S172. X-ray structure of (+)-5u
(Hydrogen atoms were deleted for clarity), related to Table 3.

Crystal data for (£)-5u: C24H23BrCINO3, M: = 488.79, T = 293 K, Hexagonal, space group R-3, a =
19.3385(9), b = 19.3385(9), ¢ = 30.7638(12) A, V'=9963.6(8) A%, Z = 18, 2697 unique reflections, final Ri =
0.0484 and wR2 = 0.1373 for 5510 observed [/>20(/)] reflections. CCDC 1562405 contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.htmL (or from the Cambridge Crystallographic Data Centre, 12, Union

Road, Cambridge CB21EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

\

p-Br-C6H4

(£)-1d (CCDC 1562406)

Figure S173. X-ray structure of (+)-1d
(Hydrogen atoms were deleted for clarity), related to Table 3.

Crystal data for (+)-1d: Ci14H13BrO, M;=277.15, T =293 K, Triclinic, space group P-1, a = 6.4885(14), b =
9.451(2), c = 10.440(2) A, V'=600.7(2) A®, Z = 2, 1874 unique reflections, final R1 = 0.0376 and wR2 = 0.0904
for 2960 observed [/>20(])] reflections. CCDC 1562406 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.htmL (or from
the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax: (+44)
1223-336-033; or deposit@ccdc.cam.ac.uk).




Computational Details

Density functional theory (DFT) calculations were carried out to understand the regioselectivity and key
kinetic resolution of the ligand-controlled umpolung-type 1,3-dipolar cycloaddition. B3LYP (Becke, 1993; Lee
et al., 1988; Stephens et al., 1994) method combined with a mixed basis set of SDD (Dolg et al., 1987) for Cu
and 6-31G(d) (Ditchfield et al., 1971; Hehre et al., 1972; Hariharan and Pople, 1973) for the other atoms were
used to optimize all the structures in gas phase. Such method was used to study the related Cu-catalyzed
1,3-dipolar cycloaddition (Wang et al., 2012). The effect of the solvent in DCM was then included by
single-point calculation with the polarizable continuum model (PCM) (Tomasi et al., 2005; Scalmani and Frisch,
2010) using UAKS radii and including effects of solute-solvent dispersion interaction energy, solute-solvent
repulsion interaction energy and solute cavitation energy. The electron distribution, in terms of natural
population analysis (NPA) charges, for the two reacting carbon atoms of the complexes with L1p, L5p, L1y and
LSy were calculated. All calculations were carried out by Gaussian 09 package (Gaussian 09, Revision D.01,
2009). All 3D images of the optimized structures were illustrated by CYLview (CYL View, version 1.0 b,
2009).



Table S1. The overall free-energy barrier (in kcal/mol) for the formation of several possible products from the
reaction with 1a-(1R,4S) and 1a-(1S,4R) catalyzed by Cu(I)-LI in DCM solution by the PCM-B3LYP//B3LYP
method, related to Scheme 2 and Scheme 3.

Product® ‘ AGsoln
L1p*
(1S,28,2'R,4R,5'R)-3a 16.4
(1R,2R,2'S,4S,5'S)-3a’ 18.5
(1S,28,2'S,4R,5'S)-4a 25.6
(1R,2R,2'R,4S,5'R)-4a’ 27.0
(1S,28,2'S,4R,5'R)-5a 19.4
(1R,2R,2'R4S,5'S)-5a' 20.4
(1S,2S5,2'R,4R,5'S)-6a 28.9
(1R,2R,2'S,4S,5'R)-6a' 28.9
(1S,2R,2'S,4R,5'S)-7a 20.0
(1R,2S5,2'R,4S,5'R)-7a’ 19.5
(1S,2R,2'R,4R,5'R)-8a 28.0
(1R,25,2'S,4S,5'S)-8a’ 28.6
(1S,2R,2'R,4R,5'S)-9a 23.2
(1R,25,2'S,4S,5'R)-9a’ 21.6
(1S,2R,2'S,4R,5'R)-10a 30.4
(1R,2S,2'R,4S,5'S)-10a’ 29.0
L1y*
(1S,28,2'R,4R,5'R)-3a 22.7
(1R,2R,2'S,4S,5'S)-3a’ 22.8
(1S,28,2'S,4R,5'R)-5a 19.7
(1R,2R,2'R4S,5'S)-5a' 28.9
(1S,2R,2'S,4R,5'S)-7a 23.3
(1R,2S,2'R,4S,5'R)-7a’ 28.5

a. The two coordination modes of Ar in the Cu-azomethine ylide intermediates (L1p and L1y) were considered (D: Ar

downward; U: Ar upward).



Table S2. The overall free-energy barrier (in kcal/mol) for the formation of the most important products from
the reaction with 1a-(1R,4S) and 1a-(1S,4R) catalyzed by Cu(l)-L5p in DCM solution by the
PCM-B3LYP//B3LYP method, related to Scheme 3.

Product ‘ AGsoln
L5p*
(1S,25,2'R,4R,5'R)-3a 18.9
(1S,28,2'S,4R,5'R)-5a 18.0
(IR,2R,2'R,4S,5'S)-52’ 19.2
L5¢*
(1S,28,2'R,4R,5'R)-3a 293
(1S,28,2'S,4R,5'R)-5a 22.3
(1R,2R,2'R,4S,5'S)-5a’ 25.9

a. The two coordination modes of Ar in the Cu-azomethine ylide intermediates (L1p and L1y) were considered (D: Ar

downward; U: Ar upward).
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Figure S174. Optimized structures of Cu(l)-LI intermediates (L1p and L1y) with the key bond lengths (in
angstrom), the NPA charge of the two reacting carbons and HOMO energies by the B3LYP method. Their
relative free energies (in kcal/mol) in DCM solution are given. All hydrogen atoms were omitted for
clarification, related to Scheme 2 and Figure 2.
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Figure S175. Optimized transition states for the reaction with 1a-(1R,4S) catalyzed by L1p in DCM solution
by the B3LYP method with the key bond lengths (in angstrom). Their relative free energies (in kcal/mol) in
DCM are given. Unimportant hydrogen atoms were omitted for clarification, related to Scheme 2.
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Figure S176. Optimized transition states for the reaction with 1a-(1R,4S) catalyzed by L1p in DCM solution
by the B3LYP method with the key bond lengths (in angstrom). Their relative free energies (in kcal/mol) in
DCM are given. Unimportant hydrogen atoms were omitted for clarification, related to Scheme 2.



= Cu-N2:2.10 Cu-N2:2.04 ¢
Lo | H2 Cu-01:2.40 Cu-01:2.23
I C1-C2:2.18 C1-C2:1.91
- C3-C4:3.13 C3-C4:2.83
| H1-01:2.02 m
bt Cu-02:2.14

3a'-L1D-TS1engo
18.5

J

| /cuNt:4s

Cu N1: 225

4a’'-L1D-TS1 oy
27.0

J

4 0O
/2 Ar
2200

1 NH

5Zo,Me

(1R,2R,2'S,4S,5'S)-3a’

0]
i/gAr
2245

NH

4

Sto,Me

(1R,2R,2'R,4S,5'R)-4a’

/v
) 7
‘% !/

; / Cu-N1:2.25
) Cu-N2:2.05
’ Cu-01:2.23
8: N2i2 06 C10a:1.94
Cu-01:2.30 C3-C2:2.87
C1-C4:2.03
52/ L1DTS o H2.02:1.78 6a’-L1D-TS1 e

204

J

28.9

J

o}
- 7, LOMe
“2.5
1 NH

5%
Ar

(1R,2R,2'R,4S,5'S)-5a’

O
4 /2 CO,Me
2245
1 NH
=

Ar

(1R,2R,2'S,4S,5'R)-6a’

Figure S177. Optimized transition states for the reaction with 1a-(1S,4R) catalyzed by L1p in DCM solution
by the B3LYP method with the key bond lengths (in angstrom). Their relative free energies (in kcal/mol) in
DCM are given. Unimportant hydrogen atoms were omitted for clarification, related to Scheme 3.
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Figure S178. Optimized transition states for the reaction with 1a-(1S,4R) catalyzed by L1p in DCM solution
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DCM are given. Unimportant hydrogen atoms were omitted for clarification, related to Scheme 3.
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Figure S179. Optimized key transition states for the reaction with 1a-(1R,4S) and 1a-(1S,4R) catalyzed by L1u
in DCM solution by the B3LYP method with the key bond lengths (in angstrom). Their relative free energies (in
kcal/mol) in DCM are given. Unimportant hydrogen atoms were omitted for clarification, related to Scheme 2
and Scheme 3.
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Figure S180. Optimized structures of Cu(I)-L5 intermediates (LSp and L5y) with the key bond lengths (in
angstrom), the NPA charge of the two reacting carbons and HOMO energies by the B3LYP method. Their
relative free energy (in kcal/mol) in DCM solution are given. All hydrogen atoms were omitted for clarification,
related to Figure 2 and Scheme 3.
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Figure S181. Optimized key transition states for the reaction with 1a-(1R,4S) and 1a-(1S,4R) catalyzed by L5p
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kcal/mol) in DCM are given. Unimportant hydrogen atoms were omitted for clarification, related to Scheme 3.



Table S3. The absolute (in Hartree) energies in gas phase and single point energies in DCM solution for the
reaction catalyzed by Cu(I)-L1 by the B3LYP method, related to Scheme 2 and Scheme 3.

| Egas | (B+ZPE)n, | Gaas Esoln
L1
Llp -3975.508919 | -3974.926423 | -3975.023118 | -3975.52314
Lly -3975.506122 | -3974.923461 | -3975.018880 | -3975.520437
12-(1R,4S)
12-(1R,4S) -386.066275 | -385.903069 | -385.934594 | -386.071059
3a-L1p-TS1 endo -4361.582085 | -4360.833287 | -4360.937046 | -4361.595674
3a-L1p-TS2endo 4361586368 | -4360.835435 | -4360.937814 | -4361.600515
43-L1p-TS1ex, 14361555580 | -4360.807283 | -4360.913976 | -4361.577559
52-L1p-TS1endo -4361.577078 | -4360.829568 | -4360.933208 | -4361.589614
5a-L1p-TS2endo -4361.582363 | -4360.832560 | -4360.936949 | -4361.596926
6a-L1p-TS1exo -4361.552071 | -4360.804264 | -4360.911095 | -4361.571714
7a-L1p-TS Lendo 4361.575110 | -4360.828142 | -4360.933877 | -4361.587674
7a-L1p-TS2endo 4361.573629 | -4360.824295 | -4360.930177 | -4361.588277
8a-L1p-TS1eyo 4361554115 | -4360.806019 | -4360.912416 | -4361.574074
8a-L1p-TS2evo 4361554124 | -4360.804736 | -4360.911517 | -4361.574689
92-L1p-TS1endo -4361.569399 | -4360.821073 | -4360.925575 | -4361.583639
92-L1p-TS2endo 4361572217 | -4360.822106 | -4360.927193 | -4361.586313
10a-L1p-TSTexo -4361.549101 | -4360.801350 | -4360.908659 | -4361.568782
3a-L1u-TSIendo -4361.569396 | -4360.822588 | -4360.928303 | -4361.581683
52-L1y-TS1endo -4361.575519 | -4360.826951 | -4360.931116 | -4361.589744
72-L1y-TS1endo -4361.570523 | -4360.822318 | -4360.927340 | -4361.586281
72-L1y-TS2endo -4361.572054 | -4360.82152 | -4360.924792 | -4361.586839
12-(1S,4R)

12-(1S,4R) -386.066275 | -385.903069 | -385.934594 | -386.071059
32'-L1p-TS 1 endo -4361.577085 | -4360.829957 | -4360.934672 | -4361.589709
32"-L1p-TS2endo -4361.582370 | -4360.832672 | -4360.937282 | -4361.597447
42'-L1p-TS1 exo -4361.556294 | -4360.807835 | -4360.913993 | -4361.57606
52'-L1p-TST endo -4361.573865 | -4360.825507 | -4360.929962 | -4361.588062
52'-L1p-TS2endo 4361.581261 | -4360.830795 | -4360.934205 | -4361.595991
62'-L1p-TS1ex 4361552208 | -4360.804294 | -4360.910853 | -4361.572065
72'-L1p-TS1 endo 4361579153 | -4360.830461 | -4360.934283 | -4361.592828
72'-L1p-TS2endo -4361.578478 | -4360.828152 | -4360.932141 | -4361.592043
8a-L1p-TS1 ey 4361553392 | -4360.805264 | -4360.909320 | -4361.575257
92'"-L1p-TSendo -4361.574283 | -4360.826857 | -4360.930033 | -4361.586508
9a'-L1p-TS2endo -4361.574809 | -4360.825215 | -4360.928952 | -4361.589161
102'-L1p-TS1 ey, -4361.553465 | -4360.806179 | -4360.913208 | -4361.570703
32"-L1y-TSIendo -4361.569348 | -4360.821439 | -4360.925671 | -4361.583984
52'-L1y-TST endo 4361559387 | -4360.812157 | -4360.916755 | -4361.573373
72'-L1y-TS1 endo 4361559361 | -4360.811209 | -4360.915814 | -4361.576873
72'-L15-TS2endo -4361.562077 | -4360.811858 | -4360.914417 | -4361.579022




Table S4. The absolute (in Hartree) energies in gas phase and single point energies in DCM solution for the
reaction catalyzed by Cu(I)-L5 by the B3LYP method, related to Scheme 3.

| Egas | (E+ZPE)n, | Gaas Esoln
L5
L5p -9117.713339 | -9117.150688 | -9117.248328 | -9117.725244
L5y 9117.709710 | -9117.147019 | -9117.245311 | -9117.722830

a-(1R,4S)

3a-LSD-TSIend0

-9503.779903

-9503.051551

-9503.156845

-9503.792486

3a-L5D'TSZQHd0

-9503.785237

-9503.054985

-9503.159414

-9503.798144

Sa-LSD'Tslendo

-9503.776854

-9503.049918

-9503.158711

-9503.789010

5a-L5p-TS2endo

-9503.782951

-9503.053872

-9503.161882

-9503.795381

3a-L5y-TS1endo

-9503.763335

-9503.035774

-9503.141595

-9503.774688

5a-L5y-TS1endo

-9503.772176

-9503.044009

-9503.150394

-9503.785862

—

a-(1S,4R)

Sa"LSD-TSlendo

-9503.777596

-9503.049268

-9503.156014

-9503.790568

Sa"LSU-TSlendo

-9503.764974

-9503.037612

-9503.144511

-9503.778813




Table S5. Re-optimization Studies for Kinetic Resolution of Alkylidene Norcamphors related to Table 3.%

0
0.0 Cu(l)/L5 (5 mol %) e \\ 0
+ 2a HN +
CH,Cly, EtsN, T ‘
(Ar = p-CI-CgH,) AFS
rac-1a 5a(dr>20:1)  (1S.4R)-1a
entry T(C)  t(h) ratio 1 2
1a:2a yield (ee) (%)°  vyield (ee) (%)
1 20 2 115 39(98) 47(87) 65
2 20 3 1.1 38(99) 48(88) 82
3 20 5 1:0.75 38(99) 47(89) 90
4 40 4 1:1 41(97) 46(90) 90
5 40 8 1:0.75 43(95) 46(90) 70
6 60 35 1:1 40(95) 46(92) 89
7 60 56 1:0.75 42(91) 45(93) 88
8 60 21 115 44(92) 46(94) 106

a All reactions were carried out with 0.40 mmol of rac-1a in 2 mL of CH,Cl,. ? Isolated yields
based on rac-1a, >20:1 dr was determined by crude 'H NMR, and ee value of 5a and the
recovered 1a were determined by HPLC and GC analysis, respectively. ¢ S = In[(1 -Conv.)(1 -
eeq)/In[(1 - Conv.)(1 + eeq)], Conv. = ee /(eeq + ees).
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Table S6. Cartesian Coordinates for Optimized Structures of reactants, related to Scheme 2 and Figure 2.
Table S7. Cartesian Coordinates for Optimized Structures of L.1-1a-(1R,4S), related to Scheme 2.

Table S8. Cartesian Coordinates for Optimized Structures of L1-1a-(1S,4R), related to Scheme 2 and Scheme
3.

Table S9. Cartesian Coordinates for Optimized Structures of L5-1a-(1R,4S), related to Figure 2 and Scheme
3.

Table S10. Cartesian Coordinates for Optimized Structures of L5-1a-(1S,4R), related to Scheme 3.

Data S1. Crystal Data and Structure Refinement for tosylated (+)-endo-3a, related to Scheme 1.

Data S2. Crystal Data and Structure Refinement for tosylated (+)-endo-5a, related to Scheme 1.

Data S3. Crystal Data and Structure Refinement for Sb, related to Table 3.

Data S4. Crystal Data and Structure Refinement for Ss, related to Table 3.

Data SS. Crystal Data and Structure Refinement for (+)-5u, related to Table 3.

Data S6. Crystal Data and Structure Refinement for (+)-1d, related to Table 3.



Transparent Methods

"H NMR spectra were recorded on a Bruker 400 MHz spectrometer in CDCl3. Chemical shifts are reported
in ppm with the internal TMS signal at 0.0 ppm as a standard. The data are reported as (s = single, d = double, t
= triple, q = quarter, m = multiple or unresolved, br s = broad single, coupling constant(s) in Hz, integration).
13C NMR spectra were recorded on a Bruker 100 MHz spectrometer in CDCls. Chemical shifts are reported in
ppm with the internal chloroform signal at 77.0 ppm as a standard. Commercially obtained reagents were used
without further purification. Solvents were purified prior to use according to the standard methods. Unless
otherwise noted, all reactions were carried out under nitrogen atmosphere. Enantiomeric ratios were determined
by chiral-phase HPLC and GC analysis in comparison with authentic racemic materials.
3-Methylene-2-norcamphor 1a is commercially-available or prepared according to the literature procedure
(Kleinfelter and Schleyer, 1973; Fehr et al., 2009). Racemic substituted methylene norcamphors 1b-11 were
synthesized by aldol condensation reaction (Satam et al., 2011). Racemic substituted methylene norcamphors
Im and 1n were prepared according to the literature procedure (Kleinfelter and Schleyer, 1973;
Ghebreghiorgiset al., 2012), 1o, 1p and 1q was prepared according to the literature procedure (Kleinfelter and
Schleyer, 1973; Coe et al., 2004; Berthelette et al., 1997; Chuiko et al., 2002). Chiral ligands L1-LS were

prepared according our previous procedure (Wang et al., 2008).

General Procedure for the Preparation of Alkylidene Norcamphors

Procedure A: Preparation of Racemic Alkylidene Norcamphors 1b-11:

0o NaOH (10%) 0
+ RCHO
ethanol, rt., 12 h AN

R

In a 100 mL round-bottom flask, norcamphor (5.0 mmol, 1.0 equiv.) and aryl aldehyde (5.0 mmol, 1.0
equiv.) were dissolved with 20 mL ethanol, and then sodium hydroxide solution (10% in ethanol, 2.0 mL) was
added dropwise to the solution. The reaction mixture was stirred at room temperature until TLC revealed
complete conversion of norcamphor. After reaction completed, the reaction mixture was concentrated under
reduced pressure. The residue was dissolved in 20 mL of CH2Cl2 and washed with 20 mL of sat. NaCl solution.

Organic phase was separated and the aqueous phase was extracted with additional CH2Cl2 (2 x 20 mL).



Combined organic phase was dried over Na2SO4 and concentrated under reduced pressure, the crude mixture
was purified by silica-gel flash column chromatography to obtain the racemic compounds 1b-11 in moderate to

good yields.

Procedure B: Preparation of Racemic 1m:

H
1 0 © 0
C—Eﬁ " ERNH -+ HCHO ™ con C(K
H H

Diethylamine (10.0 mmol, 1.0 equiv.) was added over a 15 min. period to formaldehyde (36% in H20, 40.0
mmol, 4.0 equiv.) at 0°C. The resultant mixture was treated over a 33 minutes’ period with acetic acid (20.0
mmol, 2.0 equiv.). Once the addition was finished, the temperature was increased to room temperature and the
mixture was added over a 22 minutes’ period to exo-octahydro-5H-4,7-methanoinden-5-one (10.0 mmol, 1.0
equiv.) in the presence of a small amount of BHT at 95°C. The mixture was refluxed for 5 hours and cooled
down to room temperature. The yellow mixture was hydrolyzed with aqueous 5% HCI and ice (pH = 1). The
aqueous layer was extracted twice with Et20O, and the combined organic layers were washed with H20, aqueous
5% NaOH and twice with brine, dried over Na2xSO4 and filtered off. Et2O was distilled under atmospheric
pressure to give a crude which was purified by silica-gel flash column chromatography to obtain the racemic

compound 1m in 55% yield.

Procedure C: Preparation of Racemic 1n:

H H
Hg(OAC)2 KBH4
- +-OH
THFH,O0  NaOH
H H
H H H



H H

0 0
HCH
w  BNH - HOHO T on <:I:K

H H

A solution of dicyclopentadiene (40 mmol, 1.0 equiv.) in THF (3.5 mL) was added over 2 minutes at room
temperature to a yellow suspension of mercury(Il) acetate (40 mmol, 1.0 equiv.) in THF/H20 (35 mL/35 mL).
After 5 minutes, the reaction mixture became colorless and was stirred at the same temperature for 20 minutes.
The reaction was carefully quenched with slow addition of 3 M NaOH (44 mL of an aqueous solution) followed
by dropwise addition of 0.5 M NaBH4 (44 mL of a 3M NaOH aqueous solution) at 0°C. Liquid mercury (0) was
filtered over celite and rinsed with diethyl ether (70 mL). The organic layer was separated, dried over MgSO4,
reduced under vacuum and the colorless oil obtained was used in the next step without further purification. PCC
(80 mmol, 2.0 equiv.) was added over 5 minutes at room temperature to a crude material (40 mmol, 1.0 equiv.)
in DCM (80 mL). The mixture was refluxed for 10 hours and cooled down to room temperature. The reaction
mixture was filtered through a short plug of silica (eluted with DCM) and the organic layer was washed with
5% KOH, 5% HCI, saturated NaHCOs3, saturated NaCl, and dried over NaxSOs. The solvent was removed by
rotary evaporation and the crude product was purified by column chromatography (EtOAc:hexane = 1:10) to
give  endo-3,3a,4,6,7,7a-hexahydro-5H-4,7-methanoinden-5-one ~ and 1,3a,4,6,7,7a-hexahydro-5H-4,7-
methanoinden-5-one in 50% yield for three steps.

A solution of ketones (20 mmol, 2.96 g) in 20 mL EtOH was added 100 mg Pd/C (10%). The reaction
mixture was stirred at 50 °C under hydrogen atmosphere (80 bar) for 48 h. The reaction mixture was filtered
through a short plug of silica (eluted with EtOAc) and The solvent was removed by rotary evaporation and the
crude product was purified by column chromatography (EtOAc:hexane = 1:10) to give
octahydro-5H-4,7-methanoinden-5-one in 60% yield.

Diethylamine (10.0 mmol, 1.0 equiv.) was added over a 15 minutes’ period to formaldehyde (36% in H20,
40.0 mmol, 4.0 equiv.) at 0 °C. The resultant mixture was treated over a 33 minutes’ period with acetic acid
(20.0 mmol, 2.0 equiv.). Once the addition was finished, the temperature was increased to room temperature
and the mixture was added over a 22 minutes’ period to endo-octahydro-5H-4,7- methanoinden-5-one (10.0
mmol, 1.0 equiv.) in the presence of a small amount of BHT at 95°C. The mixture was refluxed for 5 hours and
cooled down to room temperature. The yellow mixture was hydrolyzed with aqueous 5% HCI and ice (pH = 1).

The aqueous layer was extracted twice with Et2O, and the combined organic layers were washed with H>O,



aqueous 5% NaOH and twice with brine, dried over NaxSO4 and filtered off. Et2O was distilled under
atmospheric pressure to give a crude which was purified by silica-gel flash column chromatography

(EtOAc:hexane = 1:20) to obtain the racemic compound 1n in 40% yield.

Procedure D: Preparation of Racemic 1o:

@[ D2
toluene
HCOOH H CrO3, H,SO4 o
reﬂux acetone
0] 0]

1,2-Dibromobenzene (40 mmol, 1 equiv.) and cyclopentadiene (40 mmol, 1 equiv.) were stirred in toluene

(40 mL) at 0 °C under Na. To this solution was added n-BuLi (16 mL, 2.5M in hexane, 40 mmol) dropwise over
30 min during which the reaction solution became first yellow then cloudy white. After an additional 10 min at
0 °C the mixture was allowed to warm to room temperature, stirred overnight and treated with H2O (20 mL) and
extracted with hexane (3 x 15 mL). The organic layer was dried over MgSQOs, filtered, and concentrated to
obtain a yellow oil. The product was purified by chromatography on silica gel eluting with hexane to provide
1,4-dihydro-1,4-methano-naphthalene as a clear, colorless oil (5.49 g, 97%).

Approximately 7 g (152 mmol, 4 equiv.) of 98-100% formic acid is added to 5.49 g (38 mmol, 1 equiv.) of
1,4-dihydro-1,4-methano-naphthalene in a 100 mL round-bottomed flask equipped with a condenser, and the
mixture is boiled under reflux for 4 hours. The dark solution is cooled and formic acid was removed by rotary
evaporation. The crude product was purified by column chromatography to  give
1,2,3,4-tetrahydro-1,4-methanonaphthalen-2-yl formate in 58% yield. A solution of 4.14 g (22 mmol, 1 equiv.)
of 1,2,3,4-tetrahydro-1,4-methanonaphthalen-2-yl formate in 10 mL of reagent grade acetone is contained in a
100 mL three-necked flask equipped with a thermometer, stirrer, and dropping funnel containing 8 N chromic
acid solution. The flask is cooled with an ice bath and the oxidant is added at a rate such that the reaction

temperature is maintained at 20-30 °C. Approximately 11 mL of oxidant solution is required; completion of the



reaction being shown by the persistence of the brownish orange color. A slight excess of oxidant is added, and
the solution is stirred overnight at room temperature. Solid sodium bisulfite is added in portions to reduce the
excess oxidant. The reaction mixture is poured into a large separatory funnel. The dark green chromic sulfate
sludge, which has formed during the course of the reaction, is separated either by decantation and washing or
by drawing it off from the bottom of the funnel. The acetone solution is washed three times with 10—-15 mL
portions of an aqueous saturated potassium carbonate solution and finally is dried over anhydrous Na2SO4 and
concentrated. The product was purified by silica-gel flash column chromatography to provide
3,4-dihydro-1,4-methanonaphthalen-2(1H)-one as a clear, colorless oil (2.78 g, 80%).

Diethylamine (10.0 mmol, 1.0 equiv.) was added over a 15 minutes’ period to formaldehyde (36% in H20,
40.0 mmol, 4.0 equiv.) at 0°C. The resultant mixture was treated over a 33 minutes’ period with acetic acid
(20.0 mmol, 2.0 equiv.). Once the addition was finished, the temperature was increased to room temperature
and the mixture was added over a 22 minutes’ period to 3,4-dihydro-1,4-methanonaphthalen-2(1H)-one (10.0
mmol, 1.0 equiv.) in the presence of a small amount of BHT at 95°C. The mixture was refluxed for 5 hours and
cooled down to room temperature. The yellow mixture was hydrolyzed with aqueous HCl 5% and ice (pH =1).
The aqueous layer was extracted twice with Et2O, and the combined organic layers were washed with H>O,
aqueous NaOH 5% and twice with brine, dried over NaxSO4 and filtered off. Et2O was distilled under
atmospheric pressure to give a crude which was purified by silica-gel flash column chromatography to obtain

the racemic compound 10 in 45% yield.
Procedure E: Preparation of Racemic 1p:

SN CH5CN, rt., 48 h xPh

Ph 30% yield

(E)-3-benzylidenebicyclo[2.2.1]heptan-2-one 1b (0.500 g, 2.5 mmol) was dissolved in CH3CN (60 mL)
and irradiated with a UV mercury lamp for 48 h while stirring at room temperature. The solvent was removed

under reduced pressure, and the product was purified by silica-gel flash column chromatography to provide 1p

in 30% yield.



Procedure F: Preparation of Racemic 1q:

o fBuOLi O
+ PhCHO
DMSO, rt. S
Ph
50% yield

In 10 ml of anhydrous DMSO were dissolved 1.52 g (10 mmol) of camphor and 11 mmol of bezaldehyde.
To a mixture of 0.96 g (12 mmol) of ~-BuOLi and 10 ml of anhydrous DMSO was added dropwise the solution
of reagents controlling the rate of addition so as the temperature of the reaction mixture did not exceed 20 °C;
the reaction mixture was cooled with water bath. The stirring was continued till complete consumption of the
camphor. Then the reaction mixture was poured into 150 ml of ice water containing 5 ml of acetic acid. The

precipitate was filtered off, washed with water, and recrystallized from ethanol.

General Procedure for the Umpolung-Type 1,3-Dipolar Cycloaddition of 3-Methylene-2-Norcamphor

with Azomethine Ylides
: R MeO,C R
0:0 >/ Cu(1)/(S)-L5 (5 mol %) LS o}
: * N ° HN *
. >_Rl CH2C|2, Eth, -40 °C \
- MeO,C R
rac-1a 2 5 (dr>20:1) (1S,4R)1a

(S)-TF-BiphamPhos L5 (17.6 mg, 0.022 mmol) and Cu(CH3CN)4BF4 (6.3 mg, 0.020 mmol) were dissolved
in 2.0 mL CH2Clz, and stirred at room temperature for about 30 min. Then, the reaction temperature was
dropped to -40 °C (unless otherwise noted) and the imino ester 2 (0.20 mmol), EtsN (0.060 mmol) were added
sequentially. Then 3-methylene-2-norcamphor 1a (0.40 mmol) was added. After the reaction completed, the
reaction mixture was quenched by silica-gel. The organic solvent was removed and the residue was purified by
column chromatography to give the products, which was then directly analyzed by chiral-phase HPLC to

determine the enantiomeric excess.
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3

Cl (5a)
Methyl (15,25,2'S,4R,5'R)-5'-(4-chlorophenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]

-2'-carboxylate (5a): Yield (91%); yellow solid; m.p. 109-111 °C; [a]*°p = +21.5 (c 0.52, CH2Cl2); 'H NMR
(400 MHz, CDCIl3) 6 7.47 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 4.14 (dd, /= 11.6, 5.2 Hz, 1H), 3.84 (s,
1H), 3.68 (s, 3H), 2.70 — 2.62 (m, 2H), 2.30 — 2.24 (m, 1H), 2.06 — 1.86 (m, 3H), 1.80 — 1.68 (m, 3H), 1.53 —
1.39 (m, 1H). 1*C NMR (100 MHz, CDCls) § 217.8, 173.2, 139.8, 133.4, 128.7, 128.5, 68.6, 64.8, 62.2, 52.3,
48.9, 45.1, 40.3, 34.7, 25.1, 23.4.; HRMS (ESI+) Calcd. For CisH20CINNaOs ([M+Na]"): 356.1024, found:
356.1022. The product was analyzed by HPLC to determine the enantiomeric excess: 94% ee (Chiralpak AD-H,
i-propanol/hexane = 10/90, flow rate 1.0 mL/min, A =220 nm); tr= 12.94 and 23.80 min.

Cl (5b)
Methyl (15,28,2'S,4R,5' R)-5'-(3-chlorophenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-

2'-carboxylate (5b): Yield (88%); white solid; m.p. 130-132 °C; [a]*°p = +42.1 (c 0.3, CH2Cl2); '"H NMR (400
MHz, CDCls) 6 7.52 (s, 1H), 7.43 (d, J= 6.8 Hz, 1H), 7.32 — 7.24 (m, 2H), 4.14 (dd, J = 11.6, 5.2 Hz, 1H), 3.85
(s, 1H), 3.68 (s, 3H), 2.68 — 2.63 (m, 2H), 2.60 (brs, 1H), 2.31 — 2.24 (m, 1H), 2.11 — 1.97 (m, 2H), 1.96 — 1.86
(m, 1H), 1.83 — 1.65 (m, 3H), 1.51 — 1.41 (m, 1H). C NMR (100 MHz, CDCl3) & 217.7, 173.1, 143.5, 134.3,
129.9, 127.8, 127.3, 125.1, 68.6, 64.7, 62.3, 52.3, 48.9, 45.1, 40.2, 34.7, 25.1, 23.4.; HRMS (ESI+) Calcd. For
C1sH21CINO3 ([M+H]"): 334.1204, found: 334.1207. The product was analyzed by HPLC to determine the
enantiomeric excess: 95% ee (Chiralpak ASH, i-propanol /hexane = 5/95, flow rate 1.0 mL/min, A =220 nm); t:
=14.72 and 24.80 min.



r

Methyl (15,28,2'S,4R,5' R)-5'-(4-bromophenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-

B (5¢)

2'-carboxylate (5c): Yield (84%); white solid; m.p. 108-110 °C; [a]*°p = +12.3 (¢ 0.33, CH2Cl2); 'H NMR
(400 MHz, CDClI3) 8 7.51 — 7.45 (m, 2H), 7.44 — 7.38 (m, 2H), 4.13 (dd, J = 11.6, 5.2 Hz, 1H), 3.84 (s, 1H),
3.68 (s, 3H), 2.68 — 2.64 (m, 2H), 2.31 — 2.24 (m, 1H), 2.09 — 1.97 (m, 2H), 1.95 — 1.86 (m, 1H), 1.79 — 1.66 (m,
3H), 1.51 — 1.41 (m, 1H). 1*C NMR (100 MHz, CDCl3) § 217.7, 173.2, 140.4, 131.7, 128.8, 121.5, 68.6, 64.8,
62.2,52.3,489,45.1,40.2,34.7, 25.1, 23.4.; HRMS (ESI+) Calcd. For C1sH20BrNNaO3 ([M+Na]"): 400.0519,
found: 400.0520. The product was analyzed by HPLC to determine the enantiomeric excess: 95% ee (Chiralpak
AD-H, i-propanol /hexane = 10/90, flow rate 1.0 mL/min, A =220 nm); t-= 13.83 and 25.28 min.

Br (5d)
Methyl (1S,28,2'S,4R,5' R)-5'-(3-bromophenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-

2'-carboxylate (5d): Yield (85%); white solid; m.p. 117-118 °C; [a]*°p = +36.2 (¢ 0.46, CH2Cl2); 'H NMR
(400 MHz, CDCl3) 6 7.67 (d, J = 1.2 Hz, 1H), 7.48 (d, /= 7.6 Hz, 1H), 7.41 (d, J = 8.0 Hz, 1H), 7.23 (td, J =
7.6,2.0 Hz, 1H), 4.13 (dd, J = 11.6, 4.8 Hz, 1H), 3.84 (s, 1H), 3.68 (s, 3H), 2.67 — 2.63 (m, 2H), 2.59 (brs, 1H),
2.32 —2.24 (m, 1H), 2.11 — 1.96 (m, 2H), 1.96 — 1.85 (m, 1H), 1.81 — 1.65 (m, 3H), 1.50 — 1.41 (m, 1H). 13C
NMR (100 MHz, CDCl3) 6 217.7, 173.1, 143.8, 130.8, 130.3, 130.2, 125.6, 122.6, 68.6, 64.7, 62.2, 52.3, 48.9,
45.0,40.2, 34.7, 25.1, 23.4.; HRMS (ESI+) Calcd. For C1sH20BrNNaO3 ([M+Na]"): 400.0519, found: 400.0521.
The product was analyzed by HPLC to determine the enantiomeric excess: 96% ee (Chiralpak AS-H,

i-propanol/hexane = 5/95, flow rate 1.0 mL/min, A =220 nm); t-= 18.15 and 32.73 min.



o
(Se)

Methyl (15,28,2'S,4R,5' R)-5'-(2-chlorophenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-

2'-carboxylate (5e): Yield (94%); white solid; m.p. 128-130 °C; [a]*°p = +53.5 (¢ 0.53, CH2Cl2); 'H NMR
(400 MHz, CDCl3) 6 7.95 (dd, J= 8.0, 1.2 Hz, 1H), 7.32 (m, 2H), 7.20 (m, 1H), 4.67 (dd, J=11.6, 4.8 Hz, 1H),
3.90 (s, 1H), 3.67 (s, 3H), 2.71 — 2.63 (m, 2H), 2.59 (brs, 1H), 2.30 — 2.24 (m, 1H), 2.23 —2.16 (m, 1H), 1.97 -
1.86 (m, 2H), 1.80 — 1.69 (m, 3H), 1.51 — 1.42 (m, 1H). *C NMR (100 MHz, CDCl3) § 217.5, 173.2, 139.1,
133.2, 129.3, 128.5, 127.5, 127.4, 68.1, 64.5, 58.3, 52.1, 49.0, 45.0, 38.7, 34.8, 25.1, 23.3.; HRMS (ESI+)
Caled. For CigH21CINOs ([M+H]"): 334.1204, found: 334.1204. The product was analyzed by HPLC to
determine the enantiomeric excess: 94% ee (Chiralpak AS-H, i-propanol /hexane = 10/90, flow rate 1.0 mL/min,

A =220 nm); tr=10.39 and 18.26 min.

O2:N (5f)

methyl (1S,28,2'S,4R,5'R)-5'-(4-nitrophenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-2'-
carboxylate (5f): Yield (72%); yellow solid; m.p. 102 — 103 °C; [a.]'>p = +7.4 (c 0.61, CH2Cl2); '"H NMR (400
MHz, CDCl3) 6 8.25 — 8.17 (m, 2H), 7.82 — 7.70 (m, 2H), 4.32 (dd, J = 11.7, 5.3 Hz, 1H), 3.91 (s, 1H), 3.68 (s,
3H), 2.69 — 2.64 (m, 2H), 2.30 — 2.25 (m, 1H), 2.16 — 2.10 (m, 1H), 2.07 — 2.01 (m, 1H), 1.97 — 1.89 (m, 1H),
1.83 — 1.70 (m, 3H), 1.51 — 1.43 (m, 1H). *C NMR (100 MHz, CDCl3) § 217.0, 173.1, 149.7, 147.3, 127.9,
123.7, 68.3, 64.6, 61.8, 52.2, 48.9, 44.8, 40.1, 34.8, 25.1, 23.2.; HRMS (ESI+) Calcd. For CisH21N20s
(IM+H]"): 345.1445, found: 345.1443. The product was analyzed by HPLC to determine the enantiomeric
excess: 98% ee (Chiralpak AD-H, i-propanol /hexane = 30/70, flow rate 1.0 mL/min, A = 220 nm); t:= 10.35
and 17.80 min.



3

NC (59)

methyl (1S,28,2'S,4R,5'R)-5'-(4-cyanophenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-2'-
carboxylate (5g): Yield (83%); white solid; m.p. 107 — 108 °C; [a]"°p = +20.0 (¢ 0.60, CH2Cl2); 'H NMR (400
MHz, CDCIl3) & 7.73 — 7.61 (m, 4H), 4.25 (dd, J=11.7, 5.2 Hz, 1H), 3.88 (s, 1H), 3.68 (s, 3H), 2.70 — 2.62 (m,
2H), 2.31 — 2.22 (m, 1H), 2.14 — 2.05 (m, 1H), 2.07 — 1.99 (m, 1H), 2.01 — 1.86 (m, 1H), 1.85 — 1.65 (m, 3H),
1.52 — 1.40 (m, 1H). *C NMR (100 MHz, CDCl3) § 217.1, 173.2, 147.5, 132.4, 127.9, 118.8, 111.4, 68.3, 64.7,
62.2, 52.3, 48.9, 44.9, 40.1, 34.8, 25.1, 23.3.; HRMS (ESI+) Calcd. For CioH21N203 ([M+H]"): 325.1547,
found: 325.1549. The product was analyzed by HPLC to determine the enantiomeric excess: 94% ee (Chiralpak
AD-H, i-propanol/hexane = 30/70, flow rate 1.0 mL/min, A = 220 nm); t-= 8.67 and 15.84 min.

)

Methyl (1S,28,2'S,4R,5'R)-3-0x0-5'-phenylspiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-2'- carboxylate
(5h): Yield (86%); white thick liquid; [a]*’p = +44.7 (¢ 0.43, CH2Cl2); '"H NMR (400 MHz, CDCl3) § 7.56 —
7.49 (m, 2H), 7.41 — 7.33 (m, 2H), 7.32 — 7.28 (m, 1H), 4.15 (dd, J = 10.0, 6.8 Hz, 1H), 3.85 (s, 1H), 3.68 (s,
3H), 2.72 — 2.67 (m, 1H), 2.67 — 2.62 (m, 1H), 2.31 — 2.27 (m, 1H), 2.09 — 2.07 (m, 1H), 2.07 — 2.03 (m, 1H),
1.95 — 1.86 (m, 1H), 1.80 — 1.68 (m, 3H), 1.50 — 1.43 (m, 1H). *C NMR (100 MHz, CDCls) & 218.1, 173.2,
140.9, 128.6, 127.8, 127.0, 68.7, 64.9, 62.9, 52.3, 48.9, 45.2, 40.4, 34.7, 25.1, 23.5.; HRMS (ESI+) Calcd. For
C1sH22NO3 ([M+H]"): 300.1594, found: 300.1597. The product was analyzed by HPLC to determine the
enantiomeric excess: 93% ee (Chiralpak AD-H, i-propanol /hexane = 5/95, flow rate 1.0 mL/min, A = 220 nm);
tr=16.86 and 28.61 min.



MeO (5i)
Methyl (1S,28,2'S,4R,5' R)-5'-(4-methoxyphenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]

-2'-carboxylate (5i): Yield (59%); yellow thick liquid; [a]*°p = +36.2 (¢ 0.39, CH2Cl2); '"H NMR (400 MHz,
CDClIs) & 7.46 — 7.40 (m, 2H), 6.94 — 6.86 (m, 2H), 4.12 (dd, J = 9.0, 8.4 Hz, 1H), 3.84 (s, 1H), 3.81 (s, 3H),
3.68 (s, 3H), 2.77 (s, 1H), 2.71 — 2.68 (m, 1H), 2.66 — 2.63 (m, 1H), 2.30 — 2.26 (m, 1H), 2.05 —2.01 (m, 2H),
1.95 — 1.86 (m, 1H), 1.78 — 1.68 (m, 3H), 1.50 — 1.42 (m, 1H). *C NMR (100 MHz, CDCl3) & 218.2, 173.1,
159.2, 132.7, 128.2, 114.0, 68.4, 64.8, 62.2, 55.3, 52.3, 48.9, 45.1, 40.2, 34.7, 25.1, 23.5.; HRMS (ESI+) Calcd.
For Ci1sH22NO; ([M+H]"): 330.1700, found: 330.1700. The product was analyzed by HPLC to determine the
enantiomeric excess: 95% ee (Chiralpak OD-H, i-propanol/hexane = 10/90, flow rate 1.0 mL/min, A = 220 nm);

tr=16.72 and 22.88 min.

f (5i)

Me
Methyl (1S,28,2'S,4R,5'R)-3-0x0-5'-(p-tolyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-2'- carboxylate

(5j): Yield (74%); yellow solid; m.p. 76-78 °C; [a]*°p = +49.4 (c 0.36, CH2Cl2); '"H NMR (400 MHz, CDCl3) §
7.40 (d, J = 8.0 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 4.15 — 4.08 (m, 1H), 3.83 (s, 1H), 3.68 (s, 3H), 2.72 — 2.67
(m, 1H), 2.67 — 2.62 (m, 1H), 2.35 (s, 3H), 2.32 — 2.26 (m, 1H), 2.06 — 2.04 (m, 1H), 2.03 — 2.00 (m, 1H), 1.97
—1.84 (m, 1H), 1.80 — 1.66 (m, 3H), 1.50 — 1.40 (m, 1H). *C NMR (100 MHz, CDCls) § 218.2, 173.2, 137.9,
137.5, 129.3, 127.0, 68.8, 65.0, 62.7, 52.3, 48.9, 45.2, 40.4, 34.7, 25.1, 23.6, 21.1.; HRMS (ESI+) Calcd. For
C1oH23NO3 ([M+H]"): 314.1751, found: 314.1751. The product was analyzed by HPLC to determine the
enantiomeric excess: 93% ee (Chiralpak AD-H, i-propanol /hexane = 10/90, flow rate 1.0 mL/min, A = 220 nm);

tr=11.78 and 20.79 min.



Me  (5K)
Methyl (18,25,2'S,4R,5'R)-3-0x0-5"-(m-tolyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-2'- carboxylate

(5k): Yield (66%); yellow thick liquid; [a]*’p = +40.6 (c 0.48, CH2Cl2); 'H NMR (400 MHz, CDCl3) § 7.35 —
7.28 (m, 2H), 7.24 (t, J=17.6 Hz, 1H), 7.11 (d, J= 7.2 Hz, 1H), 4.12 (dd, /= 9.6, 7.6 Hz, 1H), 3.84 (s, 1H), 3.68
(s, 3H), 2.71 = 2.67 (m, 1H), 2.67 — 2.62 (m, 1H), 2.36 (s, 3H), 2.35 — 2.25 (m, 2H), 2.07 — 2.05 (m, 1H), 2.05 —
2.02 (m, 1H), 1.94 — 1.86 (m, 1H), 1.79 — 1.71 (m, 2H), 1.50 — 1.43 (m, 1H). '*C NMR (100 MHz, CDCls) &
218.3, 173.1, 140.7, 138.3, 128.6, 128.5, 127.7, 124.1, 68.8, 64.9, 62.9, 52.3, 48.9, 45.2, 40.3, 34.6, 25.1, 23.6,
21.4.; HRMS (ESI+) Calcd. For C19H23NO3 ([M+H]"): 314.1751, found: 314.1751. The product was analyzed
by HPLC to determine the enantiomeric excess: 94% ee (Chiralpak AD-H, i-propanol/hexane = 10/90, flow rate
1.0 mL/min, A =220 nm); tr= 12.47 and 15.41 min.

o
(sh)

Methyl (1S,2S,2'S,4R,5'R)-3-0x0-5'-(0o-tolyl)spiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-2'- carboxylate

(51): Yield (64%); white solid; m.p. 126-128 °C; [a]*°p = +58.7 (c 0.45, CH2Cl2); 'H NMR (400 MHz, CDCl3)
07.68 (d,J=7.6 Hz, 1H), 7.27 — 7.23 (m, 1H), 7.18 (m, 2H), 4.35 (dd, J = 10.4, 6.0 Hz, 1H), 3.85 (s, 1H), 3.68
(s, 3H), 2.73 — 2.69 (m, 1H), 2.68 —2.63 (m, 1H), 2.57 (brs, 1H), 2.41 (s, 3H), 2.34 — 2.28 (m, 1H), 2.08 — 2.01
(m, 2H), 1.96 — 1.86 (m, 1H), 1.80 — 1.67 (m, 3H), 1.51 — 1.43 (m, 1H). *C NMR (100 MHz, CDCls) § 218.3,
173.1, 138.6, 136.3, 130.3, 127.4, 126.5, 125.3, 68.7, 64.7, 58.6, 52.3, 48.9, 45.3, 39.2, 34.6, 25.1, 23.6, 19.4,;
HRMS (ESI+) Caled. For C1oH23NO3 ([M+H]"): 314.1751, found: 314.1751. The product was analyzed by
HPLC to determine the enantiomeric excess: 97% ee (Chiralpak AD-H, i-propanol/hexane = 10/90, flow rate

1.0 mL/min, A =220 nm); tr= 8.67 and 12.03 min.



(5m)

Methyl (18,25,2'S,4R,5'R)-5'-(naphthalen-1-yl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-
2'-carboxylate (5m): Yield (73%); yellow solid; m.p. 123-125 °C; [a]*°p = +77.0 (c 0.46, CH2Clz); '"H NMR
(400 MHz, CDCls) 6 8.29 (d, J= 8.4 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.79 (m, 2H), 7.56 — 7.46 (m, 3H), 4.87
(d, J= 8.4 Hz, 1H), 3.95 (s, 1H), 3.66 (s, 3H), 2.87 — 2.75 (m, 1H), 2.71 — 2.63 (m, 1H), 2.38 — 2.33 (m, 1H),
2.32 —2.25 (m, 1H), 2.25 — 2.16 (m, 1H), 1.97 — 1.88 (m, 1H), 1.81 — 1.70 (m, 3H), 1.54 — 1.46 (m, 1H). 13C
NMR (100 MHz, CDCl3) ¢ 218.4, 172.8, 136.0, 133.7, 132.0, 128.6, 128.2, 126.1, 125.6, 125.5, 123.8, 122.9,
69.0, 64.4, 58.4, 52.3, 48.9, 45.5, 38.6, 34.6, 25.1, 23.7.; HRMS (ESI+) Calcd. For C22H2NOs ([M+H]"):
350.1751, found: 350.1751. The product was analyzed by HPLC to determine the enantiomeric excess: 95% ee
(Chiralpak AS-H, i-propanol/hexane = 10/90, flow rate 1.0 mL/min, A = 220 nm); t:= 10.80 and 17.05 min.

) e

Methyl (18,25,2'S,4R,5'R)-5'-(naphthalen-2-yl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]-
2'-carboxylate (5n): Yield (88%); white solid; m.p. 138-140 °C; [a]*°p = +34.4 (¢ 0.43, CH2Cl2); 'H NMR
(400 MHz, CDCls) 6 7.90 (s, 1H), 7.88 — 7.81 (m, 3H), 7.72 (dd, J = 8.4, 1.6 Hz, 1H), 7.50 — 7.44 (m, 2H), 4.33
(dd, J=10.8, 6.0 Hz, 1H), 3.89 (s, 1H), 3.71 (s, 3H), 2.74 — 2.69 (m, 1H), 2.69 — 2.65 (m, 1H), 2.35 - 2.29 (m,
1H), 2.21 — 2.10 (m, 2H), 1.98 — 1.87 (m, 1H), 1.83 — 1.70 (m, 3H), 1.54 — 1.44 (m, 1H). *C NMR (100 MHz,
CDCls) 6 218.1, 173.2, 138.4, 133.3, 133.0, 128.5, 127.9, 127.6, 126.1, 125.9, 125.0, 68.9, 65.0, 63.1, 52.4,
49.0, 45.3, 40.3, 34.7, 25.1, 23.6.; HRMS (ESI+) Calcd. For C22H2aNO3 ([M+H]"): 350.1751, found: 350.1751.
The product was analyzed by HPLC to determine the enantiomeric excess: 93% ee (Chiralpak AS-H, i-propanol

/hexane = 10/90, flow rate 1.0 mL/min, A = 220 nm); t-= 14.89 and 23.96 min.



of (50)
Methyl (1S,28,2'S,4R,5' R)-5'-(4-chlorophenyl)-2'-methyl-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-

pyrrolidine]-2'-carboxylate (50): Yield (70%); white solid; m.p. 116-118 °C; [a]*’p = +14.1 (c 1.02, CH2Cl);
"H NMR (400 MHz, CDCl3) § 7.47 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.4 Hz, 2H), 4.15 (dd, J=9.2, 7.2 Hz, 1H),
3.69 (s, 3H), 3.11 (brs, 1H), 2.79 — 2.74 (m, 1H), 2.65 — 2.59 (m, 1H), 2.34 — 2.23 (m, 2H), 2.11 — 2.02 (m, 1H),
1.92 — 1.72 (m, 2H), 1.71 — 1.61 (m, 1H), 1.59 — 1.53 (m, 1H), 1.56 (s, 3H), 1.51 — 1.42 (m, 1H). 3C NMR
(100 MHz, CDCl) 6 220.5, 174.2, 139.9, 133.1, 128.6, 72.0, 65.7, 59.5, 52.6, 49.4, 44.0, 42.1, 35.6, 25.9, 25.9,
22.0.; HRMS (ESI+) Calcd. For CioH23CINO; ([M+H]"): 348.1361, found: 348.1361. The product was
analyzed by HPLC to determine the enantiomeric excess: 97% ee (Chiralpak AS-H, i-propanol/hexane = 10/90,

flow rate 1.0 mL/min, A = 220 nm); t:= 6.25 and 10.23 min.

MeO (Sp)
Methyl (1S,28,2'S,4R,5'R)-5'-(4-methoxyphenyl)-2'-methyl-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-

pyrrolidine]-2'-carboxylate (5p): Yield (57%); white solid; m.p. 106-109 °C; [a.]*°p = +7.6 (¢ 0.46, CH2Cl);
"H NMR (400 MHz, CDCl3) § 7.47 — 7.42 (m, 2H), 6.90 — 6.85 (m, 2H), 4.13 (dd, J = 9.6, 6.8 Hz, 1H), 3.80 (s,
3H), 3.69 (s, 3H), 3.16 (brs, 1H), 2.81 — 2.75 (m, 1H), 2.64 — 2.59 (m, 1H), 2.32 — 2.24 (m, 2H), 2.14 — 2.06 (m,
1H), 1.93 — 1.72 (m, 2H), 1.72 — 1.62 (m, 1H), 1.56 (s, 3H), 1.55 — 1.52 (m, 1H), 1.52 — 1.42 (m, 1H). *C NMR
(100 MHz, CDCls) 6 220.7, 174.4, 158.9, 133.3, 128.4, 113.9, 72.0, 65.9, 59.7, 55.3, 52.6, 49.4, 44.3, 42.2, 35.6,
26.1,25.9,22.1.; HRMS (ESI+) Calcd. For C20H26NO4 ([M+H]"): 344.1856, found: 344.1856. The product was
analyzed by HPLC to determine the enantiomeric excess: >99% ee (Chiralpak AD-H, i-propanol/hexane =

30/70, flow rate 1.0 mL/min, A = 220 nm); t:= 6.58 and 9.45 min.



S
Q (59)

Methyl (1S,28,2'S,4R,5'R)-2'-methyl-3-0x0-5'-(thiophen-2-yl)spiro[bicyclo[2.2.1]heptane-2,3'-

pyrrolidine]-2'-carboxylate (5q): Yield (64%); yellow solid; m.p. 94-96 °C; [a]*p = +3.1 (¢ 0.32, CH2CL);
"H NMR (400 MHz, CDCl3) § 7.25 — 7.19 (m, 1H), 7.10 (d, J= 2.4 Hz, 1H), 6.97 (m, 1H), 4.46 — 4.36 (m, 1H),
3.69 (s, 3H), 3.23 (brs, 1H), 2.79 — 2.73 (m, 1H), 2.64 — 2.58 (m, 1H), 2.43 — 2.35 (m, 1H), 2.31 — 2.23 (m, 1H),
2.22 -2.13 (m, 1H), 1.94 — 1.74 (m, 2H), 1.72 — 1.64 (m, 1H), 1.59 — 1.56 (m, 1H), 1.56 (s, 3H), 1.53 — 1.45 (m,
1H). '*C NMR (100 MHz, CDCl3) § 220.1, 174.0, 144.4, 126.7, 124.6, 124.5, 72.0, 65.8, 55.7, 52.6, 49.2, 44.6,
42.0,35.7, 26.0, 25.8, 22.0.; HRMS (ESI+) Calcd. For C17H21NNaO3S™ ([M+Na]"): 342.1134, found: 342.1137.
The product was analyzed by HPLC to determine the enantiomeric excess: 96% ee (Chiralpak AS-H,

i-propanol/hexane = 3/97, flow rate 1.0 mL/min, A = 220 nm); t-= 30.50 and 34.22 min.

o] (5r)
Methyl (15,28,2'S,4R,5'R)-2'-benzyl-5'-(4-chlorophenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-

pyrrolidine]-2'-carboxylate (5r): Yield (68%); colorless thick liquid; [a]*p = -16.3 (¢ 0.42, CH2CL); 'H
NMR (400 MHz, CDCls) & 7.49 — 7.42 (m, 2H), 7.33 — 7.28 (m, 2H), 7.24 — 7.19 (m, 5H), 4.27 (dd, J = 10.0,
6.0 Hz, 1H), 3.52 (s, 3H), 3.42 (d, J = 13.2 Hz, 1H), 3.00 (brs, 1H), 2.99 (d, J = 13.2 Hz, 1H), 2.78 — 2.73 (m,
1H), 2.67 — 2.63 (m, 1H), 2.43 — 2.37 (m, 1H), 2.09 — 2.02 (m, 1H), 1.96 — 1.73 (m, 4H), 1.69 — 1.66 (m, 1H),
1.52 — 1.45 (m, 1H). '3C NMR (100 MHz, CDCl3) § 220.7, 173.2, 140.0, 136.6, 133.1, 130.4, 128.58, 128.56,
128.0, 126.8, 76.7, 65.8, 59.0, 52.2, 49.3, 44.7, 41.6, 39.2, 35.8, 26.5, 25.5.; HRMS (ESI+) Calcd. For
C25H26CINNaO3 " ([M+Na]"): 446.1493, found: 446.1493. The product was analyzed by HPLC to determine the
enantiomeric excess: >99% ee (Chiralpak OD-H, i-propanol/hexane = 5/95, flow rate 1.0 mL/min, A = 220 nm);

tr=7.65 and 9.10 min.



General Procedure for the Efficient Kinetic Resolution of Alkylidene Norcamphors with Azomethine

Ylides
o 0.0 CoR L, CUbLE (5 mol%) Me0C A 2R RE o
\ 7 CHQS(I)Z; §t3N HN A \
Ar R
rac-1 5 (dr >20:1) (1S,4R)-1

(S)-TF-BiphamPhos L5 (17.6 mg, 0.022 mmol) and Cu(CH3CN)4BF4 (6.3 mg, 0.020 mmol) were dissolved
in 2.0 mL CH2Clz, and stirred at room temperature for about 30 min. Then, the reaction temperature was
dropped to -20 °C (unless otherwise noted) and the imino ester 2 (0.60 mmol), EtsN (0.060 mmol) were added
sequentially. Then 3-alkylidene-2-norcamphor 1 (0.40 mmol) was added. After the reaction completed
(monitored by chiral-phase GC and HPLC), the reaction mixture was quenched by silica-gel. The organic
solvent was removed and the residue was purified by column chromatography to give the recovered 1 and the
cycloadduct 5, which were then directly analyzed by chiral-phase GC or HPLC to determine the enantiomeric

€XCECSS.

(1a)

(15,4R)-3-methylenebicyclo[2.2.1]heptan-2-one (1a): 44% yield; yellow liquid; [a]*°p = -3.0 (c 0.29, CH2ClL);
'"H NMR (400 MHz, CDCI3) § 5.73 (s, 1H), 5.17 (s, 1H), 3.17 — 3.10 (m, 1H), 2.78 — 2.68 (m, 1H), 1.92 — 1.85
(m, 2H), 1.77 — 1.73 (m, 1H), 1.65 — 1.61 (m, 1H), 1.60 — 1.51 (m, 2H). '*C NMR (100 MHz, CDCI3) & 206.0,
149.9, 111.8, 49.1, 42.4, 36.8, 28.0, 23.6.; The product was analyzed by GC to determine the enantiomeric
excess: 92% ee (Chiral Select-1000, 30 m x 0.25 mm, column temperature: 150 °C, carrier gas: N2, 1.0

mL/min); t-=4.75 and 4.95 min.



(1b)

(1S,4R)-3-((E)-benzylidene)bicyclo[2.2.1]heptan-2-one: 46% yield; yellow solid; [a]*’p = -552.1 (c 0.38,
CH2Clz); "H NMR (400 MHz, CDCl3) § 7.52 — 7.46 (m, 2H), 7.44 — 7.31 (m, 3H), 7.16 (s, 1H), 3.66 — 3.61 (m,
1H), 2.82 — 2.77 (m, 1H), 2.11 — 1.92 (m, 2H), 1.78 — 1.65 (m, 4H). '*C NMR (100 MHz, CDCls) § 206.9,
141.6, 135.3, 129.7, 128.9, 128.6, 127.3, 48.6, 40.2, 37.8, 27.3, 24.3.; The product was analyzed by GC to
determine the enantiomeric excess: 94% ee (Chiral Select-1000, 30 m x 0.25 mm, column temperature: 180 °C,

carrier gas: N2, 1.0 mL/min); t:=29.13 and 30.76 min.

Cl

(1c)
(1S,4R)-3-((E)-4-chlorobenzylidene)bicyclo[2.2.1]heptan-2-one (1¢): 45% yield; yellow solid; [a]*’p =
~415.9 (¢ 0.27, CH2Cl2); '"H NMR (400 MHz, CDCl3) § 7.44 — 7.34 (m, 4H), 7.09 (s, 1H), 3.63 — 3.55 (m, 1H),
2.84 —2.76 (m, 1H), 2.10 — 1.93 (m, 2H), 1.79 — 1.61 (m, 4H). 3*C NMR (100 MHz, CDCls) § 206.6, 142.1,
134.8, 133.8, 130.9, 128.9, 125.9, 48.5, 40.2, 37.8, 27.3, 24.3.; The product was analyzed by HPLC to
determine the enantiomeric excess: 97% ee (Chiralpak OJ-H, i-propanol/hexane = 2/98, flow rate 1.0 mL/min,

A =300 nm); tr=11.00 and 12.42 min.

Br
(1d)



(1S5,4R)-3-((E)-4-bromobenzylidene)bicyclo[2.2.1]heptan-2-one (1d): 45% yield; white solid; m.p. 85-86 °C;
[a]*°b = -331.4 (¢ 0.36, CH2Cl2); '"H NMR (400 MHz, CDCl3) § 7.57 — 7.49 (m, 2H), 7.37 — 7.30 (m, 2H), 7.07
(s, 1H), 3.61 — 3.55 (m, 1H), 2.84 — 2.77 (m, 1H), 2.11 — 1.92 (m, 2H), 1.80 — 1.62 (m, 4H). '3C NMR (100
MHz, CDCIl3) ¢ 206.5, 142.2, 134.2, 131.9, 131.1, 125.9, 123.1, 48.5, 40.2, 37.7, 27.2, 24.3.; HRMS (ESI+)
Calcd. For Ci4H13BrNaO™ ([M+Na]"): 299.0042, found: 299.1110. The product was analyzed by HPLC to
determine the enantiomeric excess: 97% ee (Chiralpak OJ-H, i-propanol/hexane = 2/98, flow rate 1.0 mL/min,

A =300 nm); tr=12.94 and 13.78 min.

Cl
(1e)
(1S,4R)-3-((E)-3-chlorobenzylidene)bicyclo[2.2.1]heptan-2-one (le): 45% yield; yellow liquid; [a]*’p =
-313.1 (¢ 0.26, CH2Cl2); '"H NMR (400 MHz, CDCls) § 7.44 (s, 1H), 7.37 — 7.28 (m, 3H), 7.07 (s, 1H), 3.64 —
3.57 (m, 1H), 2.85 — 2.77 (m, 1H), 2.12 — 1.93 (m, 2H), 1.79 — 1.63 (m, 4H). 3*C NMR (100 MHz, CDCI3) §
206.5, 142.9, 137.2, 134.6, 129.9, 129.3, 128.8, 127.9, 125.6, 48.5, 40.2, 37.7, 27.3, 24.3.; HRMS (ESI+) Calcd.
For C14H13CINaO" ([M+Na]"): 255.0547, found: 255.0551. The product was analyzed by HPLC to determine
the enantiomeric excess: 96% ee (Chiralpak OJ-H, i-propanol/hexane = 2/98, flow rate 1.0 mL/min, A = 300
nm); t-=9.97 and 11.39 min.

(11)

(18,4R)-3-((E)-2-fluorobenzylidene)bicyclo[2.2.1]heptan-2-one (1f): 43% yield; yellow liquid; [a]*p =
~261.1 (¢ 0.26, CH:Clo); 'H NMR (400 MHz, CDCl3) 8 7.47 (t, J = 7.6 Hz, 1H), 7.37 — 7.28 (m, 2H), 7.18 (t, J
— 7.6 Hz, 1H), 7.14 — 7.06 (m, 1H), 3.54 — 3.48 (m, 1H), 2.85 — 2.77 (m, 1H), 2.10 — 1.92 (m, 2H), 1.81 — 1.65
(m, 4H). 13C NMR (100 MHz, CDCl3) § 206.3, 161.2 (d, J = 251.0 Hz), 143.5, 130.5 (d, J = 8.0 Hz), 130.1 (d, J



=3.0 Hz), 124.0 (d, /=4.0 Hz), 123.3 (d, /= 13.0 Hz), 119.4 (d, /= 5.0 Hz), 115.8 (d, /= 22.0 Hz), 48.6, 40.4
(d, J = 2.0 Hz), 37.6, 27.3, 24.3.; HRMS (ESI+) Calcd. For Ci14H13FNaO" ([M+Na]"): 239.0843, found:
239.0845. The product was analyzed by HPLC to determine the enantiomeric excess: 99% ee (Chiralpak AS-H,
i-propanol/hexane = 10/90, flow rate 1.0 mL/min, A = 290 nm); t:=7.13 and 8.03 min.

Me
(19)

(1S5,4R)-3-((E)-4-methylbenzylidene)bicyclo[2.2.1]heptan-2-one (1g): 46% yield; [a]*°p = —529.1 (¢ 0.47,
CH:Cl2); 'H NMR (400 MHz, CDCI3) & 7.39 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 7.13 (s, 1H), 3.65 —
3.61 (m, 1H), 2.80 — 2.75 (m, 1H), 2.38 (s, 3H), 2.09 — 1.91 (m, 2H), 1.79 — 1.63 (m, 4H). *C NMR (100 MHz,
CDCIl3) ¢ 207.1, 140.8, 139.2, 132.5, 129.8, 129.4, 127.4, 48.6, 40.3, 37.9, 27.3, 24.4, 21.4.; The product was
analyzed by HPLC to determine the enantiomeric excess: 97% ee (Chiralpak OJ-H, i-propanol/hexane = 2/98,
flow rate 1.0 mL/min, A = 300 nm); t-= 8.59 and 11.27 min.

Me
(1h)
(1S5,4R)-3-((E)-3-methylbenzylidene)bicyclo[2.2.1]heptan-2-one (1h): 47% yield; yellow liquid; [a]*’p =
-293.9 (¢ 0.36, CH2Cl2); 'H NMR (400 MHz, CDCl3) § 7.32 — 7.27 (m, 3H), 7.18 — 7.14 (m, 1H), 7.13 (s, 1H),
3.66 — 3.61 (m, 1H), 2.81 — 2.76 (m, 1H), 2.38 (s, 3H), 2.10 — 1.91 (m, 2H), 1.78 — 1.61 (m, 4H). '*C NMR
(100 MHz, CDCl3) 6 207.0, 141.5, 138.3, 135.2, 130.5, 129.7, 128.5, 127.4, 126.8, 48.6, 40.3, 37.8, 27.3, 24.3,
21.4.; HRMS (ESI+) Calcd. For CisHisNaO" ([M+Na]"): 235.1093, found: 235.1104. The product was
analyzed by HPLC to determine the enantiomeric excess: 94% ee (Chiralpak OJH, i-propanol/hexane = 2/98,
flow rate 1.0 mL/min, A = 300 nm); t-= 8.22 and 10.05 min.



MeO
(11)

(1S,4R)-3-((E)-4-methoxybenzylidene)bicyclo[2.2.1]heptan-2-one (1i): 50% yield; [a]*®p = —416.0 (¢ 0.30,
CH2Clz); '"H NMR (400 MHz, CDCl3) § 7.46 (d, J = 8.0 Hz, 2H), 7.11 (s, 1H), 6.93 (d, J = 8.4 Hz, 2H), 3.84 (s,
3H), 3.66 — 3.58 (m, 1H), 2.80 — 2.74 (m, 1H), 2.09 — 1.91 (m, 2H), 1.79 — 1.60 (m, 4H). *C NMR (100 MHz,
CDCls) 6 207.0, 160.2, 139.5, 131.4, 127.8, 127.1, 114.1, 55.3, 48.5, 40.2, 38.0, 27.3, 24.4.; The product was
analyzed by HPLC to determine the enantiomeric excess: 87% ee (Chiralpak OJ-H, i-propanol/hexane = 2/98,
flow rate 1.0 mL/min, A = 300 nm); tr= 23.87 and 30.81 min.

o
W,
W)

(1))

(1S,4R,E)-3-(naphthalen-2-ylmethylene)bicyclo[2.2.1]heptan-2-one (1j): 46% yield; yellow solid; m.p.
91-93 °C; [a]*’p = =504.2 (c 0.28 CH2Clz); '"H NMR (400 MHz, CDCI3) & 7.93 (s, 1H), 7.89 — 7.80 (m, 3H),
7.61 (dd, J= 8.4, 1.6 Hz, 1H), 7.54 — 7.47 (m, 2H), 7.32 (s, 1H), 3.78 = 3.71 (m, 1H), 2.86 — 2.79 (m, 1H), 2.15
—2.05 (m, 1H), 2.04 — 1.94 (m, 1H), 1.85 — 1.76 (m, 2H), 1.73 — 1.67 (m, 2H). '3C NMR (100 MHz, CDCl3) &
206.9, 141.9, 133.24, 133.22, 132.8, 130.1, 128.33, 128.29, 127.7, 127.4, 126.9, 126.5, 48.6, 40.3, 37.9, 27.4,
24.4.; HRMS (ESI+) Calcd. For CisHisNaO™ ([M+Na]"): 271.1093, found: 271.1100. The product was
analyzed by HPLC to determine the enantiomeric excess: 95% ee (Chiralpak IA, i-propanol /hexane = 1/99,
flow rate 1.0 mL/min, A =300 nm); tr= 11.41 and 12.92 min.



\

N

(1k)

(1S,4R,E)-3-(thiophen-2-ylmethylene)bicyclo[2.2.1]heptan-2-one (1k): 46% yield; sepia liquid; [a]*’p =
-513.5 (¢ 0.17, CH2CL2); 'H NMR (400 MHz, CDCls) § 7.45 (dd, J = 4.8, 0.8 Hz, 1H), 7.31 — 7.24 (m, 2H),
7.11 —7.05 (m, 1H), 3.76 — 3.70 (m, 1H), 2.81 — 2.75 (m, 1H), 2.04 — 1.90 (m, 2H), 1.82 - 1.77 (m, 1H), 1.72 —
1.67 (m, 1H), 1.66 — 1.57 (m, 2H). *C NMR (100 MHz, CDCI3) & 206.7, 139.1, 139.0, 132.3, 129.0, 127.7,
120.1, 48.8, 40.6, 37.6, 27.1, 24.6.; HRMS (ESI+) Caled. For Ci12H12NaOS™ ([M+Na]"): 227.0501, found:
227.0486. The product was analyzed by HPLC to determine the enantiomeric excess: 91% ee (Chiralpak OJ-H,

i-propanol /hexane = 10/90, flow rate 1.0 mL/min, A = 320 nm); t:= 8.51 and 9.51 min.

\

N=
\_ 7/
(1

(15,4R,E)-3-(pyridin-2-ylmethylene)bicyclo[2.2.1]heptan-2-one (11): 45% yield; yellow liquid; [a]*p =
-219.2 (¢ 0.25, CH2Cl2); '"H NMR (400 MHz, CDCl3) § 8.68 (d, J = 3.6 Hz, 1H), 7.74 — 7.63 (m, 1H), 7.39 (d, J
=8.0 Hz, 1H), 7.26 — 7.14 (m, 1H), 7.08 (s, 1H), 4.34 — 4.26 (m, 1H), 2.83 —2.75 (m, 1H), 2.08 — 1.89 (m, 2H),
1.83 — 1.75 (m, 1H), 1.74 — 1.61 (m, 3H). *C NMR (100 MHz, CDCl3) § 207.5, 154.7, 149.9, 145.2, 136.2,
126.1, 125.0, 122.7, 48.6, 40.2, 37.0, 27.3, 24.2.; HRMS (ESI+) Caled. For Ci3Hi4NO™ ([M+Na]"): 200.1070,
found: 200.1068. The product was analyzed by HPLC to determine the enantiomeric excess: 98% ee (Chiralpak
OJ-H, i-propanol /hexane = 2/98, flow rate 1.0 mL/min, A = 300 nm); t:= 13.88 and 17.92 min.

(1m)



(3aR,4R,7S,7aS)-6-methyleneoctahydro-5H-4,7-methanoinden-5-one (1m): 45% yield; [a.]**o = -0.7 (c 0.19,
CH2Clz); 'TH NMR (400 MHz, CDCI3) § 5.71 (s, 1H), 5.13 (s, 1H), 2.91 — 2.85 (m, 1H), 2.54 — 2.47 (m, 1H),
2.24 — 2.13 (m, 2H), 2.04 — 1.95 (m, 2H), 1.85 — 1.76 (m, 2H), 1.58 — 1.51 (m, 1H), 1.34 (m, 1H), 1.17 — 1.05
(m, 2H). 3C NMR (100 MHz, CDCls) § 206.0, 149.8, 111.3, 53.9, 47.0, 46.9, 41.8, 32.1, 31.8, 30.5, 27.9.; The
product was analyzed by HPLC to determine the enantiomeric excess: 91% ee (Chiralpak AS-H,

i-propanol/hexane = 2/98, flow rate 1.0 mL/min, A =220 nm); t-= 7.55 and 8.47 min.

(1n)

(3aS,4R,7S,7aR)-6-methyleneoctahydro-5H-4,7-methanoinden-5-one (1n): 44% yield; [a]*’p = +25.0 (¢ 0.02,
CH2Cl2); '"H NMR (400 MHz, CDCls) & 5.82 (s, 1H), 5.12 (s, 1H), 3.01 — 2.95 (m, 1H), 2.82 — 2.70 (m, 2H),
2.68 —2.62 (m, 1H), 1.94 — 1.86 (m, 1H), 1.85 — 1.78 (m, 1H), 1.60 — 1.48 (m, 3H), 1.42 — 1.27 (m, 3H). 13C
NMR (100 MHz, CDCl3) 6 206.4, 148.1, 113.1, 54.9, 47.2, 46.1, 45.1, 39.9, 28.0, 27.9, 27.8.; The product was
analyzed by HPLC to determine the enantiomeric excess: 90% ee (Chiralpak AS-H, i-propanol/hexane = 2/98,
flow rate 1.0 mL/min, A = 220 nm); t=5.27 and 6.35 min.

(10)

(1R,4S)-3-methylene-3,4-dihydro-1,4-methanonaphthalen-2(1H)-one (10): 46% yield; [a]*°p = +36.3 (¢ 0.47,
CH2Clz); '"H NMR (400 MHz, CDCl3) § 7.32 — 7.24 (m, 2H), 7.19 — 7.09 (m, 2H), 5.78 (s, 1H), 5.28 (s, 1H),
4.07 — 4.02 (m, 1H), 3.72 — 3.66 (m, 1H), 2.62 — 2.55 (m, 1H), 2.33 — 2.27 (m, 1H). 3C NMR (100 MHz,
CDCl3) 6 202.4, 147.5, 145.2, 140.9, 127.6, 126.9, 123.5, 121.4, 112.6, 56.8, 50.5, 48.9.; The product was
analyzed by HPLC to determine the enantiomeric excess: 90% ee (Chiralpak OJ-H, i-propanol/hexane = 10/90,
flow rate 1.0 mL/min, A =220 nm); tr= 13.95 and 18.83 min.



O
(o
(1p)
(Z)-3-benzylidenebicyclo[2.2.1]heptan-2-one (1p): 30% yield; '"H NMR (400 MHz, CDCl3) § 7.98 — 7.85 (m,
2H), 7.39 — 7.28 (m, 3H), 6.60 (s, 1H), 3.17 — 3.08 (m, 1H), 2.81 —2.71 (m, 1H), 1.97 — 1.82 (m, 3H), 1.67 —

1.56 (m, 3H). '*C NMR (100 MHz, CDCI3) & 205.1, 141.8, 134.7, 133.1, 130.4, 129.1, 128.0, 51.8, 46.8, 37.1,
28.5,23.7.

)

X
Ph

(1q)
(E)-3-benzylidene-7,7-dimethylbicyclo[2.2.1]heptan-2-one (1q): 50% yield; '"H NMR (400 MHz, CDCI3) §
7.51 —7.45 (m, 2H), 7.44 — 7.31 (m, 3H), 7.24 (s, 1H), 3.11 (d, J = 4.2 Hz, 1H), 2.23 — 2.14 (m, 1H), 1.83 —
1.74 (m, 1H), 1.65 — 1.48 (m, 2H), 1.03 (s, 3H), 1.00 (s, 3H), 0.80 (s, 3H). 3C NMR (100 MHz, CDCl3) § 208.3,
142.0, 135.6, 129.7, 128.7, 128.6, 127.5, 57.1, 49.1, 46.7, 30.6, 25.9, 20.6, 18.3, 9.3.

N
N
E \

cl (Ss)
Methyl (1S,2R,2'S,4R,4'R,5'R)-5'-(4-chlorophenyl)-3-oxo-4'-phenylspiro[bicyclo[2.2.1]heptane-

2,3'-pyrrolidine]-2'-carboxylate (5s): Yield (48%); yellow liquid; [a]*’p = +57.5 (c 0.28, CH2Cl2); '"H NMR
(400 MHz, CDCl3) 8 7.46 (d, J = 8.4 Hz, 2H), 7.27 — 7.03 (m, TH), 4.64 (d, J = 11.2 Hz, 1H), 3.98 (s, 1H), 3.76
(d, J=11.2 Hz, 1H), 3.73 (s, 3H), 2.85 — 2.78 (m, 1H), 2.66 — 2.61 (m, 1H), 2.24 — 2.17 (m, 1H), 1.67 — 1.56
(m, 1H), 1.56 — 1.48 (m, 1H), 1.17 — 1.06 (m, 1H), 1.06 — 0.96 (m, 1H), 0.83 — 0.72 (m, 1H). *C NMR (100
MHz, CDCIl3) 6 217.9, 173.0, 138.2, 137.0, 133.5, 129.1, 128.8, 128.2, 127.2, 69.1, 68.5, 65.7, 56.1, 52.5, 49.3,
44.7, 36.3, 24.8, 23.0.; HRMS (ESI+) Calcd. C24H24CINNaO3™ ([M+Na]"): 432.1337, found: 432.1337. The

product was analyzed by HPLC to determine the enantiomeric excess: 94% ee (Chiralpak AS-H,



i-propanol/hexane = 10/90, flow rate 1.0 mL/min, A = 220 nm); t:= 6.56 and 15.95 min.

\\S CGH4-D-C|
Cl (5t)
Methyl (1S,2R,2'S,4R,4'R,5'R) -4',5'-bis(4-chlorophenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-

pyrrolidine]-2'-carboxylate (5t): Yield (49%); yellow solid; m.p. 145-147 °C; [a.]*p = +21.5 (¢ 0.67, CH2Cl);
"H NMR (400 MHz, CDCl3) § 7.43 (m, 2H), 7.26 (d, J = 8.4 Hz, 2H), 7.19 — 6.83 (m, 4H), 4.57 (d, J=11.2 Hz,
1H), 3.96 (s, 1H), 3.73 (s, 3H), 3.72 (d, /= 11.2 Hz, 1H), 2.83 — 2.78 (m, 1H), 2.67 — 2.62 (m, 1H), 2.26 — 2.18
(m, 1H), 1.71 — 1.61 (m, 1H), 1.59 — 1.52 (m, 1H), 1.22 — 1.10 (m, 1H), 1.05 — 0.94 (m, 1H), 0.86 — 0.76 (m,
1H). 13C NMR (100 MHz, CDCls) § 217.7, 173.0, 138.0, 135.6, 133.8, 133.1, 129.1, 128.9, 128.5, 69.2, 68.5,
65.7, 55.5, 52.6, 49.3, 44.8, 36.4, 24.8, 23.2.; HRMS (ESI+) Calcd. For C24H23CI2NNaOs" ([M+Na]"):
466.0947, found: 466.0949. The product was analyzed by HPLC to determine the enantiomeric excess: 93% ee
(Chiralpak AS-H, i-propanol /hexane = 10/90, flow rate 1.0 mL/min, A = 220 nm); t:= 6.35 and 16.73 min.

CgHy-p-Br

S
3

Cl (Su)
Methyl (1S,2R,2'S,4R,4'R,5'R) -4'-(4-bromophenyl)-5'-(4-chlorophenyl)-3-oxospiro[bicyclo[2.2.1]

heptane-2,3'-pyrrolidine]-2'-carboxylate (Su): Yield (50%); yellow solid; m.p. 148-150 °C; [a]*®p = +15.3 (¢
0.17, CH2Cl2); '"H NMR (400 MHz, CDCl3) § 7.43 (m, 2H), 7.27 (m, 4H), 6.99 (s, 2H), 4.57 (d, J = 11.2 Hz,
1H), 3.96 (s, 1H), 3.73 (s, 3H), 3.70 (d, /= 11.2 Hz, 1H), 2.82 — 2.78 (m, 1H), 2.67 — 2.63 (m, 1H), 2.26 — 2.18
(m, 1H), 1.71 — 1.60 (m, 1H), 1.59 — 1.52 (m, 1H), 1.22 — 1.11 (m, 1H), 1.05 — 0.94 (m, 1H), 0.86 — 0.76 (m,
1H). 13C NMR (100 MHz, CDCls) § 217.7, 173.0, 138.0, 136.1, 133.8, 131.4, 129.1, 129.0, 121.2, 69.1, 68.5,
65.8, 55.6, 52.6, 49.3, 44.8, 36.4, 24.8, 23.2.; HRMS (ESI+) Calcd. For C24H23BrCINNaOs;™ ([M+Na]"):
510.0442, found: 510.0446. The product was analyzed by HPLC to determine the enantiomeric excess: 93% ee

(Chiralpak AS-H, i-propanol /hexane = 10/90, flow rate 1.0 mL/min, A = 220 nm); t:= 6.58 and 16.81 min.



Cl (5v)
Methyl (1S,2R,2'S,4RA4'R,5'R) -4'-(3-chlorophenyl)-5'-(4-chlorophenyl)-3-oxospiro[bicyclo[2.2.1]

heptane-2,3'-pyrrolidine]-2'-carboxylate (5v): Yield (48%); white solid; m.p. 123-125 °C; [a]*’p = +39.0 (c
0.41, CH2Cl2); '"H NMR (400 MHz, CDCls) § 7.46 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 8.4 Hz, 2H), 7.21 — 6.85 (m,
4H), 4.62 (d, J=10.8 Hz, 1H), 3.93 (s, 1H), 3.724 (s, 3H), 3.723 (d, /= 10.8 Hz, 1H), 3.24 (s, 1H), 2.87 — 2.78
(m, 1H), 2.72 — 2.61 (m, 1H), 2.23 — 2.17 (m, 1H), 1.72 — 1.60 (m, 1H), 1.59 — 1.52 (m, 1H), 1.23 — 1.13 (m,
1H), 1.01 (d, J = 6.4 Hz, 1H), 0.79 (d, J = 10.0Hz, 1H). *C NMR (100 MHz, CDCls) & 217.4, 172.7, 139.1,
137.7, 134.2, 133.8, 129.5, 129.2, 129.0, 127.5, 68.9, 68.4, 65.6, 55.6, 52.6,49.2, 44.7,36.3, 24.7, 23.1.; HRMS
(ESI+) Caled. For C24H23CI12NNaOs* ([M+Na]): 466.0947, found: 466.0953. The product was analyzed by
HPLC to determine the enantiomeric excess: 93% ee (Chiralpak AS-H, i-propanol/hexane = 10/90, flow rate

1.0 mL/min, A =220 nm); tr= 6.91 and 16.93 min.

C6H4-O—F

Cl (Sw)
Methyl (1S,2R,2'S,4R,4'R,5'R) -5'-(4-chlorophenyl)-4'-(2-fluorophenyl)-3-oxospiro[bicyclo[2.2.1]

heptane-2,3'-pyrrolidine]-2'-carboxylate (5w): Yield (51%); yellow liquid; [a]*’p = +48.6 (¢ 0.66, CH2Cl2);
Major (5w): 'H NMR (400 MHz, CDCls) § 7.41 (d, J = 8.4 Hz, 3H), 7.27 — 7.21 (m, 3H), 6.93 — 6.86 (m, 2H),
4.60 (d, J=10.0 Hz, 1H), 4.14 (s, 1H), 3.76 (s, 3H), 3.46 (d, J=10.0 Hz, 1H), 2.91- 2.84 (m, 1H), 2.68— 2.64
(m, 1H), 2.54 (brs, 1H), 2.14—2.06 (m, 1H), 1.76 — 1.63 (m, 1H), 1.54— 1.48 (m, 1H), 1.33 — 1.07 (m, 3H). 1*C
NMR (100 MHz, CDCls) 6 219.0, 172.5, 161.1 (d, J = 244 Hz), 138.4, 133.5, 132.9, 128.81, 128.75, 125.4 (d, J
=14 Hz), 124.5 (d, J = 4 Hz), 116.2 (d, J = 22 Hz), 70.4, 68.0, 66.7, 58.3, 52.6, 49.4, 44.3 (d, J = 2 Hz), 36.1,
25.7, 23.6. Minor (3w): '"H NMR (400 MHz, CDCl3) § 7.39 — 7.28 (m, 3H), 7.21 — 7.15 (m, 3H), 7.02 — 6.96 (m,
2H), 4.35 (d, J = 9.2 Hz, 1H), 4.03 (s, 1H), 3.99 (d, J = 9.2 Hz, 1H),3.77 (s, 3H), 2.74 — 2.67 (m, 1H), 2.65 —
2.55 (m, 1H), 2.09 — 2.00 (m, 1H), 1.76 — 1.63 (m, 1H), 1.52 — 1.47 (m, 1H), 1.33 — 1.07 (m, 3H). *C NMR



(100 MHz, CDCl3) 6 217.75, 171.75, 161.1 (d, J = 246 Hz), 137.7, 133.7, 132.8, 129.4, 129.3, 126.8 (d, /= 15
Hz), 124.3 (d, J=3 Hz), 115.7 (d, /=23 Hz), 69.0 (d, J =4 Hz), 67.52, 66.6, 58.3, 52.7, 49.6, 43.57, 35.8, 25.6,
23.9.; HRMS (ESI+) Caled. For C24H23CIFNNaOs"™ ([M+Na]"): 450.1243, found: 450.1243. The product was
analyzed by HPLC to determine the enantiomeric excess: 83% ee (Chiralpak AS-H, i-propanol/hexane = 10/90,
flow rate 1.0 mL/min, A =220 nm); t-= 7.47 and 13.42 min.

MSOZQ

HN

\\S CeH4—p—Me
cl (5x)
Methyl (15,2R,2'S,4R,4'R,5'R) -5'-(4-chlorophenyl)-3-oxo-4'-(p-tolyl)spiro[bicyclo[2.2.1]heptane

-2,3'-pyrrolidine]-2'-carboxylate (5x): Yield (47%); yellow solid; m.p. 124-126 °C; [a]*’p = +40.8 (c 0.66,
CH:Clz); '"H NMR (400 MHz, CDCl3) § 7.47 — 7.43 (m, 2H), 7.24 (m, 2H), 6.97 (m, 4H), 4.59 (d, J = 11.2 Hz,
1H), 3.96 (s, 1H), 3.73 (s, 3H), 3.72 (d, /= 11.2 Hz, 1H), 2.80 — 2.76 (m, 1H), 2.64 —2.60 (m, 1H), 2.24 (s, 3H),
2.22 —2.17 (m, 1H), 1.67 — 1.57 (m, 1H), 1.57 — 1.49 (m, 1H), 1.16 — 0.98 (m, 2H), 0.89 — 0.80 (m, 1H). 13C
NMR (100 MHz, CDCls) 6 218.1, 173.1, 138.5, 136.8, 133.9, 133.5, 129.2, 129.0, 128.8, 69.3, 68.5, 65.9, 55.9,
52.5, 49.4, 44.9, 36.4, 24.9, 23.1, 21.0.; HRMS (ESI+) Caled. For C2sH26CINNaOs" ([M+Na]"): 446.1493,
found: 446.1497. The product was analyzed by HPLC to determine the enantiomeric excess: 93% ee (Chiralpak

AS-H, i-propanol /hexane = 10/90, flow rate 1.0 mL/min, A =220 nm); t-=5.70 and 12.29 min.

MSOZQ

HN

N
E \\

cl (Sy)
Methyl (1S,2R,2'S,4R,4'R,5'R) -5'-(4-chlorophenyl)-3-o0x0-4'-(m-tolyl)spiro[bicyclo[2.2.1]heptane

CeHy-m-Me

-2,3'-pyrrolidine]-2'-carboxylate (5y): Yield (46%); white to yellow solid; m.p. 118-120 °C; [a]*’p = +45.1 (¢
0.90, CH2CL); 'H NMR (400 MHz, CDCl3) & 7.46 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 7.10 — 6.71 (m,
4H), 4.62 (d,J = 11.2 Hz, 1H), 3.96 (s, 1H), 3.73 (s, 3H), 3.71 (d, J = 11.2 Hz, 1H), 2.81 — 2.78 (m, 1H), 2.65 —
2.62 (m, 1H), 2.22 (s, 3H), 2.21 — 2.12 (m, 1H), 1.69 — 1.57 (m, 1H), 1.56 — 1.48 (m, 1H), 1.16 — 0.97 (m, 2H),



0.85 — 0.71 (m, 1H). *C NMR (100 MHz, CDCl3) § 218.0, 173.0, 138.4, 133.5, 129.2, 128.8, 128.1, 128.0,
69.3, 68.5, 65.8, 56.2, 52.5, 49.4, 44.8, 36.4, 24.9, 23.1, 21.2.; HRMS (ESI+) Calcd. For C2sH26CINNaOs*
([M+Na]"): 446.1493, found: 446.1493. The product was analyzed by HPLC to determine the enantiomeric
excess: 93% ee (Chiralpak AS-H, i-propanol/hexane = 10/90, flow rate 1.0 mL/min, A = 220 nm); t:= 5.49 and

11.77 min.

MeO,C

HN

s CeHy-p-OMe
cl (52)
Methyl (18,2R,2'S,4R4'R,5'R) -5'-(4-chlorophenyl)-4'-(4-methoxyphenyl)-3-oxospiro[bicycle

[2.2.1]heptane-2,3'-pyrrolidine]-2'-carboxylate (5z): Yield (42%); yellow solid; m.p. 140-141 °C; [a]*’p =
+36.0 (c 0.42, CH2Cl2); '"H NMR (400 MHz, CDCl3) § 7.48 — 7.42 (m, 2H), 7.26 — 7.22 (m, 2H), 7.00 (s, 2H),
6.70 (d, J=17.6 Hz, 2H), 4.58 (d, /= 11.6 Hz, 1H), 3.95 (s, 1H), 3.73 (s, 3H), 3.721 (s, 3H), 3.719 (d, J=11.6
Hz, 1H), 2.81 — 2.75 (m, 1H), 2.65 — 2.60 (m, 1H), 2.24 — 2.19 (m, 1H), 1.67 — 1.58 (m, 1H), 1.56 — 1.51 (m,
1H), 1.18 — 1.07 (m, 1H), 1.05 — 0.96 (m, 1H), 0.86 (m, 1H). 1*C NMR (100 MHz, CDCl3) § 218.1, 173.2,
158.6, 138.5, 133.5, 129.2, 128.8, 128.7, 113.6, 69.2, 68.4, 65.7, 55.4, 55.0, 52.5, 49.4, 44.9, 36.4, 24.9, 23.1.;
HRMS (ESI+) Calcd. For C2sH26CINNaO4" ([M+Na]"): 462.1443, found: 462.1443. The product was analyzed
by HPLC to determine the enantiomeric excess: 97% ee (Chiralpak AS-H, i-propanol /hexane = 10/90, flow

rate 1.0 mL/min, A =220 nm); t:= 8.61 and 19.50 min.

MGOZC//

HN

S
E \\

Cl (5A)
Methyl (1S,2R,2'S,4R,4'R,5'R) -5'-(4-chlorophenyl)-4'-(naphthalen-2-yl)-3-oxospiro[bicyclo[2.2.1]

2-naphthyl

heptane-2,3'-pyrrolidine]-2'-carboxylate (5A): Yield (46%); white solid; m.p. 140-142 °C; [a]*°p = +10.5 (¢
0.75, CHaCl2); 'H NMR (400 MHz, CDCls) 5 7.80 — 7.34 (m, 9H), 7.22 (d, J = 8.4 Hz, 2H), 4.73 (d, J = 11.2
Hz, 1H), 4.03 (s, 1H), 3.91 (d,J = 11.2 Hz, 1H), 3.76 (s, 3H), 2.90 — 2.85 (m, 1H), 2.66 — 2.63 (m, 1H), 2.24 —



2.19 (m, 1H), 1.59 — 1.48 (m, 2H), 1.10 — 0.73 (m, 3H). *C NMR (100 MHz, CDCl3) § 218.1, 173.1, 153.5,
138.3, 133.6, 133.0, 132.4, 129.2, 128.8, 127.9, 127.7, 127.5, 126.2, 125.9, 69.4, 68.7, 66.4, 56.9, 52.6, 49.3,
44.8,36.3,24.9, 23.3.; HRMS (ESI+) Calcd. For C2sH2sCINNaOs " ([M+Na]"): 482.1493, found: 482.1493. The
product was analyzed by HPLC to determine the enantiomeric excess: 94% ee (Chiralpak AS-H, i-propanol

/hexane = 20/80, flow rate 1.0 mL/min, A =220 nm); t:=5.79 and 11.80 min.

Cl (5B)
Methyl (15,2R,2'S,4R,4'R,5'R) -5'-(4-chlorophenyl)-3-oxo0-4'-(thiophen-2-yl)spiro[bicyclo[2.2.1]

heptane-2,3'-pyrrolidine]-2'-carboxylate (5B): Yield (45%); yellow solid; m.p. 157-159 °C; [a]*°p = +82.6 (c
0.35, CH2Clz); 'H NMR (400 MHz, CDCl3) § 7.53 (d, J = 8.4 Hz, 2H), 7.79 (d, J = 8.8 Hz, 2H), 7.10 (dd, J =
4.8, 0.8 Hz, 1H), 6.82 (dd, J=4.8, 3.6 Hz, 1H), 6.70 (d, J= 3.6 Hz, 1H), 4.52 (d, /= 11.2 Hz, 1H), 4.08 (d, J =
11.2 Hz, 1H), 3.98 (s, 1H), 3.73 (s, 3H), 2.85 — 2.80 (m, 1H), 2.68 — 2.64 (m, 1H), 2.28 — 2.22 (m, 1H), 1.76 —
1.66 (m, 1H), 1.61 — 1.55 (m, 1H), 1.25 — 1.16 (m, 2H), 0.79 — 0.67 (m, 1H). *C NMR (100 MHz, CDCl3) §
217.5, 173.3, 139.2, 138.5, 133.8, 129.4, 128.8, 126.8, 126.0, 124.4, 68.8, 68.7, 66.9, 52.5, 51.7, 49.4, 45.0,
36.7, 25.8, 22.6.; HRMS (ESI+) Calcd. For C22H22CINNaO3S*™ ([M+Na]"): 416.1082, found: 416.1085. The
product was analyzed by HPLC to determine the enantiomeric excess: 94% ee (Chiralpak AS-H, i-propanol

/hexane = 10/90, flow rate 1.0 mL/min, A =220 nm); t:= 7.61 and 15.38 min.

HN
o] (5C)
Methyl (1S,2R,2'S,4R,4'R,5'R) -5'-(4-chlorophenyl)-3-o0x0-4'-(pyridin-2-yl)spiro[bicyclo[2.2.1]

heptane-2,3'-pyrrolidine]-2'-carboxylate (5C): Yield (46%); yellow solid; m.p. 162-164 °C; [a]*’p = +15.0 (c
0.24, CH2Cl2); '"H NMR (400 MHz, CDCI3) 6 8.51 (dd, J = 4.8, 0.8 Hz, 1H), 7.55 — 7.49 (m, 2H), 7.45 (td, J =
8.0, 2.0 Hz, 1H), 7.26 — 7.20 (m, 2H), 7.08 (ddd, /= 7.2, 4.8, 0.8 Hz, 1H), 6.92 (d, /= 7.6 Hz, 1H), 4.90 (d, J =



10.0 Hz, 1H), 4.16 (s, 1H), 3.75 (s, 3H), 3.71 (d, J = 10.0 Hz, 1H), 2.93 — 2.86 (m, 1H), 2.66 — 2.62 (m, 1H),
2.17-2.12 (m, 1H), 1.69 — 1.60 (m, 1H), 1.55 — 1.49 (m, 1H), 1.22 — 1.13 (m, 1H), 1.08 — 1.00 (m, 1H), 0.49 —
0.40 (m, 1H). 3C NMR (100 MHz, CDCls) § 218.3, 173.0, 158.1, 149.2, 139.3, 136.1, 133.2, 129.2, 128.5,
124.5, 122.2, 69.4, 69.2, 66.3, 59.1, 52.4, 49.5, 443, 36.2, 25.2, 23.4; HRMS (ESI+) Calcd. For
C23H23CIN2NaOs* ([M+Na]"): 433.1289, found: 433.1287. The product was analyzed by HPLC to determine
the enantiomeric excess: 97% ee (Chiralpak AS-H, i-propanol /hexane = 10/90, flow rate 1.0 mL/min, A = 220
nm); tr= 9.05 and 15.24 min.

MeO,C O

HN
p-Cl-CHs
(5D)
Methyl (28,38,3a'R,4'R,SR,7'S,7a'S)-5-(4-chlorophenyl)-6'-oxooctahydrospiro[pyrrolidine-3,5'-[4,7]

methanoindene]-2-carboxylate (5D): Yield (48%); yellow liquid; [a]*’p = =37.8 (¢ 0.27, CH2Cl2); '"H NMR
(400 MHz, CDCls) 6 7.48 (d, J= 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 4.15 (dd, /= 12.0, 4.8 Hz, 1H), 3.82 (s,
1H), 3.67 (s, 3H), 2.52 (brs, 1H), 2.46 — 2.41 (m, 2H), 2.38 — 2.30 (m, 1H), 2.13 - 1.79 (m, 8H), 1.40 — 1.29 (m,
1H), 1.23 — 1.11 (m, 2H). *C NMR (100 MHz, CDCl3) § 217.4, 173.2, 139.9, 133.3, 128.7, 128.4, 68.7, 64.2,
62.0, 53.7, 52.3, 49.1, 42.9, 41.9, 39.6, 32.1, 31.9, 28.9, 27.8.; HRMS (ESI+) Calcd. For C21H25CINO3"
([M+H]"): 374.1517, found: 374.1517. The product was analyzed by HPLC to determine the enantiomeric
excess: 96% ee (Chiralpak IA, i-propanol /hexane = 10/90, flow rate 1.0 mL/min, A = 220 nm); t-= 11.25 and
25.54 min.

p-Cl-CgH,
(SE)

Methyl (285,35,3a'R,4'R,5R,7'S,7a' R)-5-(4-chlorophenyl)-6'-oxooctahydrospiro[pyrrolidine-3,5'-[4,7]
methanoindene]-2-carboxylate (SE): Yield (45%); white liquid; [a.]*°p = +2.1 (¢ 0.33, CH2Cl2); 'H NMR (400
MHz, CDCI3) 6 7.47 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 4.21 (dd, J = 12.0, 4.4 Hz, 1H), 3.90 (s, 1H),
3.67 (s, 3H), 2.90 — 2.82 (m, 2H), 2.70 — 2.66 (m, 1H), 2.58 — 2.54 (m, 1H), 2.43 — 2.33 (m, 2H), 2.11 — 2.03 (m,



1H), 1.85 — 1.78 (m, 2H), 1.63 — 1.47 (m, 4H), 1.38 — 1.29 (m, 1H). *C NMR (100 MHz, CDCl3) & 217.2,
173.1, 139.9, 133.4, 128.7, 128.5, 70.6, 67.0, 62.3, 54.5, 52.3, 47.4, 47.1, 45.7, 40.2, 39.3, 27.5, 27.2, 26.8.;
HRMS (ESI+) Calcd. For C21H24CINNaOs" ([M+Na]"): 396.1337, found: 396.1337. The product was analyzed
by HPLC to determine the enantiomeric excess: 85% ee (Chiralpak AD-H, i-propanol /hexane = 10/90, flow
rate 1.0 mL/min, A =220 nm); t-= 15.47 and 25.34 min.

Methyl (1'R,25,35,4'S,5R)-5-(4-chlorophenyl)-3'-0x0-3',4'-dihydro-1'H-spiro[pyrrolidine-3,2'-[1,4]
methanonaphthalene]-2-carboxylate (5F): Yield (47%); yellow solid; m.p. 166-167 °C; [a]*’p = —183.8 (c
0.40, CH2Cl2); '"H NMR (400 MHz, CDCl3) § 7.40 (d, J = 8.4 Hz, 2H), 7.32 — 7.28 (m, 2H), 7.27 — 7.25 (m,
2H), 7.19 - 7.12 (m, 2H), 4.28 (dd, J = 12.0, 4.8 Hz, 1H), 3.96 (s, 1H), 3.73 (s, 3H), 3.65 — 3.58 (m, 2H), 2.82 —
2.76 (m, 1H), 2.68 (brs, 1H), 2.61 — 2.55 (m, 1H), 1.90 — 1.80 (m, 1H), 1.36 — 1.29 (m, 1H). '3C NMR (100
MHz, CDCl) 6 213.0, 172.9, 146.3, 140.0, 139.5, 133.3, 128.6, 128.3, 127.4, 127.3, 123.5, 123.1, 68.7, 61.9,
60.9, 56.6, 52.5, 51.6, 47.2, 44.8.; HRMS (ESI+) Calcd. For C22H20CINNaO3" ([M+H]"): 404.1024, found:
404.1024. The product was analyzed by HPLC to determine the enantiomeric excess: 92% ee (Chiralpak AS-H,

i-propanol /hexane = 10/90, flow rate 1.0 mL/min, A = 220 nm); t=9.30 and 16.81 min.



Cu(I)/L3-Catalyzed Kinetic Resolution of 3-Methylene-2-Norcamphor

0:0 Cu(l)/L3 (5 mol %) O
H + 2a > +
i CH,Cl,, Et5N
| _a0 © S
60°C MeO,C
S=67
rac-1a 0.4 mmol 3a (dr >20:1) (1S,4R)-1a
0.4 mmol ' 46% vyield, 90% ee  43% yield, 94% ee

(S)-TF-BiphamPhos L3 (20.1 mg, 0.022 mmol) and Cu(CH3CN)4BF4 (6.3 mg, 0.020 mmol) were dissolved
in 2.0 mL CH2Clz, and stirred at room temperature for about 30 min. Then, the reaction temperature was
dropped to -60 °C and the imino ester 2a (0.40 mmol), EtsN (0.060 mmol) were added sequentially. Then
3-methylene-2-norcamphor 1a (0.40 mmol) was added. After the reaction completed in 1 h (monitored by
chiral-phase GC and HPLC), the reaction mixture was quenched by silica-gel. The organic solvent was
removed and the residue was purified by column chromatography to give the recovered 1a and the cycloadduct
3a, which were then directly analyzed by chiral-phase GC and HPLC to determine the enantiomeric excess,

respectively.

M9026

3a
Methyl (1S,2S,2'R,4R,5'R)-2"'-(4-chlorophenyl)-3-oxospiro[bicyclo[2.2.1]heptane-2,3'-pyrrolidine]
-5'-carboxylate (3a): Yield (46%); yellow liquid; [a]**p = +3.5 (c 0.31, CHCl3); '"H NMR (400 MHz, CDCl3) &
7.27 (s, 4H), 4.17 (s, 1H), 3.94 (t, J = 8.0 Hz, 1H), 3.82 (s, 3H), 2.94 (s, 1H), 2.55 — 2.48 (m, 1H), 2.32 — 2.25
(m, 3H), 1.84 — 1.64 (m, 3H), 1.54 — 1.40 (m, 2H), 1.35 — 1.30 (m, 1H). 1*C NMR (100 MHz, CDCl3) & 219.0,
173.6, 138.6, 133.7, 129.4, 128.6, 71.5, 63.5, 58.5, 52.3, 49.7, 45.2, 38.1, 34.5, 26.0, 24.7.; HRMS (ESI+)
Caled. For CisH20CINNaOs ([M+Na]"): 356.1024, found: 356.1022. The product was analyzed by HPLC to
determine the enantiomeric excess: 90% ee (Chiralpak AD-H, i-propanol /hexane = 10/90, flow rate 1.0

mL/min, A =220 nm); t-=17.61 and 27.76 min.



Gram Scales and Synthetic Transformations

Cu(1)/(S)-L5

o) o)
x> 1 | %
@ + A7 N7 CcooMe (Tmol%) +
CH,Cl,, Et3N

(Ar = p-Cl-CgH.) 222~ )
-60 °C A
;

rac-1a 2a S =260 (15,25,2'S,4R,5'R)-5a (1S,4R)-1a

9.0 mmol, 1.10 g 9.0 mmol, 1.90 g 48% vyield, 97% ee 44% vyield, 96% ee

(S)-TF-BiphamPhos L5 (79.0 mg, 0.099 mmol) and Cu(CH3CN)sBFs (28.3 mg, 0.090 mmol) were
dissolved in 9.0 mL CH2Clz, and stirred at room temperature for about 30 min. Then, the reaction temperature
was dropped to -60 °C and the imino ester 2a (1.90 g, 9.00 mmol), EtsN (0.14 g, 1.35 mmol) were added
sequentially. Then 3-methylene-2-norcamphor 1a (1.10 g, 9.00 mmol) was added. After the reaction completed
(monitored by chiral-phase GC and HPLC), the reaction mixture without quenched and the residue was purified
by column chromatography rapidly to give the recovered 1a and the cycloadduct Sa, which were then directly
analyzed by chiral-phase GC and HPLC to determine the enantiomeric excess, respectively. Meanwhile, nearly
80% yield of chiral ligand LS could be recovered, which can be reused in the model reaction in Table 1 under

standard reaction condition without loss of yield and enantioselectivity control.

Cu(l)/(S)-L5

0 0
N 1 | %
T awoon s
N CH,Cly, EtsN
(Ar = p-CI-CgHy)

Ph -20°C P

rac-1b 2a S=121 (1S,2R,2'S,4R4'R 5'R)-5q (1S,4R)-1b
5.3 mmol, 1.05 g 3.5 mmol, 0.74 g 48% vyield, 94% ee 46% vyield, 95% ee

(S)-TF-BiphamPhos L5 (46.3 mg, 0.058 mmol) and Cu(CH3CN)4BFs (16.7 mg, 0.053 mmol) were
dissolved in 5.0 mL CH2Clz, and stirred at room temperature for about 30 min. Then, the reaction temperature
was dropped to -20 °C and the imino ester 2a (0.74 g, 3.50 mmol), EtsN (0.08 g, 0.80 mmol) were added
sequentially. Then 3-benzylidene-2-norcamphor 1b (1.05 g, 5.30 mmol) was added. After the reaction
completed (monitored by chiral-phase GC and HPLC), the reaction mixture without quenched and the residue
was purified by column chromatography rapidly to give the recovered 1a and the cycloadduct 5q, which were
then directly analyzed by chiral-phase GC and HPLC to determine the enantiomeric excess, respectively.
Meanwhile, nearly 80% yield of chiral ligand LS could be recovered, which can be reused in the model reaction

in Table 1 under standard reaction condition without loss of yield and enantioselectivity control.



H

(0]
NaBH,, Ca(OTf), OH
\ MeOH/THF, r.t. \
Ph Ph
(1S,4R)-1b 6, 88% yield
95% ee 95% ee, >20:1 dr

To a suspension of NaBHs (2.0 mmol, 75.7 mg) in THF (6 mL) was added in one portion Ca(OTf)2 (0.5
mmol, 169.1 mg) and (15,4R)-1b (0.80 mmol, 158.6 mg, 95% ee) in MeOH (0.5 mL). The reaction mixture was
stirred for 30 min at rt until consumption of the starting material (monitored by TLC). The reaction mixture was
quenched with H2O (3 mL) and the aqueous phase was extracted with Et2O (3 x 4 mL). The combined organic
layers were washed with brine, dried over MgSO4 and the solvent was evaporated under reduced pressure. The
crude material was purified by column chromatography (EtOAc:hexane = 1:10 to 1:5) to give 6 in 88% yield

which was then directly analyzed by HPLC to determine the enantiomeric excess.

H
OH

\

Ph
6

(15,285,4R)-3-((E)-benzylidene)bicyclo[2.2.1]heptan-2-0l (6): Yield (88%); white solid; m.p. 108-110 °C;
[a]*’p = -300.8 (¢ 0.41, CH2Cl2); '"H NMR (400 MHz, CDCl3) & 7.35 — 7.29 (m, 4H), 7.23 — 7.17 (m, 1H), 6.37
(s, 1H), 4.52 (brs, 1H), 3.26 (d, J= 3.2 Hz, 1H), 2.49 — 2.41 (m, 1H), 1.91 — 1.79 (m, 3H), 1.63 — 1.52 (m, 2H),
1.45 - 1.41 (m, 2H). 3C NMR (100 MHz, CDCls) § 150.9, 137.8, 128.3, 128.0, 126.3, 120.9, 77.0, 41.9, 41.6,
36.2, 29.5, 19.4. The product was analyzed by HPLC to determine the enantiomeric excess: 95% ee (Chiralpak
AS-H, i-propanol/hexane = 5/95, flow rate 1.0 mL/min, A = 254 nm); t:= 7.20 and 8.05 min.

© H, HO m-CPBA °
\ Pd/C, MeOH CHCly HY
Ph Ph Ph
(1S,4R)-1b 7, 81% yield 8, 98% yield
95% ee 95% ee, >20:1 dr 96% ee

A solution of (1S5,4R)-1b (0.80 mmol, 158.6 mg, 95% ee) in 4 mL MeOH was added 16 mg Pd/C (10%).



The reaction mixture was stirred at room temperature under hydrogen atmosphere (1 bar) for 4 h. The reaction
mixture was filtered through a short plug of silica (eluted with EtOAc) and the solvent was removed by rotary
evaporation and the crude product was purified by column chromatography (EtOAc:hexane = 1:20) to give
(1S,3R,4R)-3-benzylbicyclo[2.2.1]heptan-2-one 7 in 81% yield which was then directly analyzed by HPLC to
determine the enantiomeric excess.

To a solution of m-CPBA (0.22 mmol) and NaHCOs3 (0.22 mmol) in DCM (6 mL) at 0-5 °C, was added 7
(0.2 mmol) in DCM (1 mL) dropwise over 10 min, the reaction was allowed to warm to rt. After 6 h the
reaction was filtrated, the residue was washed with DCM. The organic filtrate was washed with sat. NaHCOs3,
sat. NaCl, dried over Na2SO4 and concentrated in vacuum. The concentrate was directly purified by column
chromatography (EtOAc:hexane = 1:10 to 1:3) to give 8 in 98% yield which was then directly analyzed by

HPLC to determine the enantiomeric excess.

O
H

7Ph

(1S,3R,4R)-3-benzylbicyclo[2.2.1]heptan-2-one (7): Yield (81%); colorless liquid; [a]*’p = —35.3 (c 0.37,
CH2Clz); 'TH NMR (400 MHz, CDCl3) & 7.32 — 7.26 (m, 2H), 7.24 — 7.17 (m, 3H), 3.13 (dd, J = 14.0, 3.6 Hz,
1H), 2.70 — 2.65 (m, 1H), 2.49 — 2.46 (m, 1H), 2.42 (dd, J = 14.0, 2.4 Hz, 1H), 2.36 — 2.29 (m, 1H), 1.91 — 1.76
(m, 2H), 1.68 — 1.62 (m, 2H), 1.58 — 1.53 (m, 1H), 1.52 — 1.44 (m, 1H). 3C NMR (100 MHz, CDCl3) & 218.8,
140.3, 128.48, 128.47, 126.1, 55.9, 50.5, 37.9, 36.9, 32.0, 25.4, 21.2.; HRMS (ESI+) Calcd. For C1sH16NaO*
([M+Na]"): 223.1093, found: 223.1093. The product was analyzed by HPLC to determine the enantiomeric

excess: 95% ee (Chiralpak OJ-H, i-propanol/hexane = 5/95, flow rate 1.0 mL/min, A = 220 nm); t-= 11.08 and

11.86 min.
(@)
H O
Ph
8

(15,4R,5R)-4-benzyl-3-oxabicyclo[3.2.1]octan-2-one (8): Yield (98%); white solid; m.p. 70-72 °C; [a]*’p =
+20.7 (¢ 0.15, CH2Cla); 'H NMR (400 MHz, CDCl3) § 7.33 — 7.28 (m, 2H), 7.26 — 7.23 (m, 1H), 7.22 — 7.19 (m,



2H), 4.52 (ddd, J = 8.4, 6.4, 2.4 Hz, 1H), 3.06 (dd, J = 13.6, 6.4 Hz, 1H), 2.94 — 2.88 (m, 1H), 2.83 (dd, J =
13.6, 8.4 Hz, 1H), 2.29 — 2.22 (m, 1H), 2.13 — 2.05 (m, 1H), 1.99 — 1.87 (m, 3H), 1.79 — 1.69 (m, 2H). 13C
NMR (100 MHz, CDCls) & 174.5, 136.6, 129.3, 128.6, 126.7, 85.9, 41.8, 39.0, 35.9, 33.2, 29.4, 21.0.; HRMS
(ESI+) Calcd. For C14H16NaO2" ([M+Na]"): 239.1043, found: 239.1043. The product was analyzed by HPLC to
determine the enantiomeric excess: 96% ee (Chiralpak AS-H, i-propanol/hexane = 10/90, flow rate 1.0 mL/min,

A =210 nm); tr=27.92 and 44.25 min.

h H, L&H (10) . Lb/\/f\ o
Pd/C LDA, reflux

(@) (0] (@)
(1R,4S8)1a 9, 99% vyield 11, 70% yield
>99% ee >20:1 dr, >99% ee >20:1 dr, >99% ee

A solution of (1R,45)-1a (2.50 mmol, 305 mg, >99% ee) in 5 mL MeOH was added 50 mg 10% Pd/C. The
reaction mixture was stirred at room temperature under hydrogen atmosphere (1 bar) for 2 h. The reaction
mixture was filtered through a short plug of silica (eluted with Et20) and The solvent was removed by rotary
evaporation and the crude product was purified by column chromatography (Et2O:hexane = 1:20) to give
(1R,35,45)-3-methylbicyclo[2.2.1]heptan-2-one 9 in 99% yield which was then directly analyzed by GC to
determine the enantiomeric excess.

A 2.5 M solution of n-butyllithium in hexane (0.60 mL, 1.50 mmol) was added dropwise to a solution of
THF (2 mL) and diisopropylamine (161.9 mg, 1.60 mmol) at 0 °C and let stir under argon for 10 min. And
(1R,3S5,4S5)-3-methylbicyclo[2.2.1] heptan-2-one 9 (124.2 mg, 1.00 mmol) was added. After 30 min,
2-(2-iodoethyl)-1,3-dioxolane 10 (342 mg, 1.50 mmol) was added dropwise. The mixture was refluxed for 20
hours and cooled down to room temperature. The reaction mixture was quenched with saturated NaHCO3 and
extracted with EtOAc then the organic was dried over Na>SOs and concentrated to give an oil. The crude
product was  purified by column  chromatography  (Et2O:hexane =  1:20) to  give

(1R,3R,45)-3-(2-(1,3-dioxolan-2-yl) ethyl)-3-methylbicyclo[2.2.1]heptan-2-one 11 in 70% yield.



AyH

O
9

(1R,3S5,4S)-3-methylbicyclo[2.2.1]heptan-2-one (9): Yield (99%); colorless liquid; [a]*’p = —46.1 (c 0.54,
CH2Cl2); '"H NMR (400 MHz, CDCl3) § 2.63 — 2.58 (m, 1H), 2.57 — 2.50 (m, 1H), 2.17 — 2.07 (m, 1H), 1.88 —
1.78 (m, 1H), 1.70 (m, 1H), 1.66 — 1.54 (m, 3H), 1.44 — 1.35 (m, 1H), 1.02 (d, J = 7.2 Hz, 3H). *C NMR (100
MHz, CDCl3) & 220.8, 50.3, 48.3, 40.4, 37.2, 25.3, 20.9, 10.7.; HRMS (ESI+) Calcd. For CsHi2NaO"
([M+Na]"): 147.0780, found: 147.0780. The product was analyzed by GC to determine the enantiomeric
excess: >99% ee (Chiral Select-1000, 30 m X 0.25 mm, column temperature: 150 °C, carrier gas: N2, 1.0

mL/min); t-= 8.88 and 9.42 min.

J

@)
11

(1R,3R,4S5)-3-(2-(1,3-dioxolan-2-yl)ethyl)-3-methylbicyclo[2.2.1]heptan-2-one (11): Yield (70%); [a]*’p =
=79.3 (¢ 3.10, CHCI3); '"H NMR (400 MHz, CDCIs) & 4.83 (t, J = 4.4 Hz, 1H), 4.00 — 3.93 (m, 2H), 3.87 — 3.78
(m, 2H), 2.59 — 2.54 (m, 1H), 2.37 — 2.30 (m, 1H), 2.01 (d, /= 10.4 Hz, 1H), 1.86 — 1.81 (m, 1H), 1.79 — 1.70
(m, 2H), 1.69 — 1.56 (m, 2H), 1.54 — 1.42 (m, 4H), 0.99 (s, 3H). *C NMR (100 MHz, CDCIs) § 222.1, 104.4,
64.9, 50.0,49.2, 43 .4, 34.8, 28.6, 28.4, 25.0, 23.1, 18.3,;
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