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Supplementary Results

Fig. S1 Catalytic activity of HT G4-DNA metalloenzymes for the Diels-Alder reaction of 1a and 2 at pH 6.5.

Smooth curve shows the fit to the Michaelis—Menten equation.
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@ Enzymatic kinetic parameters (ke and Ky) were obtained by fitting the kinetic data to the
Michaelis—Menten equation (vo = Keat[Ecatatyst]o[S1a]o/ (Km + [S1a]0)). Kea/Km Values were obtained
by fitting the linear portion of the Michaelis—Menten plot to vo = (Kea/ Km )[Ecatatyst]o[S1ao- N.D.,

not determined.
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Fig. S2 Isothermal titration calorimetry (ITC) profile of different cofactors (CuLn) binding to human telomeric
G-quadruplex DNA (HT21) in 30 mM NH4CI at 298K. Data were fitted to “two-event” (CuL1-L4) or “one-
event” (CuL5) binding model using Origin 8.0 software.
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Fig. S3 Comparison of the thermodynamic signature of different cofactors (CuLn) binding to human telomeric
G-quadruplex DNA (HT21) in 30 mM NH4Cl at 298K.
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Fig. S4 Normalized melting curves of HT G4-DNA metalloenzymes with different terpyridine-Cu(ll) cofactors
as compared with HT21 itself in NH4s* media monitored by UV absorption at 295 nm (DNA strand
concentration, 5 uM; NH4ClI, 30 mM; CuLn, 10 uM; MOPS buffer, 20 mM, pH 6.5).
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Fig. S5 CD spectra of derivative HT G4-DNA metalloenzymes with flanking bases at 5’-end (a-c) or 3’-end
(d-f) (DNA strand concentration, 5 uM; NH4ClI, 30 mM; CuL1, 10 uM; MOPS buffer, 20 mM, pH 6.5).
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The stability of HT21-NH4"-CuL1 is evaluated by recycling experiment (Fig. S6). After every
reaction, the products were extracted with ether and fresh substrates were added into the aqueous
phase containing HT21-NH4*-CuL1 catalyst. The results of recycling show that there are some
degree of decrease in catalytic activity and enantioselectivity for G-quadruplex DNA
metalloenzyme (Fig. S6a). This might be due to the structural change of G-quadruplex DNA

metalloenzyme as indicated in CD spectra (Fig. S6b).
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Fig. S6 Recycling experiments for evaluating the stability of HT21-NH4*-CulL1. (a) Catalytic results. (b) CD
spectra of HT21-NH,*-CuL1 when fresh preparing or after 5 round catalysis.
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We have used 2 equivalents of CuL1 compared to HT21 because the maximum enantiomeric
excess (ee) can be obtained there.

As shown in Fig. S7a, the plot of the initial rate (vo) as a function of [CuL1]:[HT21] shows
that the activity increases dramatically until a molar ratio of 1:1 is reached, after which no
significant increase can be observed. This indicates that a high active site has been formed at a
molar ratio of 1:1.

However, a moderate enantioselectivity together with a big error bar is observed for the molar
ratio of 1:1 (Fig. S7b). Until the ratio of [CuL1]:[HT21] increases to 2, the enantioselectivity
reaches the maximum with negligible error bar. CD spectroscopic study further indicates that
there is a great structural change of HT21 upon addition of 1 equivalent of CuLl (Fig. S7c).
Subsequently, a relatively stable structure is formed beginning with the molar ratio of 2. In
combination with enantioselectivity and CD data, we deduce that the stable HT21 G-quadruplex
DNA stabilized by 2 or more CuLl is necessary for a highly specific enantioselectivity. In
addition, ITC data tell us there are two binding events of CuL1 within HT21 G-quadruplex DNA,
one is high-affinity and the other is low-affinity (Table 3). Therefore, we think that the first
CuL1 with high-affinity is main active site and the second CuL1 with low-affinity mainly plays a

structural role in constructing and stabilizing a catalytic 3D structure.
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Fig. S7 Functional characterization of the catalysts. Plot of the initial rate (vo) (a) and enantioselectivity (b) of
model Diels-Alder reaction as a function of [CuL1]:[HT21] catalyzed by HT21-NH4*-CuL1l. (c) CD spectra of

different ratio of [CuL1]:[HT21] in 30 mM NH4*.
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Table S1 Binding thermodynamic parameters of molecular recognition between terpyridine-
Cu(Il) complex (CuL1) and human telomeric DNA sequence (HT21) at 298K#

Binding events K, (M™) n AHP -TASP AGP
1% (1.5+x06)E8 1.0 -19.1+3.1 79 -11.2
2nd (3.2£0.9)E6 5 -4.7+0.3 -4.2 -8.9
3 (3.3x1.5)E7 2 6.2+1.5 -16.3 -10.1

2 The data were obtained by the three sets of sites model.

b Units are kcalemol™.
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Table S2 Control experiments

o
Ny = : HT G4-DNA
+ _—
‘ _ CuLl
la 2

Entry Catalyst Conv.(%)" endo/exo’ ee (%, endo)b
1 No 35 69/31 0
2 HT21-NH4+ 46 70/30 17
3 HT21-NH4+-L1 32 66/34 0
4 HT21-N H4+-Cu2+ >99 98/2 68

* Determined for the crude product by HPLC analysis on a chiral stationary phase

b
(Supplementary Methods Note 5), Reproducible within £5%. Determined by chiral-phase
HPLC. Reproducible within +2%. Reaction conditions: 1a (1 mM), 2 (10 uL, 260 mM),
human telomeric G-quadruplex DNA (50 pM), L1 (100 pM) or Cu(NO,), (100 uM), NH CI

(30 mM), MOPS buffer (20 mM, pH 6.5), 4 "C, 24h.
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Supplementary Methods

General Methods

Materials: The 21-base human telomeric sequence 5'-d(GGGTTAGGGTTAGGGTTAGGG)-3’
(HT21) and its flanking base variants (see details in Table 1) were purchased from Sangon
(Shanghai, China). Unnatural L-DNA was obtained from Takara (Dalian, China). The DNA
strand concentrations were determined by measuring the UV absorbance of sample at 260 nm by
using the molar extinction coefficient values provided by the manufacturer. Cu(NO3)2-3H.0
(>99.5%), NaCl (>99.5%), KCI (>99.5%), NH4Cl (>99.5%) were purchased from the Shanghai
Chemical Reagent Company of the Chinese Medicine Group. 3-(N-morpholino)propanesulfonic
acid (MOPS) were purchased from Sangon (Shanghai, China). Water purified on a Milli-Q A10
water purification system (specific resistance of 18.2 MQ at 25 °C) was used for all experiments.
All experiments were carried out in 20 mM MOPS buffer (pH 6.5) unless otherwise stated.
Ligands (L1-L4) and metal complexes CulLn (L1-L6) were synthesized as described in
Supporting Information (see Supplementary Methods Note 2). L5 and L6 were obtained from
commercial sources and used without further purification. Dienophiles la-f, 4a-e and their
corresponding racemic products were prepared according to the literature (see Supplementary
Methods Note 1).

UV Melting Experiment. UV melting experiments were carried out on a Shimadzu 2450
spectrophotometer (Shimadzu, Japan) equipped with a Peltier temperature control accessory. A
sealed quartz cell with a path length of 1.0 cm was used. The UV melting curves of the human
telomeric G-quadruplexes (5 uM) and their metalloenzymes were monitored by UV absorption at

295 nm with a heating rate of 0.5 °C/min. Data were analyzed by using Origin 8 software. The
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melting temperatures (Tm) can be obtained from the best sigmoidal curve fit of the melting
profile.

Circular Dichroism (CD) Spectroscopy. All CD spectra were recorded on a dual beam DSM
1000 CD spectrophotometer (Olis, Bogart, GA) with a 10 mm path-length quartz cell. Each
measurement was recorded from 220 to 400 nm at 20 °C under N2 purge. The scan rate was 0.5
nm per second. The average scan for each sample was subtracted by a background CD spectrum
of corresponding buffer solution. CD samples of all G-quadruplexes were prepared at a
concentration (G-quadruplex unit) of 5 uM by using a MOPS buffer (20 mM, pH 6.5) containing
corresponding salts (50 mM NaCl or 150 mM KCI or 30 mM NH4CI). When binding with CuLn
complexes (10 uM), the CD spectra of corresponding human telomeric G-quadruplex DNA
metalloenzymes were recorded then.

High Performance Liquid Chromatography (HPLC). The enantioselectivity was determined
by Agilent HPLC 1260 analysis using Daicel chiralcel OD, ODH, OJH or chiralpak AD, ADH
column with a UV-detector by using isopropanol and n-hexane as eluents at 25 °C.

'H and *C NMR Spectroscopy. All *H and *C NMR spectra were recorded on a Bruker-400
MHz NMR instrument in CDClz using TMS or residual protic solvent signals as internal
standard. Data for *"H NMR are recorded as follows: chemical shift (8, ppm), multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, m = multiplet or unresolved, coupling constant(s) in
Hz, integration).

Isothermal Titration Calorimetry (ITC). ITC measurements were carried out at 25 °C using a
MicroCal™ ITCq titration calorimeter (MicroCal, GE). Experiments were performed in MOPS
buffer (20 mM, pH 6.5) containing NH4CI (30 mM). The reference cell in the ITC was filled

with ultrapure water (18.2 MQ cm resistivity). A pre-folded human telomeric G-quadruplex
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DNA (20 uM) in NH4Cl was loaded into the calorimeter cell. Then the syringe was loaded with
CuLn complex (1 mM) in corresponding buffers. Following the auto-equilibration and an initial
500 s delay, the CuLn titrant divided into 25 injections (1.5 pL each) was added into the cell with
250 s injection intervals. The stir rate was 1000 rpm. All data were recorded with the GE
Instruments software provided. Control experiments were conducted by titrating MOPS buffer
into human telomeric G-quadruplex DNA and titrating CuLn into MOPS buffer under identical
experimental condition to correct binding isotherm for background heat effects. Calorimetric
data were further analyzed according to relevant model using MicroCal ORIGIN software and
MATLAB. Data analysis gives AH (binding enthalpy change, kcal/mol), Ka (binding constant,
M), and n (number of bound CulLn cofactor) whereas the change in Gibbs energy and the
entropic contribution were determined by the relationships AG = -RT InKa and AG= AH-TAS,

respectively.
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Supplementary Methods Note 1: Synthesis of substrates and racemic products

Dienophiles 1a-f, 4a-e and their corresponding racemic products were synthesized according to

the literature.®

Supplementary Methods Note 2: Synthesis of ligands and metal complexes

OH
/©+ RCieHcl <299 OR
OHC

Nal | reflux

N + OR NH3°H20
S KOH,EtOH
| OHC '
I, Iy

a) Synthesis of ligands (L1-L4).

4’-substituted benzaldehyde (lp): 4-hydroxybenzaldehyde (2.2 g, 18 mmol) and
corresponding chloride hydrochloride (27 mmol) were dissolved in 100 mL of dried-acetone.
Then, anhydrous potassium carbonate (4.97 g, 36 mmol) and sodium iodide (0.68 g, 4.5 mmol)
was added to the flask. The reaction was refluxed under dried N> for about 24 hs. The flask was
cooled to RT. The suspension is filtered, and the filtrate was concentrated in vacuo. The obtained
solid was redissolved in EtOAc. The organic layer was washed with brine, and dried with
Na2SO4. The drying agent was removed by filtration and the filtrate was concentrated and dried
in vacuo to give a thick and pale yellow oil. The unpurified oil was used without further

purification.
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4’-substituted-2,2’:6°,2”-terpyridine (Ln): 2.61 mL of 2-acetylpyridine (2.813 g, 23.2 mmol,
2 equiv) was added to a solution of 4’-substituted benzaldehyde (11.6 mmol, 1 equiv) in 50 mL
of ethanol. Then, KOH pellets (2.6 g, 85%, 46.5 mmol, 4 equiv) were added to this solution. The
reaction was stirred at RT for 10 min. Subsequently, 40 mL of 25% aq. NHs was added to the
flask drop-wise. After 24 h of stirring at 34 °C, 5 mL of 25% ag. NH3 was added to the reaction
mixture again. The flask was cooled to -20 °C and then the obtained white precipitate is filtered
and washed with cool ethanol. We further purified the ligand by a subsequent recrystallization
from ethanol-H.O. The ligand was recovered by filtration, washed with cold ethanol and

petroleum ether, and dried under high vacuum for 24 h.

4'-(4-(2-(pyrrolidin-1-yl)ethoxy)phenyl)-2,2*:6",2*"-terpyridine L1
o/\/'D White flaky crystal. 'H NMR (400 MHz, CDCls): & (ppm) 8.75 — 8.69
(m, 4H), 8.66 (d, J = 8.0 Hz, 2H), 7.91 - 7.80 (m, 4H), 7.37 — 7.28 (m,
2H), 7.04 (d, J = 8.7 Hz, 2H), 4.18 (t, J = 5.9 Hz, 2H), 2.93 (t, J = 5.9
z | Hz, 2H), 2.70 — 2.57 (m, 4H), 1.89 — 1.74 (m, 4H). 3C NMR (101
| N7 ONT Yy MHgz, CDCly): 6 (ppm) 160.0, 156.5, 156.0, 149.9, 149.2, 136.9, 130.9,
128.6,123.8,121.5,118.4,115.1,67.4,55.2,54.9, 23.7.

4'-(4-(2-(piperidin-1-yl)ethoxy)phenyl)-2,2*:6",2"'-terpyridine (L2)
O/\/IO White flaky crystal. tH NMR (400 MHz, CDCls): & (ppm) 8.76 — 8.68

(m, 4H), 8.66 (d, J = 8.0 Hz, 2H), 7.91 - 7.81 (m, 4H), 7.37 - 7.29 (m,

2H), 7.03 (d, J = 8.7 Hz, 2H), 4.17 (t, J = 6.1 Hz, 2H), 2.80 (t, J = 6.1

_ Hz, 2H), 2.53 (t, 4H), 1.69 — 1.55 (m, 4H), 1.51 — 1.40 (m, 2H). 3C

S \N| -, NMR (101 MHz, CDCI):  (ppm) 1599, 156.5, 155.9, 149.8, 149.2,

N N~  136.9,130.8, 128.6, 123.8, 121.5, 118.4, 115.1, 66.3, 58.1, 55.2, 26.1,
L2

24.3.
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4-(2-(4-([2,2":6",2"-terpyridin]-4'-yl)phenoxy)ethyl)morpholine
(L3)

White needle-shaped crystal. tH NMR (400 MHz, CDCls): § (ppm)
8.75 — 8.69 (m, 4H), 8.66 (d, J = 7.9 Hz, 2H), 7.91 — 7.81 (m, 4H),
7.37 —7.30 (m, 2H), 7.03 (d, J = 8.7 Hz, 2H), 4.17 (t, J = 5.7 Hz,
2H), 3.78 — 3.72 (m, 4H), 2.83 (t, J = 5.7 Hz, 2H), 2.64 — 2.55 (m,
4H). 3C NMR (101 MHz, CDCls): & (ppm) 159.8, 156.5, 156.0,
1498, 149.2, 137.0, 131.0, 128.6, 123.9, 121.5, 118.4, 115.1, 67.1,
66.1,57.8, 54.3.

| 2-(4-([2,2":6",2""-terpyridin]-4'-yl)phenoxy)-N,N-

o >N~ dimethylethanamine (L4)

White needle-shaped crystal. *H NMR (400 MHz, CDCls): & (ppm)
8.75-8.69 (m, 4H), 8.65 (d, J = 8.0 Hz, 2H), 7.91 - 7.81 (m, 4H), 7.36
—-7.29 (m, 2H), 7.04 (d, J = 8.6 Hz, 2H), 4.13 (td, J = 5.7, 0.8 Hz, 2H),
2.76 (t, J = 5.5 Hz, 2H), 2.36 (s, 6H). *C NMR (101 MHz, CDCls): &
(ppm) 160.0, 156.6, 156.0, 149.9, 149.2, 137.0, 131.0, 128.6, 123.9,
1215, 118.4,115.1, 66.3, 58.5, 46.1.

b) Synthesis of metal complex CuLn (n = 1~6).”
4.8 mL of Cu(NO3)2e3H20 (48.3 mg, 0.2 mmol, 1.0 equiv.) in anhydrous acetonitrile is added
to a solution of 4’-substituted-2,2".6',2"-terpyridine (0.2 mmol, 1.0 equiv.) in 4.8 mL of

anhydrous DCM and the solution is put in the fridge for 3-4 days. The obtained precipitate is

filtered, washed with cool ethanol and dried under high vacuum for 24 h.
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CuL3 (\o CulL4
O/\/N

Cul1 D

CuL1 is obtained as green solid. HRMS (TOF ES*) calcd for [C27H26CINsOCu]*: 520.1091,
found: 520.1092.
CuL2 is obtained as green solid. HRMS (TOF ES*) calcd for [C2sH2sCIN4OCu]*: 534.1248,
found: 534.1254.
CuL3 is obtained as green solid. HRMS (TOF ES*) calcd for [C27H26CIN4O2Cu]*: 536.1040,
found: 536.1049.
CulL4 is obtained as green solid. HRMS (TOF ES*) calcd for [C2sH24CINsOCu]*: 494.0935,
found: 494.0938.
CuL5 is obtained as blue crystal. HRMS (TOF ES™) calcd for [C22H17CIN3Cu]™: 421.0407,
found: 421.0410.
CuL6 is obtained as blue crystal. HRMS (TOF ES*) calcd for [C1sH1:CIN3OCu]*: 330.9938,

found: 330.9942.
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Supplementary Methods Note 3: General catalytic procedure

endo exo
0 * R Q
R )J\/\Rz . @ HT21-M*-CuLn Ay . Ry
24h, 4°C g R, R,
1a-f, 4a-e 2 3af, 5a-e

3a 3b 3¢ o 5a 5b 5¢ o
* * * * * e
— = = / / /
N N N
S s S s o Y, Y Y
5
s g e NO, 5d * cl e . O Br
L%«ig ﬂ%% / */ /
— = N N
O o
o} ,\\‘/ o \N/ ,\}J ,\}\/)

To a MOPS buffer (0.5 mL, 20 mM, pH 6.5) containing NaCl (50mM) or KCI (150 mM) or

NH4Cl (30 mM), an aqueous solution of human telomeric DNA (final G-quadruplex unit conc.
50 uM) was added. After stirred for a half hour at 4 °C, a solution of Cu(Ln)(NOs). (final conc.
100 puM) was added. Then, aza-chalcones 1 or 4 in CH:CN (5 uL of a 0.1 M solution, 1 mM)
was added. The reaction was initiated by the addition of freshly distilled cyclopentadiene 2 (10
uL, 260 mM) and the mixture was stirred for 24 hours at 4 °C, followed by the extraction with
diethyl ether (3 x 5 mL), and the solvent was removed under reduced pressure. After a short
flash chromatography, the residue was directly analyzed by H-NMR and HPLC. The
conversions were determined by *H-NMR and HPLC (only for 3a) of the crude product.®® The

diastereoselectivity (endo/exo) and enantiomeric excess (ee) were determined by chiral HPLC.
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Supplementary Methods Note 4: HPLC analysis condition

Product 3a: Daicel Chiralcel-ODH, n-hexane/i-PrOH 98:2, flow rate 0.5 mL/min, A = 212 nm).
Product 3b: Daicel Chiralcel-ODH, n-hexane/i-PrOH 98:2, flow rate 0.5 mL/min, A = 212 nm).
Product 3c: Daicel Chiralpak-ADH, n-hexane/i-PrOH 95:5, flow rate 1.0 mL/min, A = 212 nm).
Product 3d: Daicel Chiralcel-OJH, n-hexane/i-PrOH 90:10, flow rate 0.5 mL/min, A = 212 nm).
Product 3e: Daicel Chiralpak-AD, n-hexane/i-PrOH 90:10, flow rate 1.0 mL/min, A = 254 nm).
Product 3f: Daicel Chiralpak-ADH, n-hexane/i-PrOH 90:10, flow rate 1.0 mL/min, A =254 nm).
Product 5a: Daicel Chiralcel-OD, n-hexane/i-PrOH 99:1, flow rate 0.5 mL/min, A = 254 nm).

Product 5b: Daicel Chiralpak-ADH, n-hexane/i-PrOH 97:3, flow rate 0.5 mL/min, A = 254 nm).
Product 5c: Daicel Chiralcel-OD, n-hexane/i-PrOH 98:2, flow rate 1.0 mL/min, A = 254 nm).

Product 5d: Daicel Chiralpak-AD, n-hexane/i-PrOH 85:15, flow rate 1.0 mL/min, A = 254 nm).

Product 5e: Daicel Chiralpak-ADH, n-hexane/i-PrOH 97:3, flow rate 1.0 mL/min, A = 254 nm).

Supplementary Methods Note 5: Calculation the conversion of 1a

The procedure to determine the conversion of 1a by HPLC was according to the literature.®
Conversions of 1a were calculated using the formula:

Conversion (%) = Aza/ (Aza + A1a /1)

Where A1a and Az, are the HPLC peak areas of 1a and 3a, respectively. And f is the correction

factor determined to be 0.73 from a calibration curve.
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Supplementary Methods Note 6: Kinetic measurements

All kinetic measurements were performed using UV-Vis spectroscopy (Shimadzu 2450) at 293 K
by monitoring the disappearance of the absorption of la at 326 nm. Typical procedure is
described as follows: G4-DNA (final G-quadruplex unit conc. 25 uM) was added to MOPS (20
mM, pH 6.5) containing NH4Cl (30 mM) in a quartz cuvette. After stirring for 15 min, CuL1
complex (final conc. 50 uM) was added. After stirring for another 15 min, a series of
concentration of [1a] equal to 20, 40, 60 and 80 uM was added. The determination was made
after 2 (final conc. 16 mM) was added with the cuvette sealed tightly. The D-A reaction was
regarded as pseudo-first-order reaction as 2 is present in excess and la is present at low
concentrations. Enzymatic kinetic parameters (ke and Kwm) were obtained by fitting the data to
the Michaelis—-Menten equation (vo = Kcat[Ecatalyst]o[S1a]o/(Km+[S1a]o)). Keat/Km Vvalues were
obtained by fitting the initial linear portion of the Michaelis—-Menten plot to vo = (Kcat/Km)

[Ecatalyst]O[Sla]O-
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'H and ¥C NMR Spectra of Products
(3-phenylbicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone (3a)

'H NMR (400 MHz, CDCls, endo isomer): & 8.67 (m, 1H), 8.00 (m, 1H), 7.81 (m, 1H), 7.49 —
7.39 (m, 1H), 7.36 — 7.23 (M, 4H), 7.17 (m, 1H), 6.49 (m, 1H), 5.82 (m, 1H), 4.53 (m, 1H), 3.54

(s, 1H), 3.45 (d, J = 3.9 Hz, 1H), 3.09 (s, 1H), 2.07 (d, J = 8.4 Hz, 1H), 1.62 (m, 1H).
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pyridin-2-yl(3-p-tolylbicyclo[2.2.1]hept-5-en-2-yl)methanone (3b)

'H NMR (400 MHz, CDCls, endo isomer): § 8.67 (d, J = 4.6 Hz, 1H), 8.00 (d, J = 7.8 Hz, 1H),
7.81 (td,J=7.7, 1.3 Hz, 1H), 7.44 (dd, J = 7.0, 5.3 Hz, 1H), 7.21 (d, J = 8.0 Hz, 2H), 7.08 (d, J
=7.9Hz, 2H),6.49 (dd,J=54,3.3 Hz, 1H),5.81 (dd, J =5.6,2.7 Hz, 1H),4.52 (dd, J = 4.9, 3.7
Hz, 1H), 3.53 (s, 1H), 3.41 (d, J = 5.0 Hz, 1H), 3.05 (s, 1H), 2.30 (s, 3H), 2.06 (d, J = 8.4 Hz,

1H), 1.59 (dd, J = 8.5, 1.1 Hz, 1H).
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(3-(4-methoxyphenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone (3c)

IH NMR (400 MHz, CDCls, endo isomer): & 8.74 — 8.60 (m, 1H), 8.00 (d, J = 7.9 Hz, 1H), 7.81
(td, J = 7.7, 1.7 Hz, 1H), 7.44 (ddd, J = 7.5, 4.8, 1.1 Hz, 1H), 7.28 — 7.18 (m, 2H), 6.86 — 6.78 (m,
2H), 6.48 (dd, J = 5.5, 3.2 Hz, 1H), 5.81 (dd, J = 5.6, 2.7 Hz, 1H), 4.49 (dd, J = 5.1, 3.5 Hz, 1H),
3.77 (s, 3H), 3.53 (s, 1H), 3.39 (d, J = 4.5 Hz, 1H), 3.02 (d, J = 1.2 Hz, 1H), 2.06 (d, J = 8.4 Hz,

1H), 1.60 (dd, J = 8.5, 1.6 Hz, 1H).
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(3-(4-chlorophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone (3d)

IH NMR (400 MHz, CDCls, endo isomer): 5 8.67 (d, J = 4.6 Hz, 1H), 8.00 (d, J = 7.8 Hz, 1H),

7.83 (dd, J = 8.5, 6.9 Hz, 1H), 7.46 (dd, J = 7.4, 4.9 Hz, 1H), 7.25 — 7.10 (m, 4H), 6.48 (dd, J =

5.4,3.2 Hz, 1H), 5.83 (dd, J = 5.5, 2.7 Hz, 1H), 4.46 (dd, J = 5.1, 3.5 Hz, 1H), 3.54 (s, 1H), 3.40

(d,J=5.1Hz,1H),3.05 (s, 1H),2.01 (d, J = 8.5 Hz, 1H), 1.62 (d, J = 8.6 Hz, 1H).
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(3-(4-nitrophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone (3e)
'H NMR (400 MHz, endo isomer): § 8.66 (d, J = 4.5 Hz, 1H), 8.07 (m, 3H), 7.84 (t, J = 7.6 Hz,
1H), 7.47 (m, 3H), 6.52 — 6.44 (m, 1H), 5.88 (dd, J =5.3, 2.5 Hz, 1H), 4.51 - 4.44 (m, 1H), 3.66

—3.50 (m, 2H), 3.13 (s, 1H), 2.00 (d, J = 8.6 Hz, 1H), 1.67 (d, J = 8.4 Hz, 1H).
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(3-(naphthalen-1-yl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone (3f)

IH NMR (400 MHz, CDCls, endo isomer): & 8.70 — 8.57 (m, 1H), 8.18 — 7.98 (m, 2H), 7.87 —
7.76 (m, 2H), 7.70 (d, J = 8.2 Hz, 1H), 7.62 (d, J = 7.2 Hz, 1H), 7.49 — 7.37 (m, 4H), 6.68 — 6.57
(m, 1H), 5.97 - 5.89 (M, 1H), 4.74 — 4.65 (m, 1H), 4.07 (d, J = 4.8 Hz, 1H), 3.53 (s, 1H), 3.21 (s,
1H), 2.19 (dd, J = 8.4 Hz, 1H), 1.69 (dd, J = 8.3 Hz, 1H).
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(1-methyl-1H-imidazol-2-yl)(3-phenylbicyclo[2.2.1]hept-5-en-2-yl)methanone (5a)
'H NMR (400 MHz, CDCls, endo isomer): § 7.26 — 7.15 (m, 4H), 7.11 - 7.03 (m, 2H), 6.93 (s,
1H), 6.44 (dd, J = 5.0, 3.4 Hz, 1H), 5.82 (dd, J = 5.4, 2.6 Hz, 1H), 4.35 — 4.26 (m, 1H), 3.89 (s,

3H), 3.53 (s, 1H), 3.28 (d, J = 5.1 Hz, 1H), 2.97 (s, 1H), 1.96 (d, J = 8.5 Hz, 1H), 1.52 (d, J = 8.5

Hz, 1H).
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(1-methyl-1H-imidazol-2-yl)(3-p-tolylbicyclo[2.2.1]hept-5-en-2-yl)methanone (5b)

'H NMR (400 MHz, CDCls) endo isomer: & = 7.21 (d, J=7.8, 2H), 7.17 — 7.05 (m, 2H), 7.05 -
6.97 (m, 2H), 6.55 - 6.45 (m, 1H), 5.89 (dd, J=5.3, 2.4, 1H), 4.42 — 4.34 (m, 1H), 3.95 (s, 3H),
3.60 (s, 1H), 3.32 (d, J=5.0, 1H), 3.00 (s, 1H), 2.29 (s, 3H), 2.04 (d, J=8.4, 1H), 1.58 (d, J=8.5,
1H). exo isomer: & = 7.17 — 7.05 (m, 5H), 7.05 — 6.97 (m, 1H), 6.55 — 6.45 (m, 1H), 6.11 — 6.04

(m, 1H), 4.42 — 4.34 (m, 1H), 3.99 (m, 4H), 3.16 (m, 2H), 2.27 (s, 3H), 2.04 (d, J=8.4, 1H), 1.46

(d, J=8.5, 1H).
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(3-(4-methoxyphenyl)bicyclo[2.2.1]hept-5-en-2-yl)(1-methyl-1H-imidazol-2-yl)methanone (5¢)

'H NMR (400 MHz, CDCls, endo isomer): § 7.15 (d, J = 8.6 Hz, 2H), 7.07 (s, 1H), 6.92 (s, 1H),
6.74 (d, J = 8.7 Hz, 2H), 6.42 (dd, J = 5.5, 3.2 Hz, 1H), 5.81 (dd, J = 5.6, 2.7 Hz, 1H), 4.27 (dd, J
= 5.2, 3.5 Hz, 1H), 3.89 (s, 3H), 3.69 (s, 3H), 3.51 (s, 1H), 3.22 (d, J = 4.8 Hz, 1H), 2.91 (s, 1H),

1.95 (d, J = 8.5 Hz, 1H), 1.51 (dd, J = 8.6, 1.5 Hz, 1H).
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(3-(4-chlorophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(1-methyl-1H-imidazol-2-yl)methanone (5d)

'H NMR (400 MHz, CDCls, endo isomer): § 7.20 — 7.05 (m, 5H), 6.94 (s, 1H), 6.42 (dd, J = 5.6,
3.2 Hz, 1H), 5.82 (dd, J = 5.6, 2.8 Hz, 1H), 4.23 (dd, J = 5.2, 3.5 Hz, 1H), 3.88 (d, J = 7.8 Hz,
3H), 3.53 (s, 1H), 3.24 (dd, J = 5.3, 1.6 Hz, 1H), 2.93 (d, J = 1.3 Hz, 1H), 1.90 (d, J = 8.6 Hz,

1H), 1.53 (dd, J = 8.6, 1.6 Hz, 1H).
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(3-(4-bromophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(1-methyl-1H-imidazol-2-yl)methanone (5e)
'H NMR (400 MHz, CDCls, endo isomer): § 7.43 — 7.29 (m, 2H), 7.21 — 7.05 (m, 3H), 7.01 (s,
1H), 6.58 - 6.39 (m, 1H), 5.90 (dd, J = 5.3, 2.5 Hz, 1H), 4.42 — 4.25 (m, 1H), 3.96 (s, 3H), 3.61

(s, 1H), 3.30 (d, J = 5.1 Hz, 1H), 3.00 (s, 1H), 1.97 (d, J = 8.6 Hz, 1H), 1.60 (d, J = 8.5 Hz, 1H).
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HPLC Traces of Products

1. Product 3a
(1) Racemic 3a

Retention times: 13.0, 14.7 (exo isomer) and 17.0, 22.0 (endo isomer) mins

1 VWDT A, Wavelength=212 nm (LYH121209\LSM-ENONE 2012-12-09 17-09-40'\DA0000010.0)
ALl P g
-1 o
2003
150 3
100 3 @ -
3 8
503 o =
, Y AN | |
—_— -
25 5 7.5 10 125 15 17.5 20 225 mirf

Area Percent Report

Sorted By : Signal
Multiplier: H 1.0000
Dilution: H 1.0000

Use Multiplier & Diluticn Factor with ISTDs

Signal 1: VWDl A, Wavelength=212 nm

Peak RetTime Type Width Area Height hArea
# [min] [min] mAU *5 [mAU 1 %
=== === |====|======= | === | === | ======= |
1 13.03% v 0.2821 545.54974 29.38278 3.6834
2 14.851 vV 0.3169 557.3313¢6 26.79624 3.7630
3 16,987 VB 0.4002 &B95,.758B79 263.32379 46,5584
4 21.9%8% VB 0.4662 6B12.34883 226.33138 45,9932

Totals : 1.48110e4d 545.83416
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(2) Product 3a from the Diels-Alder reaction catalyzed by HT21-NH4-CulL1 (endo isomer:

94% ee)
VWD A, Wavelength=212 nm (B-16(LYH140312)\DEF_LC 2014-03-12 20-12-49\005-0501.D)
mAlL E
B00 F
500 —
400
300 —
200 —
100 —
g 5 8
\ R q
0 i~ L FAN
'] g 1ID |I5 ZID 2|5 mir]
o FH A e
HEFE s
e [5-F : 1.0000
FiFEE - : 1.0000
P e fils FE SR B[R] - FORR R (R 7

{54 1: VWDl A, Wavelength=212 nm

W (R BT R W T AR Ve ity R AR
¥ [min] [min] mAl 5 [mAlT 1 %

1 13.060 wv 0.3683 257.80942 10.34860 1.3184
2 14,857 WV 0.4281 175.22066 5.80997 0.8961
3 16.711 VB 0.4314 1.85428e4 645.19928 94.B8286
4 21.923 BB 0.4650 578.18036 19.11723 2.9568
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(3) Product 3a from the Diels-Alder reaction catalyzed by L-HT21-NH4-CuL1 (endo isomer:

-92% ee)
VWD A, Wavelength=212 nm (8-78(LYH 140627 )1 260\OEF_LC140510 2014-06-27 10-52-34011-0101.0)
mall 7]
700
600
500
400
300
200 4
o™
- g8 ¥
™ E -
0 A ey SN
5 10 15 20 25 30 ]
R A 4 bedit
HEFF 1
HEFH K5 : 1.0000
Fii R R 5 : 1.0000
PR A T S R ] R R 1
{55 1: vuDl &, Wavelength=212 nm
W R ) ST U UEETRT R Uy U T
# [min] [min] [mAl*s] [m&ald] %
el e Bl [====m—mmm- R [-==——-—- |
1 12.B36 VV 0.2516 244 BB45B  14.56330  1.1630
2 14,265 W 0.23B3 305.47574 18.18080 1.4508
3 16.492 VB 0.3457 902.52008  39.65071  4.2B64
4 20.362 VB 0.3917 1.96027e4 T73.94250 93.0998
FSN 2.10556e4 Bd6.33732
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2. Product 3b
(1) Racemic 3b

Retention times: 11.0, 12.6 (exo isomer) and 13.4, 18.1 (endo isomer) mins

mall ] o~

[N
@
o
=
il
18.058

12.623

Area Percent Report

Sorted By H Signal
Multiplier: H 1.0000
Dilution: : 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: VWDl A, Wavelength=Z212 nm

Peak RetTime Type Width Area Height Area
# [min] [min] [mal*s] [mATT] %
————————————————— | -——- I -1
1 11.049 wv 0.2193 3786.92505 260.22565 3.1164
2 12.623 WV 0.2440 3466.84085 216.15584 2.8530
3 13.412 VB 0.3139 5.7156827e4  2701.50098 47.0337
4 18.056 VvV 0,3987 5.7107%=4  2151.03516 46.9969
Totals : 1.21514e5 5328.91762

**#% End of Report #*#*#
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(2) Product 3b from the Diels-Alder reaction catalyzed by HT21-NH4-CuL1 (endo isomer:

96% ee)
VWD A, Wavelength=212 nm (8-99(LYH 1407 11 1260\DEF_LC140510 2014-07-11 19-15-13031-0101.D)
maALl rp}
1000
800 -
GO0 =
400 —
200 = -
E g :
0 g el — e =
T T T T T — T T T
5 10 15 20 25 mir}
Mo | 4 th Ak
HEFE : {55
e [E T : 1.0000
FiEE R T : 1.0000

P il B R R T FORR R R T

f§% 1: VWDl A, Wavelength=212 nm

W B A R DR W T U U T A
¥ [min] [min] [mAl*s] [mAU] %

mmms | mmm———- e |==mmmmmmms | =mmmmmmmmn |==mmmmmn [
1 11.284 ¥V 0.2662 183.02797  9.92121  0.7637
2 12.856 VB 0.3407 114.43951  4.75194  0.4775
3 13.959 BB 0.3087 2.30806ed 1141.76819 96.3063
4 18.497 VB 0.3937 587.75977  22.82935  2.4525

S - 2.3965Be4  1179.27060



3. Product 3c
(1) Racemic 3c

Retention times: 13.8, 14.2 (exo isomer) and 16.6, 22.8 (endo isomer) mins
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WO A, Wavelengih=212 nm (LYH1309200EF_LC 2013-06-15 20-19-07\001-0701.0)
E -
3503
300 3
250
2003
1504
100 3
50

22.808

aloaaleny

Area Percent Report

Sorted By : Signal
Multiplier: : 1.0000
Dilution: : 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: VWDl A, Wavelength=212 nm

Peak BetTime Type Width Area Height Area
# [ 1 [min] [mAU*s] [mAaU) &

2 14.187 VB 0.252é T48.52386 45.24762 4.2478
3 16.611 VB 0.3120 7994,28027 399.87192 45,3670
4 22.B0E BB 0.4420 B170.07588 2B7.BZ2578 46.3646

Totals : 1.76214e4 TE80.05318

**#* End of Report ***
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(2) Product 3c from the Diels-Alder reaction catalyzed by HT21-NH4-CuL1 (endo isomer:

98% ee)
VWD1 A, Wavelength=212 nm {8-99(LYH 1407 11){1260\DEF_LC 140510 2014-07-11 20-08-31W032-0101.D)
maAL
200
150
100 -
50-
25
by N
0 FMA_JE_ AP . PP
0 FI: 1|0 1|5 2|0 i}
(NE Y ER R Ao
HeFe "
HefIE 5 : 1.0000
R : 1.0000
PR (e e L 1) RO R [
5% 1: VWDl A, Wavelength=212 nm
U R R ST RS LEinEsE! U Py U [T A
4 [min] [min] [mall*s] [mAlT] %

1 13.661 WV 0.2450 TT.32947 4,B3358 1.3058
2 14.044 VB 0.2372 32.54331 2.08844 0.5494
3 15.975 BB 0.28897 B6.83061 4.64072 1.4659
4 21,320 BB 0.3893 5726.47998 229.08356 96.6791

5923.18337 240.64628




4. Product 3d

(1) Racemic 3d

Retention times: 20.8, 26.9 (exo isomer) and 25.4, 44 .4 (endo isomer) mins
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VWOT A, Wavelength=212 nm (LYHT30820\DEF_LC 2013-00-16 0B47-171001-0101.0)
mAU_ -
~
™
=+
=t
=t
g5
& &
. e . :
T A T T TS S A |
10 20 30 40 50 i) 70 miny
Area Percent Report
Sorted By : Signal
Multiplier: H 1.0000
Dilution: : 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: VWDl A, Wavelength=212 nm
Peak RetTime Type Width Area Height Area
# [min] [min] [mAalU*s] [mal] %

1 20.820 BB 0.5783 1459.81567 38.59794 3.7885
2 25.384 WV 0.6586 1.77287e4 418.76682 46,0090
3 26.B75 VB 0.8094 1611.82507 20.T0830 4.1830
4 44,427 EB 1.3103 1.77327e4 206.02875 46.0196

Totals : 3.85330e4 693 .09989
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(2) Product 3d from the Diels-Alder reaction catalyzed by HT21-NH4-CuL1 (endo isomer:

93% ee)
VW1 A, Wavelengih=212 nm (8-98(LYH140711){1260)\DEF_LC 140510 2014-07-11 22-24-200033-07101,0)
mAU s
600
500
400
300
2003
100 g 3 2
o - -
o I - & -3
0 10 20 30 40 50 R
TR 7 4 g it
HeF &
HeFH [H 5 : 1.0000
FFR R : 1.0000
P A R R - F R R T
&% 1: vuDl A, Wavelength=212 nm
U (EEEE] 25 D [EA0E2 U U T A
4 [min] [min] [mAI*s] [mall] 3

1 15.930 BB 0.4927 654,14752 20.773086 2.1491
2 24,457 VB 0.6143 2.65767ed T20.53961 93.8B45
3 26,454 BV 0.6010 162.57109 3.53301 0.5341
4 41.536 BB 0.8626 1044.74170 15.76636 3.4323

FC5 T 3.04382e4 T60.61205
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5. Product 3e
(1) Racemic 3e

Retention times: 12.5, 16.0 (exo isomer) and 14.6, 18.1 (endo isomer) mins

mAl 3

M oW & oo om
o o o o o
alag

ol lisalisaalisalas

-
o

(=1

Area Percent Report

Sorted By H Signal
Multiplier: : 1.0000
Dilution: : 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: VWDl &, Wavelength=2Z1Z nm

Peak ERetTime Type Width Area Height Area
# [min] [min] [mal*s] [mal] 5

0.3388 421.02759 20.71424 9.5208
14.551 MF 0.4143 1774.29187 T1.37769 40,1225
1 0.4531 433.,7124¢6 15.95338 9.8077
0.4826 1793.149%686 57.359640 40,5420

Totals : 4422.18158 165.44171




Page 47

(2) Product 3e from the Diels-Alder reaction catalyzed by HT21-NH4-CuL1 (endo isomer:

99% ee)
VWD A, Wavelength=254 nm (8-99(LYH1407 111260 \DEF_LC 140510 2014-07-11 21-43-33034-0101.D)
maL a
350
300
250 <
2004
150
100 o
o~
50 ot
o
T T T T
1} 5 10 15 25 min|
A T 4 be i s
HEFF : 1545
e A K 5 : 1.0000
FFE : 1.0000

PR 3 B ] 5 R R 1] -1

85 1: vwpl &, Wavelength=254 nm

U {REINS(E) 2SR W Ui T FH U vy U T
# [min] [min] [maU*s] [mal] 5
——————————— R e B e ]
1 15.130 BB 0.3914 223.B5B44 B.76132 2.0660
2 17.159 BB 0.4373 1.06117e4 377.44268 97,9340

i 1.08358e4  3B6.20401



6. Product 3f
(1) Racemic 3f

Retention times: 7.4 and 10.8 mins
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VWD A Wavelengh=254 nm [LYHA30T15{1260)AAA_LC 2013-01-15 19-45-52001-0101.D)

mAU 2

o o =]
t=1 =] =1
10.769

Y
=]

w
=]

s e e o b e b a L e o e b aa b e lu

=
=]
£
=
=
2
=

miry

Sorted By H Signal
Multiplier: ! 1.0000
Dilution: H 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: VHD1 A, Wavelength=254 nm
Peak RetTime Type Width Area Height Area
# [min] [min) [mAU*=] [mal] %

——————————————— B e P el
1 7.383 BB 0.1393 764.62390 B4.33156 49,9907
2 10.769 BB 0.2097 764.90961  56.76023 50.0093

Totals : 1529.533561  141.09179

*** End of Report ***
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(2) Product 3f from the Diels-Alder reaction catalyzed by HT21-NH4-CuL1 (endo isomer:

98% ee)

WWD1 A, Wavelength=254 nm (8-99(LYH1407 11 12600DEF_LC140510 2014-07-11 20-51-001035-0101.0)
maALl 5 ]
400
350
300
250
200
150

&
100 4

w_gb
P

1
e
=1
o
&
-
=3
=
~
[

FiFR R -7 1.0000
P e A SR L [R]  FORR R (R T

{85 1: vupl A, Wavelength=254 nm

U fREETEE R 2 e LEATOE N U Ty U [ A
4 [min] [min] [mAl*s] [mAU] 5
—— l—-—==1--—--—- | ========== e | === |
1 T.278 MM 0.1379 60.524946 T.31544 1.0320
2 10.313 VB 0.1985 5B04.98928 450.19852 098.96B80

o 5865.51872 457.51395




7. Product 5a

(1) Racemic 5a

Retention times: 21.9, 27.1 (exo isomer) and 25.1, 35.1 (endo isomer) mins

Page 50

YWD A, Wavelength=254 nm (8-94(LYH14...C{1-NAPH AND NME-PH)\DEF_LC140510 2014-07-10 14-54-421022-0101.0)
mAl 5 -]
120 -]
100 =
BD_
60
40
[-+]
2
20 b
. S\
1 I I
10 20 40 mirf
AR 4 e die
HEFE ER=1
B[ : 1.0000
i EEA T : 1.0000
P e (o A A [ AR R
{£% 1: vWDl A, Wavelength=254 nm
W (LR (A SEEY O bEE e T A4 U iy U T 7
¥ [min] [min] [mal*s] [mAlT] %
Rl et | ========mm= [====mmmmm [===mm————- |—===-——- I
1 21.898 BB 0.5063 403.26056  11.93801  2.9921
2 25,127 BV 0.7178 6307.14355 131.65181 46.7968
3 27.119 VB 0.6349 439.48395  10.23832  3.2608
4 35.143 BB 0.B303 6327.817687 114.42680 46.9502
FE5 1.34777e4  268,25494
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(2) Product 5a from the Diels-Alder reaction catalyzed by HT21-NH4-CulL1 (endo isomer:

98% ee)
YWD A, Wavelength=254 nm (8-1000LYH 1407141260 \DEF_LC 140510 2014-07-14 13-58-49\031-0101.0)
mAL =
140 =
120
100 =
a0
sn_
40 &
o @ .03’;?
20 ~ 5 3;
0 8 B
1 I I I 1 I I T T
5 10 15 20 25 30 35 40 45 i}
TS T o et
HERF HE
EL e 1.0000
Fi A : 1.0000
P A ) e 0 (R  FORR FR [ 5

{5% 1: VWDl &, Wavelength=254 nm

LLE e b T R R U T E U Ty U [T A
4 [min] [min]  [mAU*s] [mAU] %
] GRS e |==mmmmm o |===mmmmmm |===mmmm- [
1 23.915 BB 0.5441 101.82387  2.52898  1.0641
2 27.337 BB 0.8175 9371.50878 167.48953 07.9308
3 38.379 MM 0.9306  95.30985 1.70703  0.9961

S A G9568.64251 171.72554
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8. Product 5b
(1) Racemic 5b

Retention times: 30.0, 35.5 (exo isomer) and 37.5, 40.3 (endo isomer) mins

VWD A, Wavelengih=254 nm (8-100WYH1407 1#1DEF_LC 2014-07-15 11-15-011042-0101,0)
maL o
200 -
o
g o
150 = b
bl -
g
1004 @
501
0
1 L 1 1 1 I 1 T T
0 5 10 15 20 25 a0 35 40 45 mir]
A 4 bt
HEFF &
e E : 1.0000
HiFe A : 1.0000

P AR T SR L [R5 FRR R (K] 1

5% 1: vuDl A, Wavelength=254 nm

W RS e iR UEETHI A U ey U THI A
4 [min] [min] mal *g [maly ] %
el R |-~ |- | == [=====-=- [
1 30.026 BB 0.5077 4340.55664 131.41245 15.B289
2 35.461 BV 0.6773 4233.79053 93.40224 15.4398
3 37.451 VB 0.9911 9511.67090 148.08525 34.6B67
4 40.332 BB 0.5671 9335.68457 254.02907 34.0449

FS% T F 2.74217e4 626.92901
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(2) Product 5b from the Diels-Alder reaction catalyzed by HT21-NH4-CuL1 (endo isomer:

94% ee)
VWD A, Wavelength=254 nm (8-1000LYH140714\DEF_LC 2014-07-15 11-15-011052-0201.D)
mAL
804
80
40
20 W
@
=
|V - S
0 - . T
1 L I 1 L I T I
5 10 15 20 25 30 40 45 iy
A & 4 L s
HEFr El
HeAH R -5 : 1.0000
Fide A : 1.0000

PH Ak P S (] O o [

s

{55 1: vupl A, Wavelength=254 nm

U RER R 25 b ETTE A U 7y U T
4 [min] [min] mal *s5 [mal 1 %

1 0.5047 107.16024 3.32005 1.5619
2 35,965 MF 0.B175 42,98543 B.7633%e-1 0.6265
3 1.1464 B504.83301 894.57201 94.8078
4 0.5524 206.10716 5.76660 3.0040

A 6861.08584 104.53500
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9. Product 5¢
(1) Racemic 5¢

Retention times: 14.4, 21.6 (exo isomer) and 17.4, 28.0 (endo isomer) mins

VWD A, Wavelength=254 nm (8-1000LYH1407 14\ DEF_LC 2014-07-15 16-10-511043-0101.D)
mAL ]
140
w
120 &
b~
100 <
80 —
604
40 4 o
2 3 :
™~
. S\ :
I I L I 1 I
5 10 15 20 25 30 i}
[OEENER dE« 2
HER E]
He R [E -5 : 1.0000
Hife = - : 1.0000

PH Aot P S ] RO R (]

{85 1: vuDl &, Wavelength=254 nm

U {REH R 2R UE T A U 7y U T A
4 [min] [min] mAU *5 [Al 1 5
e |====]======= | ====———=== | === |======== |
1 14,419 BB 0.3859 297.,72125 11.69005 2.3570
2 17.443 EB 0.5625 B034.53516 161.01728 47.7733
3 21.555 BB 0.5648 252.44934 T.B12B6 2.3152
4 27,985 EB 0.8605 e006.88916 103.96090 47.5545

B 1.26316e4 284.,48107
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(2) Product 5c from the Diels-Alder reaction catalyzed by HT21-NH4-CuL1 (endo isomer:

>99% ee)
VWD1 A, Wavelength=254 nm (8-100WLYH1407 14\DEF_LC 2014-07-15 16-10-511053-0201.D)
maL o9
50
40
30_
20_
e
10 2 .'9"6
=
0 "
0 5 10 15 20 25 30 35 i}
AL 4 bR
HEFF fd
He x5 : 1.0000
i PR [R5 : 1.0000
P A T AR AR ] R R R R
{85 1: vwDl A, Wavelength=254 nm
[LE I =1 T I <P O 3 U T U T T FH
+ [min] [min] mAl 5 [mAlr 1 %

1 14,304 MF 0.4429 19.14496 7.20490e-1 1.0755
2 17.312 BB 0.5007 1760.96838 53.26444 98.9245

B e 1780.11334 53.08493
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10. Product 5d
(1) Racemic 5d

Retention times: 6.4, 9.9 (exo isomer) and 6.8, 8.8 (endo isomer) mins

YWD A, Wavelength=254 nm (8-1000LYH140714'DEF_LC 2014-07-15 21-09-39\044-0101.D)
mAL a
1400
1200 =
o
1000 = z
800 -
600 =
400 -
200 - ; é
o
o " .
1 I I I T
2 4 [ ] 10 i}
[IOENER gt v 5
HER® fa
e K -5 : 1.0000
Fife = -F : 1.0000

P b i T SR ] 5 R R ] 1

{55 1: vWDl A, Wavelength=254 nm

U (R E] R W U T VT T
4 [min] [min] mAU *g [m&l 1 %
—— R | === | == | ——————— |
1 6.414 WV 0.14B5 162E.29016 169.52763 4.3853
2 6.753 VB 0.1763 1.6908B824 1455,40881 45.541e
3 B.B12 BV 0.2750 1.668661led 939, 321684 45.4239
4 9.881 VW 0.2670 1726.27332 95,22031 4.6482

S 3.71304=4 2663.47859
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(2) Product 5d from the Diels-Alder reaction catalyzed by HT21-NH4-CuL1 (endo isomer:

98% ee)
VWD1 A, Wavelength=254 nm (8-100\LYH140714DEF_LC 2014-07-15 21-09-39054-0201.0)
mAl ]
300 -
250
200 4
150
100
50 3
3 g
o0
0 e ——
I I I 1 L} L I
1] 2 4 [ 8 0 12 14 i}
OESNER e
HES fa
e E : 1.0000
iAo : 1.0000

P R {1 S L (R  F R R (K] 1

8% 1: VWDl A, Wavelength=254 nm

[LE I 3= I T S R 5 UEETHI A U UEETHT A

# [min] [min] mal *g [ mALT ] %
1 6.438 WV 0.1497 146.B1892 15.11268 3.5020
2 6.786 VB 0.1726 4001.93457 354.208B07 095.4564
3 £.997 BB 0.2415 43.66702 2.80290 1.0416

§58 T 4192.42052 372.12365
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11. Product 5e
(1) Racemic 5e

Retention times: 15.6, 31.0 (exo isomer) and 17.6, 36.1 (endo isomer) mins

I wwD1 A, Wavelength=254 nm (LYH1412041DA 2014-12-05 20-41-131001-0101.0)
AL
B0 =
S 2
3 7
bl
m_
o S
20 5 T @
10 = ;Y@@
0 "'n\, - i : ;
—r "7 ]
4 10 15 20 25 30 35 mir|
Area Percent Report
Sorted By H Signal
Multiplier: H 1.0000
Dilution: H 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: VWDl A, Wavelength=254 nm

Feak RetTime Type Width Rrea Height Area
# [min] [min] mAD *g [mAl ] %
——————————————— |l B el Rttt bbbl |
1 15.570 BB 00,3057 155.33134 T.8B053 44,2542
2 7.60% BB 0.3856 1678.83728 66.31950 45.9800
3 31.014 MF 0.6245 159.079%32 4.24561 4.3569
4 36.119 BB 0.7537 16537.98242 32.83168 45,4088
Totals 3651.23036 111.27731

*** End of Report **+
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(2) Product 5e from the Diels-Alder reaction catalyzed by HT21-NH4-CuL1 (endo isomer:

>99% ee)
VWD A, Wavelength=254 nm (28-1000LYH140714\DEF_LC 2014-07-15 14-51-491055-0101.0)
mAll 2
160 < T
140 -
120
100
8.0_
B0 -]
M
w0 . o
w
20 =] G
- w
] v -
I I 1 1 T I I
[1] 5 10 15 20 25 30 35 mir}
AR 4 g i
HeFF [
He B E : 1.0000
FEeE : 1.0000

P T e L [R]  FR oRE [R] -1

{5 1: VWDl A, Wavelength=254 nm

[LE R e L <R LR & UEE T VT EETHI AR
ks [min] [min] mal *s5 [ &l ] %
e l--—-1------ |========== |—=—== |=====—- |
1 15.00% BB 0.2716 60.61797 3.48141 1.5925
2 16.BB0 0.3261 3694.54150 175.17296 97.0597

BB
3 29,575 MM 0.5328 51.30312 1.60483 1.3478

FC N 3806.46259 180.25921
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