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1. GENERAL INFORMATION

Unless otherwise stated all the reactions were done under inert conditions
(exclusion of air and moisture); under positive pressure of Argon into flame dried round
bottom flasks equipped with stirring bar. All temperatures given for reaction conditions
are externally measured. The screening and reaction optimization of Molybdenum-
catalyzed allylic alkylations (MoAAA) were done under extreme precautions to exclude air
and moisture; in flame dried 15-mL (diameter= 1 cm) disposable borosilicate vials
equipped with stirring bar and heated with external temperature control using aluminum

blocks. Reactions were monitored by 'H-NMR (see Instrumentation), TLC.

2. MATERIALS

Commercial materials were used as received with following exceptions: All the
solvents were used from Solvent Purification System and 1,2-Dichloroethane purchased
from Aldrich (product #: 284505, CAS #: 107-06-2) in anhydrous form and further dried
over 4 A activated molecular sieves at least 24h prior to use. All solvents used in MoAAA
were subjected to freeze thaw pump cycle three times prior to use. Molybdenum salts
were purchased from Strem, Cycloheptatriene molybdenum tricarbonyl (product #: 42-
0350, CAS #: 12125-77-8, red crystals) stored in glove box and used as received,
molybdenum hexacarbonyl (product #: 42-1350, CAS #: 13939-06-5, white crystals) used
as received. All flash chromatography was carried out using 60 mesh silica gel and dry-

packed columns.

All electrophiles, carbonates, were synthesized according to prior report.m

3. INSTRUMENTATION

'H-NMR and *C-NMR spectra were recorded at 300, 400, or 500 MHz and at 100
or 125 MHz, respectively; on a spectrometer in CDCl; at room temperature (unless
otherwise stated). Chemical shifts (6) were reported with respect to tetramethylsilane as
internal standard, or to the corresponding solvent residual peak, in ppm. IR spectra were
recorded on a Bruker Tensor 27 FT-IR spectrometer. Elemental analyses made in C.A.l
Microandlisis Elemental, Universidad Complutense de Madrid (Spain). High Resolution

Mass Spectra (HRMS) were performed by the High Resolution Mass Spectromety Service
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at the Institute of Chemical Research of Catalonia on Waters GCT gas chromatograph
coupled time-of-flight mass spectrometer (GC/MS-TOF) with electron ionization (El).
The optical rotation was recorded on Jasco P-1030 Polarimeter and reported as [a]° 26 (c
in g/100 mL, solvent). Thin layer chromatography (TLC), Merck pre-coated TLC plates
(silica gel 60 GF,s4 , 0.25 mm) were used, using UV light as the visualizing agent and an
acidic mixture of ceric ammonium molybdate (CAM) or basic aqueous potassium
permanganate (KMnOQO,), and heat as developing agents. Reactions under microwave
irradiation were performed in CEM Discover instrument with specific set of options:
maximum power = 300 W; ramp time: 5 min; hold time: depending on reaction in h;
temperature = 80 2C and power max mode kept on; maximum allowed pressure = 300 PSI
with stirring on. Organic solutions were concentrated under reduced pressure on a rotary
evaporator. Enantiomeric purity were determined by HPLC using commercial chiral
columns as stationary phase (methods specified for each compound under its name, see

below).

4. SYNTHESIS OF THE LIGANDS

4.1. FIRST-GENERATION SYNTHESIS

OH

an N
ph’ miﬂ}\x; Ph
NA/
=N-Cu

N \
N cl

Ph
Q TTM.Cu(l)CI (1.0 mol% ] ~ 1,1-Carbonyldiimidazol QS 2 O
J|\+N3/\Ph—»'u (1.0 mol%) MNP 1-Carbonyldiimidazole /_?—NHHN—@_\
HO = y
A3 H,0, rt,8h HO  N=N HN NH,p THF, 50 °C, 18h o\ =
BN Ny N=Bn
1 2 >95% 3 4 76% N 5 N

N,N'-((1R,2R)-cyclohexane-1,2-diyl)bis(1-benzyl-1H-1,2,3-triazole-4-carboxamide) (5)

Into a 10-mL vial was added tris(l-benzyl-lH-1,2,3-triazo|-4-y|)methanoI.CuCI[2]
(0.017 g, 0.029 mmol, 1.0 mol%), propiolic acid (1) (0.200 g, 2.86 mmol, 1 equiv) and
benzyl azide (2) (0.418, 3.14 mmol, 1.10 equiv) in water (5 mL) and was stirred at rt for 8
h. The reaction mixture turned from transparent liquid into a blue—white solid and the
reaction mixture was filtrated and was washed with cold acetone (3x5 mL) and the crude

white solid 3" was used directly on next step without any further purification.

1-benzyl-1H-1,2,3-triazole-4-carboxylic acid (3) (0.556 g, 2.74 mmol, 2.50 equiv)

and 1,1'-carbonyldiimidazole ( 0.437g, 2.63 mmol, 2.40 equiv) were added as solid in
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tetrahydrofuran (10 mL) and was stirred at 50 2C. After 1.5 h, the heterogeneous mixture
was diluted with tetrahydrofuran (3x15 mL) and cannula transferred into another flask
with a pre-stirred mixture (at 50 2C for 30 min) of (1R,2R)-cyclohexane-1,2-diamine (4)
(0.125 g, 1.095 mmol, 1.00 equiv) in tetrahydrofuran (45 mL) at 50 2C. After 16 h, the
volatiles were removed under reduced pressure, followed by extraction with
dichloromethane (3x50 mL) over aqueous potassium carbonate (sy) (15 mL). Combined
organic layers were dried over sodium sulfate, were filtrated and were concentrated
under reduced pressure and the crude was purified by flash column chromatograpghy
[silica gel =3 cm, h=15 cm, and eluted with DCM—MeOH (95:5 to 90:10)] to afford 76%
desired product 5 (0.403 g, 0.832 mmol).

Physical form: white solid
TLC (15% methanol in dichloromethane, UV;s4, CAM), Rf: 0.72
mp: 294 — 295 2C.

'H-NMR (500 MHz, DMSO-dg): & 8.56 (s, 2H), 8.18 (d, J = 7.2 Hz, 2H), 7.39 — 7.30 (m, 10H),
5.59 (s, 4H), 4.01 — 3.83 (m, 2H), 1.97 — 1.85 (m, 2H), 1.76 — 1.63 (m, 2H), 1.58 — 1.42 (m,
2H), 1.35-1.21 (m, 2H) ppm.

3C-NMR (126 MHz, DMSO): § 159.4, 142.8, 135.6, 128.8, 128.2, 128.0, 126.4, 53.0, 51.8,
31.6, 24.4 ppm.

FTIR: 3335 (s), 3118 (s), 2927 (s), 2855 (s), 1640 (s), 1567 (s), 1502 (s), 1458 (s), 1264 (s),
1049 (s), 715 (s) cm™.

HRMS (ESI) (m/z): calc’d for CagH29NgO,, [M+H]": 485.2416, found: 485.2408.

[a]® 6 =—37.6 (c = 0.10 in DMSO)
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4.2. SECOND GENERATION SYNTHESIS OF 5

Q i HATU, DIPEA Q Q o} R 2 P
s < 0

R G HOJ\ NH HN « NSy TTMCU(CI (3.0 moi%) /_?—NH HN—%_\

2 2 DMF, 0°Crt, 16 h Y/ A\ - -

6 2

water, rt, 16 h
o ~N_, -N Ns N~
Bn N N Bn

4 1 5

42% 81%

(1R,2R)-cyclohexane-1,2-diamine (4) (100 mg, 0.876 mmol, 1 equiv) was added as
solid and was dissolved with dimethylformamide (3 mL). Propiolic acid (1) (0.252 g, 3.59
mmol, 4.10 equiv), 0.5 M HATU (1.328 g, 3.50 mmol, 4.00 equiv) solution in
dimethylformamide (7 mL) and N,N-diisopropylethylamine (1.22 mL, 7.01 mmol, 8.00
equiv, d=0.740 g/mL at rt) were added drop-wise at 0 2C, and reaction mixture were
allowed heat at rt. After 18 h, the volatiles were removed under reduced pressure and
the crude was poured into 1.0 M hydrochloric acid (10 mL) and extracted with ethyl
acetate (3x20 mL). The organic layer was washed with saturated aqueous sodium
bicarbonate (10 mL), was dried over sodium sulfate and was filtered. The volatiles were
removed under reduced pressure and the orange crude was filtered over a short plug of
silica gel with dichloromethane-methanol (95:5) and the volatile were removed under

reduced pressure, finally, 6 was used as crude in next step without further purification.

Into a 5-mL vial was added N,N'-((1R,2R)-cyclohexane-1,2-diyl)dipropiolamide (6)
(0.160 g, 0.733 mmol, 1 equiv), benzyl azide (2) (0.390 g, 2.93 mmol, 4.00 equiv) and
TTM.CuCl ( 0.013 g, 0.022 mmol, 3.0 mol%) in water (1 mL) at rt. After 16 h, water was
filtrated and the solid was dried by vacuum filtration for 15 min and the dried solid was
purified by flash column chromatography [silica gel @=1 cm, h=15 cm, and eluted with

dichloromethane—methanol (95:5)] to afford 5 in 81% vyield.

5. MOLYBDENUM-CATALYZED ASYMMETRIC ALLYLIC ALKYLATION IN
BATCH CONDITIONS

5 (15 mol%)

o O
o O (C7Hg)Mo(CO)3 (10 mol%) J]\/U\ e}
N, e
ReA~ACR o+ \OJI\/U\O/ NaH 9 : 0" + R ~r

=
7 8 DCE / THF (1:1), 75°C R/g\/ 10 O

Into a 15-mL round bottom vial (@=1 cm), was weighed Cycloheptatriene

molybdenum tricarbonyl (5.9 mg, 0.022 mmol, 10 mol%) and the amide-triazole ligand 5
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(16 mg, 0.033 mmol, 15 mol%), into another vial, sodium hydride (10.4 mg, 0.434 mmol,
2.0 equiv) was added from glove box. The vials were evacuated and re-filled with Argon
for 3 times. To the catalyst vial was added 1,2-dichloroethane (1 mL) and stirred at 75 2C
for 15 min. At the same time, to the nucleophile vial was added tetrahydrofuran (1 mL),
dimethyl malonate (0.063 g, 0.48 mmol, 2.2 equiv) and stirred at rt for 15 min until a clear
solution formed. The catalyst was transferred to nucleophile vial via cannula and the
appropriate allylic carbonate (electrophile) (0.217 mmol, 1 equiv) via syringe. The
reaction mixture was stirred at 75 2C. After 24 h, the reaction mixture was poured into
water (5 mL) and was extracted with diethyl ether (3x10 mL) and the organic layers were
dried over magnesium sulfate, were filtrated and were concentrated under reduced
pressure and 9/10 ratio was determined by the 'H NMR of the crude. Later, the crude was
purified by flash column chromatography [silica gel @=1 cm, h=15 cm, and eluted with

hexanes—ethyl acetate (98:2)] to afford products.MoAAA products.

6. EXPERIMENTAL PROCEDURE FOR MICROWAVE ASSISTED-MOAAA

Two different stock solutions were prepared: Solution-1, with the malonate, was
prepared by adding dimethyl malonate (8) (880 uL, 7.70 mmol) to a suspension of sodium
hydride (16.2 mg, 0.680 mmol) in tetrahydrofuran (10 mL). Solution-2, was prepared by
dissolving 7a (1,36 g, 7.10 mmol) in tetrahydrofuran (10 mL). Molybdenum hexacarbonyl
(6.9 mg, 0.026 mmol) and 5 (17 mg, 0.034 mmol) were added to a microwaves vial and
sealed; were evacuated and re-filled with Argon for 3 times. Solution-1 (1.5 mL, 1.16
mmol of the nucleophile), Solution-2 (1 mL, 0.71 mmol of the electrophile) and N,O-
Bis(trimethylsilyl)acetamide (BSA) (220 uL) were added and the sample was heated in the
microwave cavity in CEM Discover instrument with specific set of options: maximum
power = 300 W; ramp time: up to 30 min (until set temperature achieved); hold time: 3 h;
temperature = 80 2C and power max mode kept on; maximum pressure = 300 PSI with
stirring on. After 3 h, the reaction mixture was diluted with diethyl ether (10 mL) and the
orange solution was filtrated and analyzed by *H-NMR for the branched to linear ratio.
Later, the crude was purified by flash column chromatography [silica gel @=1 cm, h=15

cm, and eluted with hexanes—ethyl acetate (98:2)] to afford products.
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9a

O O 'H NMR (400 MHz, CDCl3): & 7.34 — 7.22 (m, 5H), 6.05 (m, 1H), 5.17 —
\OJ\__/U\O/ 5.09 (m, 2H), 4.16 — 4.12 (m, 1H), 3.91 (d, J = 11.0 Hz, 1H), 3.76 (s, 3H),

©/\/ 3.51 (s, 3H) ppm. *C-NMR (101 MHz, CDCls): & 168.2, 167.8, 139.9,
137.8, 128.6, 127.9, 127.1, 116.6, 57.3, 52.6, 52.4, 49.7 ppm. HPLC: 98%
ee (Chiral OJ column, 220 nm, hexanes—ethanol (93:7), flow: 0.5 mL/min, tg: 28.74 min, tg:

34.08 min).

9%

Q o 'H NMR (500 MHz, CDCl3): 6 7.18 — 7.11 (m, 2H), 6.86 — 6.80 (m,
~o A
z 2H), 5.97 (ddd, J = 17.0, 10.2, 8.0 Hz, 1H), 5.14 — 5.01 (m, 2H), 4.06

=
/@A/ (dd, J = 11.0, 8.1 Hz, 1H), 3.82 (d, J = 11.0 Hz, 1H), 3.77 (s, 3H), 3.74

N
0 (s, 3H), 3.51 (s, 3H) ppm. *C-NMR (126 MHz, CDCl;): & 168.4,
168.1, 158.7, 138.2, 132.0, 129.1, 116.4, 114.2, 57.7, 55.3, 52.7, 52.6, 49.0 ppm. HPLC:

99% ee (Chiral OD-H column, 220 nm, hexanes—isopropanol (90:10), flow: 0.5 mL/min, ,

tr: 12.29 min, 13.31 min).
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9¢c
Q 0 'H NMR (400 MHz, CDCly): § 7.24 — 7.10 (m, 2H), 6.93 — 6.79 (m, 2H),
N v
o O 6.14(ddd,J=17.1,10.1, 8.4 Hz, 1H), 5.17 — 4.97 (m, 2H), 4.41 — 4.29 (m,

=
©f\/ 1H), 4.19 (d, J = 10.7 Hz, 1H), 3.85 (s, 3H), 3.72 (s, 3H), 3.49 (s, 3H) ppm.
OMe 3C.NMR (101 MHz, CDCl;): 6168.8, 168.4, 157.3, 137.0, 129.6, 128.3,
120.8, 116.9, 111.2, 55.5, 52.4, 46.2 ppm. HPLC: 99% ee (Chiral OD-H column, 214 nm,

hexanes—isopropanol (95:5), flow: 0.7 mL/min, tg: 9.86 min, 11.06 min).

nex:IPA 95:5; 0.7 ml/min,
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9d
Q Q 'H NMR (400 MHz, CDCl3): 6 7.21 (td, J = 7.5, 1.2 Hz, 1H), 6.85 — 6.72 (m,

~N 7

S /O 3H), 5.97 (ddd, J = 17.0, 10.2, 8.2 Hz, 1H), 5.17 — 5.03 (m, 2H), 4.08 (dd, J
©/\/ = 11.0, 8.2 Hz, 1H), 3.86 (d, J = 11.0 Hz, 1H), 3.78 (s, 3H), 3.74 (s, 3H),

5 3.52 (s, 3H) ppm. *C-NMR (101 MHz, CDCl3): & 168.3, 167.9, 159.8,
e

141.7, 137.8, 129.7, 120.2, 116.8, 113.9, 112.6, 57.4, 55.3, 52.7, 52.6,
49.9 ppm. HPLC: (Chiral OD-H column, 214 nm, hexanes—isopropanol (90:10), flow: 0.5

mL/min, tg: 12.54 min, 13.30 min).

9e

'H NMR (400 MHz, CDCls): 6 7.57 (d, J = 8.1 Hz, 2H), 7.36 (d, J =
8.3, 2H), 5.97 (ddd, J = 16.9, 10.3, 8.2 Hz, 1H), 5.15 (m, 1H), 5.12 (s,
1H), 4.19 (dd, J = 10.9, 8.2 Hz, 1H), 3.88 (d, J = 10.9, 1H), 3.75 (s,
3H), 3.52 (s, 3H) ppm. *C-NMR (101 MHz, CDCl3): § 168.0, 167.7,
144.3,137.0, 128.5, 125.8 — 125.7 (q, J = 3.7 Hz, -CF3), 125.3, 117.7, 57.1, 52.9, 52.7, 49.5
ppm. HPLC: >99% ee (Chiral OD-H column, 220 nm, hexanes—isopropanol (99.5:0.5), flow:

0.5 mL/min, tg: 32.08 min).
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it g

of

Q Q 'H NMR (500 MHz, CDCls): § 7.27 (d, J = 8.5 Hz, 2H), 7.16 (d, J = 8.4
~o A A
Hz, 2H), 6.03 — 5.87 (m, 1H), 5.17 — 5.05 (m, 2H), 4.09 (dd, J = 10.9,

=
/©/\/ 8.1 Hz, 1H), 3.82 (d, J = 11.0 Hz, 1H), 3.74 (s, 3H), 3.52 (s, 3H) ppm.
Cl B3C-NMR (126 MHz, CDCl3): & 168.1, 167.8, 138.5, 137.4, 133.1,

129.5,128.9,117.2,57.3,52.8, 52.6, 49.1 ppm. HPLC: 99% ee (Chiral OD column, 220 nm,

hexanes—isopropanol (99:1), flow: 0.7 mL/min, tg: 11.07 min, 11.94 min).

o 3

8§ 8 8 3
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9g
'H NMR (300 MHz, CDCl3): & 7.40 — 7.34 (m, 1H), 7.24 — 7.10 (m, 3H),

~ J\)L .
5.99 (ddd, J = 17.0, 10.2, 8.1 Hz, 1H), 5.21 — 5.06 (m, 2H), 4.68 (dd, J =

=
©f\/ 10.7, 8.1 Hz, 1H), 4.03 (d, J = 10.7 Hz, 1H), 3.74 (s, 3H), 3.55 (s, 3H) ppm.
Cl B3C-NMR (75 MHz, CDCl3): & 168.2, 167.8, 137.7, 136.2, 134.2, 130.3,

128.8, 128.3, 127.2, 117.9, 56.1, 52.8, 45.7 ppm. HPLC: 95% ee (Chiral OD-H column, 220

nm, hexanes—isopropanol (90:10), flow: 0.5 mL/min, tg: 11.95 min, 12.51 min)

......

e
&

X3.00
e
g

9i
'H NMR (400 MHz, CDCl,): & 7.18 (dd, J = 5.1, 1.2 Hz, 1H), 6.97 — 6.83
~ JJ\)L P
(m, 2H), 6.03 (ddd, J = 17.0, 10.1, 8.4 Hz, 1H), 5.27 — 5.06 (m, 2H), 4.42
I (ddd, J = 10.3, 8.4, 0.9 Hz, 1H), 3.84 (d, J = 10.2 Hz, 1H), 3.73 (s, 3H),
3.61 (s, 3H) ppm. *C-NMR (101 MHz, CDCl3): & 167.8, 167.8, 143.2,

=
%
\

137.3, 126.9, 125.0, 124.5, 117.3, 58.4, 52.7, 44.9 ppm. HPLC: 98% ee (Chiral OJ column

220 nm, hexanes—isopropanol (99:1), flow: 1 mL/min, tg: 21.44 min, tg: 23.76 min)
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N; ﬁ\ ; 5\
00 I“ \ ‘\J \\,\‘ ‘\\“
” / L & /
.\__‘_/'f \\_*/ \‘_; | _// \\ W | S N
9j
Q Q IH NMR (400 MHz, CDCls): 6 8.24 (d, J = 8.6 Hz, 1H), 7.84 (dd, J = 8.2, 1.6

P Hz, 1H), 7.74 (dd, J = 8.1, 1.3 Hz, 1H), 7.61 — 7.35 (m, 4H), 6.08 (ddd, J =
O 17.1, 10.2, 8.0 Hz, 1H), 5.27 — 4.93 (m, 3H), 4.16 (d, J = 10.8 Hz, 1H),
O 3.78 (s, 3H), 3.38 (s, 3H) ppm. *C-NMR (101 MHz, CDCl3): & 168.6,
168.0, 137.8, 136.3, 134.2, 131.5, 129.0, 127.9, 126.4, 125.8, 125.4,
124.5,123.4,117.2, 57.1, 52.8, 52.6, 44.3 ppm. HPLC: 97% ee (Chiral IA column, 220 nm,
hexanes—isopropanol (97:3), flow: 0.7 mL/min, tg: 10.98 min, 12.99 min).

g g
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9k
(@) (@)
\OJ\:)LO/

126.3, 116.6, 57.0, 52.7, 52.5, 45.1, 19.8 ppm. HPLC: 98% ee (Chiral OD-H column, 214

'H NMR (400 MHz, CDCl3): 6 7.23 — 7.04 (m, 4H), 5.85 (ddd, J = 17.0,
10.2, 8.0 Hz, 1H), 5.12 — 4.97 (m, 2H), 4.41 (d, J = 1.0 Hz, 1H), 3.96 (d, J =
11.4 Hz, 1H), 3.76 (s, 3H), 3.48 (s, 3H), 2.41 (s, 3H) ppm. *C-NMR (101
MHz, CDCls): 6 168.6, 168.0, 138.2, 137.7, 136.6, 130.9, 126.9, 126.3,

nm, hexanes—isopropanol (99:1), flow: 0.8 mL/min, tg: 9.55 min, 10.65 min).

9l

'H NMR (400 MHz, CDCls): 6 7.10 (s, 4H), 5.97 (ddd, J = 17.0, 10.2, 8.2
Hz, 1H), 5.15 — 5.02 (m, 2H), 4.07 (ddt, J = 11.0, 8.2, 1.0 Hz, 1H), 3.85
(d, J = 11.0 Hz, 1H), 3.73 (s, 3H), 3.50 (s, 3H), 2.30 (s, 3H) ppm. *C-
NMR (101 MHz, CDCl3): §168.4, 168.0, 138.1, 137.0, 136.8, 129.5,
127.8, 116.5, 57.5, 52.7, 52.5, 49.5, 21.2 ppm. HPLC: 95% ee (Chiral OJ column, 220 nm,

hexanes—isopropanol (93:7), flow: 0.7 mL/min, tg: 22.61 min, 24.79 min).
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sample Infe

t OF Hex:IEA (93:T), 0.7 mi/min, 220 nm

CATALYSIS

sample Info © OF Hex:iIFA (93i7), 0.7 mlfmin, 220

177

VOTR b3 _
e Ay B
500 AN
o
o 5
.
- 0
»
™
2
™ »
3 _/EVIK_
v T T T T T
Fal 2 a H 22 2 24 26 md
ABSX.Ptceat: Beuoct Area Fercent Repert
Sarted By stgna :
Multipliers . 1.0000 sorted 8y s signal
Dilutio i 1 a0a0 Hultiplir: : 1.0000
Use Multiplier & Dilution Pactor with ISTDS piluti g 1.0000
Use Multiplier s Dilution Factor with 1570s
Signal 1: VWDl A, Wavelength=220 nm
Signal 1: VHDL A, Wavelsngth=220 nm
Peak BotTime Type Width  Area Helght  Ares
mind iminl mAY e (mAU ] Pesk Rettine Type Width  Ares eight  Aces
{min] (min] mAU  *a  (mAD |
22,655 BY  0.6763 2.23617e4  508.31663
2 Zileazve  0.77es 2isizer 13844958 1 22.607 4 0.6573  16.33443  1.93382  2.4023
2 24791 M 0.8403 3I0L.23657 61.51L65 97.8977

Totals | 4.4874%ed4 946,762

Tatals t 3197.87201  63.44547
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7. NMR SPECTRA AND HPLC CHROMATOGRAM OF MOAAA PRODUCTS
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4. “CLICK” IMINE-TRIAZOLE LIGANDS FOR ENANTIOSELECTIVE COPPER-
CATALYZED CONJUGATE ADDITION TO CYCLIC ENONES

4.1.COPPER-CATALYZED CONJUGATE ADDITION OF ORGANOMETALLIC
REAGENTS

The enantioselective conjugate addition of organometallic reagents is one of the
most useful approaches for the synthesis of optically active, complex molecules.
Regarding the nucleophile, there are two possible modes of action in these additions: a)
addition of soft carbon nucleophiles via Michael addition and b) hard carbon
nucleophiles, which require a transition metal directed approach in order to prevent
addition to the carbonyl group (1,2-addition) of the Michael acceptor.1 Nowadays, one of

the most common methods is organocopper chemistry using chiral ligands (Scheme 4.1).”

OH 0

conjugate or tautomerize
Nu—H + =z —_—
1 ,4-addition

Nu Nu

Scheme 4.1. Schematic representation of conjugate addition.

Based on the pioneering work with chiral auxiliaries involving stoichiometric
amounts of a copper species, a copper-catalyzed methodology took the field into a more
practical version. In the earlier period, the nucleophiles were mainly based on Grignard
reagents. Upon the introduction of dialkylzinc reagents3 and with the development of
chiral phosphorus ligands, one of the primary methodologies in catalytic asymmetric

addition to Michael acceptors was introduced (Scheme 4.2).*

' (a) Michael, A. Journal fiir Praktische Chemie 1887, 35, 349 (b) Krause, N.; Hoffmann-Roder, A.
Synthesis 2001, 2001, 0171 (c) Almasi, D.; Alonso, D. A.; Najera, C. Tetrahedron: Asymmetry
2007, 18, 299.

2 (a) Feringa, B. L. Acc. Chem. Res. 2000, 33, 346. (b) Alexakis, A.; Benhaim, C. Eur. J. Org.
Chem. 2002, 2002, 3221. (c) Alexakis, A.; Backvall, J. E.; Krause, N.; Pamies, O.; Diéguez, M.
Chem. Rev. 2008, 108, 2796. (d) Jerphagnon, T.; Pizzuti, M. G.; Minnaard, A. J.; Feringa, B. L.
Chem. Soc. Rev. 2009, 38, 1039.

® Alexakis, A.; Frutos, J.; Mangeney, P. Tetrahedron: Asymmetry 1993, 4, 2427 .

4 (a) Villacorta, G. M.; Rao, C. P.; Lippard, S. J. J. Am. Chem. Soc. 1988, 110, 3175. (b) Alexakis,
A.; Mutti, S.; Normant, J. F. J. Am. Chem. Soc. 1991, 113, 6332.
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ZnEt,
—>
(CuLp)*

*Et

Scheme 4.2. Catalytic asymmetric copper-catalyzed conjugate addition of diethylzinc to

cyclohexenone.

In general, a copper-catalyzed process is typically a ligand-accelerated reaction,
thus amenable to fine-tuning through ligand optimization. The reaction is not highly
solvent dependent although non-coordinating solvents (toluene, dichloromethane,
diethyl ether) can speed it up. In these solvents, conjugate addition is complete in 2 h at

around —-30 °C.

The copper species is the key factor for high catalytic activity and
enantioselectivity. For general phosphorus ligands copper(ll) triflate is found to be the
best copper source. Both copper(l) and copper(ll) species have been used successfully in
this transformation. Since oxidized metal salts are easier to handle, copper(ll) triflate is
the copper source of choice in most of the cases and in situ reduction by zinc species

generates the catalytically active copper(l) species.

Cyclic enones are locked in a way that no conformational problem stems from the
substrate unlike the acyclic ones. In other words, the degrees of conformational freedom
are significantly reduced in comparison to their linear counterparts. For this reason, they

are generally selected as the test substrate for this reaction.

The broad functional group compatibility of dialkylzinc reagents made them much
more suitable for developments in the asymmetric conjugate addition. Either
hydroboration/transmetalation or alkyl iodide/diethylzinc exchange sequences allow
access to derivatives of different zinc reagents, since the choice of commercial organozinc
species is quite limited. Therefore, the cost, pyrophoric properties and water sensitivity of

zinc reagents are the only limiting factors in the use of these organometallic reagents.

4.1.1. MECHANISM

The alkyl transfer from zinc to copper is the essential step to form new

organocopper species in order to alkylate a,B-unsaturated substrates. Basically, following
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the studies in organocopper and zincate chemistry, a general catalytic cycle can be
proposed (Scheme 4.3). Presumably, in situ reduction of copper(ll) species leads to the
formation of copper(l)/ligand complex as L,CuX (A). Alkyl transfer from Zn to Cu affords
L,CuR and RZnX (B). The coordination of RZnX to the carbonyl group of enone with the
formation of m-complex with L,CuR generates intermediate C. Another alkyl transfer takes
place in order to have a zinc enolate D, which gets protonated to give the desired
product. Overall, this is parallel to similar mechanisms having both Lewis acid accelerated

organocopper chemistry and the known mt-complexation of such species.’

CuX, or CuX
¢ 2L
L,CuX RoZn
OZnR
A
R D
0}
+
ol y
R
DESIRED R B L,CuR +RZnX
|
PRODUCT _.ZnX
h Cc
] /
J_ q‘L
L

O

Scheme 4.3. General catalytic cycle for copper-catalyzed 1,4-additions of organozinc reagents.

4.1.2. LIGANDS

In the earlier works, it was found that the asymmetric induction was very
substrate dependent; so efforts were devoted to the development of ligands with
broader scope. The initial and most investigated ligand types were based on trivalent

phosphorus ligands, mostly phosphites and phosphoroamidites. The less common family

° Feringa, B. L.; Naasz, R.; Imbos, R.; Arnold, L. A. In Modern Organocopper Chemistry; Krause,
N., Ed.; Wiley-VCH, Weinheim, 2002, 224.
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ligands can be classified into sulfonamides, diaminocarbenes, oxazolines and other

heterodonor 5,0 and N,S ligands.

The first successful enantioselective version of copper-catalyzed 1,4-addition was
reported by Alexakis and co-workers in 1993 by the combination of catalytic amounts of
Cul with a chiral trivalent phosphorus ligand.® In 1996, Feringa and co-workers developed
BINOL derived phosphoroamidites, monodentate chiral ligands, which gave excellent
selectivities in this conjugate addition.” After that point, these ligands found successful
application in various asymmetric transformations to become a class of one of the

privileged ligands in asymmetric catalysis (Figure 4.1).

R R2 R
CC (I L, K @
3
o R o. R O. >_R R3 o.. R
~P-N PN o PN R3 o ™N
o R 0" R R3 R
J J .
O R1 R2 R1

Spiro-phosphoramidite ligands

Ar, Ar
O, Q R
> P-N
O (0] R
A Ar

Taddol-based
phosphoramidite ligands

Figure 4.1. Phosphoramidite ligands.

Although phosphoramidites are ligands of choice in most of the cases, more than
400 ligands and catalytic systems have been reported for this reaction and, in most of the

cases, acceptable levels of activity and selectivity have been observed.

® Alexakis, A.; Frutos, J.; Mangeney, P. Tetrahedron: Asymmetry 1993, 4, 2427 .
’ Feringa, B. L.; Pineschi, M.; Arnold, L. A.; Imbos, R.; de Vries, A. H. M. Angew. Chem., Int. Ed.
1997, 36, 2620.
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Phosphorus ligands other than the versatile phosphoramidites usually contain one
of the general backbones of the privileged ligand structures like ferrocene, BINOL, proline
and cyclohexyldiamine in combination with either diphosphines, aminophosphine-
oxazolines, amino acid derived phosphines and phosphorus-thioamides. They all gave
acceptable results under test conditions (i.e. cyclohexenone, >90% ee) nevertheless, they
either suffered from low catalytic activity or erosion in enantioselectivity with more

challenging substrates (Figure 4.2).
hoR,

P
MezN’
Ph,oR PR, o 0
L oo ol
Fe Fe z N N7 N N ’r
=

= PPh, l/ PPh,
Ferrocenyl-based diphosphine ligands Aminophosphine-oxazoline ligands

Otﬁu

R o}
H o} o)
N N \)L H
N/'\[Or : NEt, ”i(N NH-BU
PPh, 2 O

Amino acid-based phosphine ligands

Q\
JEQ N Q. Q;
0 PPh, —Q—S,-NH HN—PPh, =N HN—PPh,
t—Bu/gO o e

NHBoc
N-Boc-L-Val-Modified Sulfonamide-phosphorus-thioamide and
amidophosphane ligands imino-phosphorus-thioamide ligands

Oe NHSO,Tol E O OH ‘ O O(CH,),NMe,
l PPh, l PR, ! PPh,

Phosphine-sulfonamide and phosphino-phenol ligands
Figure 4.2. Other general phosphorus ligands.

The rest of the ligands can be classified as non-phosphorus ligands, which have
been less studied in this transformation. Hoveyda and Hird looked into the potential of
these phosphorus-free ligands in the asymmetric conjugate addition by peptide-based
ligands. In the initial work, phosphine based peptide ligands gave only racemic products
so they investigated more on the non-phosphorus versions. With optimization of the

backbone, they were able to obtain dialkylzinc addition to tetrasubstituted enones with
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very good catalytic activity and enantioselectivity.® Later, diamino carbene ligands were
investigated; however, only moderate ee’s were achieved albeit high catalytic activity was
recorded with these ligands. In this direction, other N-heterocyclic carbenes (NHC) were
used with a second binding site present on the backbone. In general, good

enantioselectivities were accomplished only with dialkylzinc reagents (Figure 4.3).°

lPr

N Ph Ph

\;_)LNMez VY~ Ph. Ph

< Ph\/N N FPh >—\

N
NH'V'e ~ NH e PhO,SHN  NHSO,Ph
= BF4
Peptide based ligands Diaminocarbene ligands Disulfonamides ligands

o, L OO
S— MesSi S—-Cu S—Cu

Copper(l)-aminoarenethiolate complexes

DO Tl
o) 0
Phis. w)g\/\).nph OH
o o
OH HO S\t-Bu

Di(hydroxy-oxazole) ligands BINOL-based thioether-hydroxy ligands

\\\\

Figure 4.3. Non-phosphorus ligands.

4.2.AIM

Based on the seminal work in the development of 1,2,3-triazoles as ligands in
metal-catalyzed reactions'® and encouraged by our previous results,'! we wanted to take
triazole ligands one step further for metal-catalyzed asymmetric reactions. Due to the

experience in our research group with diethylzinc chemistry and copper chemistry, we

® Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 14988.

® Martin, D.; Kehrli, S.; d'Augustin, M.; Clavier, H.; Mauduit, M.; Alexakis, A. J. Am. Chem. Soc.
2006, 7128, 8416.

“Chan, T.R; Hilgraf, R.; Sharpless, K. B.; Fokin, V. V. Org. Lett. 2004, 6, 2853.

" (a) Ozgubukgu, S.; Ozkal, E.; Jimeno, C.; Pericas, M. A. Org. Lett. 2009, 11, 4680 (b) Ozkal, E.;
Ozcubukeu, S.; Jimeno, C.; Pericas, M. A. Catal. Sci. Technol. 2012, 2, 195.
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sought to apply that knowledge into chiral click ligands derived from CuAAC reaction for

the asymmetric copper-catalyzed conjugate addition of diethylzinc reagents.
4.3.RESULTS AND DISCUSSION
4.3.1. CHIRAL DIIMINO AND DIAMINO TRIAZOLE LIGANDS

Preparation

In order to prepare the target diiminotriazoles, we proceeded to perform the
CuAAC reaction of benzyl azide (1) and propargyl alcohol (2) in the presence of a catalytic
amount of TTM'CuCl in water. The triazolyl alcohol 3 was obtained after filtration in gram
scale and in pure form. Then, the alcohol 3 was oxidized to aldehyde 4 using manganese
dioxide (MnO,) to yield the triazolyl aldehyde with very good yields. Finally, the reaction
of 4 with enantiopure cyclohexyl diamine 5 in toluene at 70 °C to afford the target chiral
diimino triazole ligand 6. Overall, the ligand 6 was synthesized without the need of any
column purification in gram scale. Later 6 was reduced to 7 quantitatively using sodium
borohydride at 50 °C in 3 h. Having both ligands in hand (6 and 7), the stage was set to

test them in asymmetric catalysis (Scheme 4.4).

N3 TTM-CuCl (1 mol%) /__(_OH MnO, (10 equiv.) /__(=O
-Cu mol% - nO, (10 equiv. —
d . oH > — >

N_ N N. N
40°C, H,0,6 h [N CH,Cly, t, 5 days [N
Ph Ph
1 2 3 4
96% 71%

5
HZNE NH, <l:> NaBH, (10 equiv.) Q

> NH HN
Toluene, 70°C, 5h ,—( _»—-\ MeOH, 50 °C, 3 h ,—(— _»-—\

N\ N

89% F N ] 95% Ph// ; Ph

Scheme 4.4. Preparation of chiral "click" imino and amino ligands.

Test in catalysis

In order to test their ability to act as ligands in enantioselective reactions, these
ligands were tested as catalysts in copper-catalyzed 1,4-addition of organometallic

reagents to cyclic enones. To this end, addition to cyclohexenone was chosen as a
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benchmark condition. Different solvents, copper sources, and organometallic reagents

were screened.

In the initial study, amine ligand 7 was screened with different copper sources and
either with ethylmagnesium bromide or diethylzinc as the nucleophile. Excellent
conversions were achieved in most of the conditions screened; however in all cases the

reaction gave a racemic product (Table 4.1).

Table 4.1. Initial reaction screening for amine ligand.

0] (0]
5 mol% metal salt, 7 (5 mol%)
EtM(X) + »
toluene, -78°C, 2 h »
Entry Metal Reagent time Conv ee
(h) (%) (%)
1 CuCN EtMgBr 3 99 0
2 cul EtMgBr 3 99 0
3 Cu(OTf), EtMgBr 3 99 0
4 CuOTf EtMgBr 3 99 7
5 Cu(OTf), Et,Zn 2 14 0
6  Cu(BF,),6H0 Et,Zn ° 15 0
7 Cu(acac), Et,Zn 2 42 3
8 CuCl, Et,Zn 2 24 0

Then, we turned our attention to the imine ligand 6; moderate conversion and
enantioselectivity were observed using diethylzinc. In order to optimize the
enantioselectivity and activity various parameters were screened. Toluene was initially
selected as the solvent, since its non-coordinating nature is beneficial in this
transformation. Among different metal salts, copper salts, especially Cu(acac), afforded

the best conversion and higher enantioselectivity (Table 4.2, entry 1).
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Table 4.2. Initial screening of imine ligand in conjugate addition.

0O 0O
5 mol% metal salt, 6 (5 mol%)
>
Et,Zn (1 M toluene, 2 equiv.)
toluene, -78 °C, 2 h *
Entry Conv. ee
Metal (%) (%)
1 Cu(acac), 63 45
2 Co(acac), 3 4
3 Ni(acac), 26 22
4 Co(Il)OAc-4H,0 8 4
S Cu(Il)3,5-diisopropylsalicylate hydrate 8 7
6 Cu(ll)cyclohexanebutyrate 30 10
7 Bis(2,2,6,6-tetramethyl-3,5-heptanedionato)Cu(ll) 9 11
8 Cu(ll)2-pyrazinecarboxylate 12 3

Later, the ligand/copper ratio was investigated and 1.5 equivalent of ligand with
respect to copper salts gave full conversion. After this, we looked into different copper
species but again the best results were obtained by using Cu(acac),. Next, some
additional solvents were screened and it was found that use of hexane gave better

enantioselectivity (entry 1) albeit at the cost of a slight decrease in conversion (Table 4.3).
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Table 4.3. Solvent screening.

0 0
5 mol% Cu(acac),, 6 (7.5 mol%)
>
Et,Zn (1 M toluene, 2 equiv.)
solvent, ~78 °C, 2 h *
Entry Solvent Conv. (%) ee (%)
1 hexane 85 56
2 DCM 28 20
3 Et,0 73 48
4 hexane® 59 58

1 M solution of Diethylzinc in hexane were used.

Finally, the amount of diethylzinc was investigated and we corroborated that our
initial starting point, consisting in the use of 2 equivalents turned out to be optimal in

order to achieve full conversion.

After this point, even though we continued further utilizing bulkier commercial
diamines to increase the steric bulk of the catalyst, we were unable to improve the
results. For this reason, we decided to study the use of such ligands in other

transformations.

4.4.CONCLUSION

In this chapter, a general strategy to obtain novel chiral dimino- and diamino-
triazole based ligands has been developed. Although only moderate enatioslectivities
were obtained with such ligands in copper-catalyzed conjugate addition of organometallic
reagents to cyclic enones, the ligands were highly active and the present work
constitutes, to our knowledge, the first application of this kind of ligands in this particular

transformation.

Moreover, gram scale syntheses of ligands were optimized. The imine derivatives
are accessible in three steps without any column purification. In addition, amine ligands
are readily available from imine ligands by standard reductive amination. Further
modifications of this strategy should allow access to a wide variety of structures to be

explored in future.
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4.5.EXPERIMENTAL SECTION

Unless otherwise stated, reactions were performed in flame-dried round bottom
flasks. The flasks were fitted with rubber septa and stirring bars, and reactions were
conducted under a positive pressure of argon. Syringes or cannulae were used to transfer

air- and moisture-sensitive liquids.

All copper catalyzed azide-alkyne cycloaddition (CUAAC) reactions were performed
in glass vials with stirring bars without any precaution to exclude air and moisture. All
flash chromatography purifications were carried out using 60 mesh silica gel and dry-
packed columns. For thin layer chromatography (TLC) analysis, Merck pre-coated TLC
plates (silica gel 60 GF,s4, 0.25 mm) were used with UV light and phosphomolybdic acid
(PMA) or basic aqueous potassium permanganate (KMnQ,), followed by heating with
developing agents. Solutions were concentrated under reduced pressure on a rotary

evaporator with a pump capable of less than 10 mbar at 30 °C.

All reagents were used as purchased with the following exceptions: whenever a
reaction was performed under exclusion of air and moisture the solvents were purified by
using a Solvent Purification System (SPS). Diethylzinc was purchased from Sigma-Aldrich
and stored sealed in glove box, 1.0 M solution in toluene was prepared into a Schlenk
flask inside the glove box and later it was stored under ambient conditions. For the
reaction set up, inert atmosphere and Schlenk techniques were utilized. Cyclohexenone
was distilled under inert atmosphere and was kept sealed at —20 °C under argon

atmosphere prior to use.

Nuclear Magnetic Resonance (NMR) spectra were recorded at 400 MHz or 500
MHz for *H and at 100 MHz or 126 MHz for 3C at room temperature (unless otherwise
stated). Chemical shifts (8) are reported in parts per million (ppm) with respect to
tetramethylsilane as internal standard, or to the corresponding solvent residual peak
(CDCl3: 7.28, (CDs),SO: 2.50, CD30D: 3.31, D,0: 4.79). The following abbreviations are
used for the multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br-s,
broad signal. Melting points are all uncorrected. IR spectra were recorded on a Bruker
Tensor 27 FT-IR spectrometer. Elemental analyses were carried out in C.A.l. Microandlisis
Elemental, Universidad Complutense de Madrid (Spain). High resolution  mass

spectrometry analyses were performed in a Waters LCD Premier instrument
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operating in ESI (Electro-Spray lonization) mode by the High Resolution Mass Spectromety
Service at the Institute of Chemical Research of Catalonia (ICIQ). The early experimental
work on the use of ligands in copper-catalyzed conjugate additions of diethyl zinc was performed

by Dr. Ciril Jimeno in Prof. M. A. Pericas Group at ICIQ.
SYNTHESIS OF LIGANDS
(1-BENZYL-1H-1,2,3-TRIAZOL-4-YL)METHANOL (3)12

OH

N/g
W
N~N :

Benzyl azide (2.81 g, 21.1 mmol, 1 equiv.) was added via syringe to a mixture of
propargyl alcohol (1.24 g, 22.2 mmol, 1.05 equiv.) and TTM-CuCl (0.127 g, 0.211 mmol, 10
mol%) in water (20 mL) at rt and was stirred at 40 °C. After 6 h, reaction mixture was
cooled to rt and was washed with ethyl acetate (3 x 50 mL). The organic layer was dried
over anhydrous magnesium sulfate, filtered and concentrated under reduced pressure to

afford the desired product as white solid (96% vyield, 3.84 g, 20.3 mmol).

'H NMR (CDCl3, 400 MHz): & = 7.47 (s, 1H), 7.30 — 7.18 (m, 5H), 5.42 (s, 2H), 4.63 (s, 2H).
3¢ NMR (CDCls, 100 MHz): & = 148.5, 134.7, 129.1, 128.9, 128.3, 122.2, 55.9, 53.7.

1-BENZYL-1H-1,2,3-TRIAZOLE-4-CARBALDEHYDE (4)"

)

3

Ph N N

(1-Benzyl-1H-1,2,3-triazol-4-yl)methanol (2.00 g, 10.6 mmol, 1 equiv.) was added
as a solid to a mixture of manganese dioxide (9.19 g, 106 mmol, 10.0 equiv.) in

dichloromethane (85 mL) at rt and was stirred at rt. After 5 days, the reaction mixture

'2 Girard, C.; Onen, E.; Aufort, M.; Beauviére, S.; Samson, E.; Herscovici, J. Org. Lett. 2006, 8,
1689.
'3 Chan, T. R.; Fokin, V. V. QSAR Comb. Sci. 2007, 26, 1274.
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was filtered over Celite® and it was washed with dichloromethane (5 x 50 mL). The
solution phase was dried over anhydrous sodium sulfate and concentrated under reduced

pressure to afford the desired aldehyde as a white foam (70% vyield, 1.38 g, 7.40 mmol).

'H NMR (CDCls, 400 MHz): & = 10.14 (s, 1H), 8.07 (s, 1H), 7.43 = 7.32 (m, 5H), 5.62 (s, 2H).
3¢ NMR (CDCls, 100 MHz): & = 185.2, 147.8, 133.6, 129.5, 129.2, 128.5, 125.1, 54.7.

SYNTHESIS OF THE IMINE LIGAND 6

A few activated 4A molecular sieves and 1-benzyl-1H-1,2,3-triazole-4-
carbaldehyde (1.80 g, 9.60 mmol, 2.0 equiv.) were added as solid into a flask with mixture
of (R,R)-1,2-diaminocyclohexane (0.548 g, 4.80 mmol, 1 equiv.) in toluene (8 mL) and
stirred at 70 °C . After 24 h, the heterogeneous white reaction mixture was cooled to rt,
was filtered and was washed with ice-cold methanol (3 x 5 mL). The filter cake was
collected and was dried under reduced pressure to afford the imine ligand as a white solid

(89% yield, 1.93 g, 4.27 mmol).
mp: 192-193 °C.

'H NMR (CDCls, 400 MHz): & = 8.31 (s, 2H), 7.82 (s, 2H), 7.45 — 7.24 (m, 10H), 5.56 (d, J =
14.7 Hz, 2H), 5.41 (d, J = 14.7 Hz, 2H), 3.36 — 3.22 (m, 2H), 1.86 — 1.80 (m, 2H), 1.76 (d, J =
3.8 Hz, 2H), 1.73 - 1.61 (m, 2H), 1.48 — 1.39 (m, 2H). **C NMR (CDCls, 100 MHz): 6 = 153.2,
146.7, 134.0, 129.3,129.1, 128.6, 122.3, 74.1, 54.5, 32.8, 24.4.
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SYNTHESIS OF THE AMINE LIGAND 7

/’(—N:H HN—>§\

N Ne
I/N\N, \N,N\\

Ph Ph

Sodium borohydride (NaBH,4, 0.282 g, 7.46 mmol, 10.5 equiv.) was added in small
portions to a solution of imine ligand (0.321 g, 0.709 mmol, 1 equiv.) in methanol (5 mL)
at 0 °C and stirred at 50 °C. After 3 h, volatiles were removed under reduced pressure and
the residue was decomposed by water (10 mL), extracted with diethyl ether (3 x 10 mL),
and washed with brine (10 mL). The organic layer was dried over anhydrous sodium
sulfate and concentrated under reduced pressure to afford the amine ligand as a white

foam (95% yield, 0.308 g, 0.674 mmol).

'H NMR (CDCls, 400 MHz): & = 7.47 (s, 2H), 7.42 — 7.20 (m, 10H), 5.48 (s, 4H), 3.95 (d, J =
13.8 Hz, 2H), 3.74 (d, J = 13.8 Hz, 2H), 2.28 — 2.16 (m, 2H), 2.16 — 2.02 (m, 4H), 1.77 — 1.62
(m, 2H), 1.20 (td, J = 9.6, 9.1, 3.4 Hz, 2H), 1.07 — 0.95 (m, 2H). **C NMR (CDCls, 100 MHz):
& =148.0, 134.9, 129.0, 128.6, 128.1, 121.7, 60.9, 54.0, 42.0, 31.4, 24.9.

TYPICAL REACTION CONDITIONS FOR CONJUGATE ADDITION REACTIONS

0] 0]
5 mol% Cu(ll)(acac),, L (7.5 mol%)
\/Zn/ + .
Diethylzinc (1 M toluene), hexane A

-78°C,2h

A mixture of the copper salt (0.025 mmol, 5 mol%) and imine ligand (16 mg,
0.037 mmol, 7.5 mol%) in hexane (1 mL) was stirred at rt. After 1 h, diethylzinc (1.0 M in
toluene, 1.0 mL, 1.0 mmol, 2.0 equiv. caution! pyrophoric and water sensitive) and
cyclohexenone (48 pL, 0.5 mmol, 1 equiv.) were added via syringe at —78 °C and stirred at
—78 °C. After 2 h, a sample was taken from the reaction mixture via syringe and it was
quenched in a vial with 1 M hydrochloric acid (aq)-diethyl ether mixture (1:1, 1 mL). After
5 min, the ethereal phase was separated and filtered through a short plug of Celite® and
analyzed by GC for conversion and enantioselectivity. Chiral GC Analysis: B-dex 225, 120°C

isothermal. Starting material: at 10 min, enantiomers of products: at 6.3-6.5 min.
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CONCLUSIONS AND OUTLOOK

The use of triazole ligands obtained by CuAAC reactions has a great potential in
catalysis. The easy access and modularity within the nature of click chemistry and the
related reactions enables the preparation of a wide variety of diverse sets of ligands for
different metal-catalyzed transformations. In the context, the main goal of the thesis was
the synthesis of new ligands (with the click chemistry idea in mind) for different reactions.

This has been accomplished with the synthesis of ligands represented in Figure 1.

Q =
R el o

BN N N\Bn - N<gn

in CuAAC in MoAAA in Conjugate Addition
Figure 1. Triazole-based ligands developed in the course of this thesis.

In general, the utilization of easy and modular approaches for the development of
click ligands in this thesis, renders a significant advancement over existing ligands in terms

of activity and selectivity.

In Chapter 2, the modular tris(triazolyl)methanols (TTM) have been shown to be
among one of the most useful ligands for copper-catalyzed azide-alkyne cycloaddition
reactions. The three-point binding provided by these ligands efficiently stabilizes Cu(l)
against oxidation or complexation with amino, hydroxy, and/or thioether groups present
in either reactants or reaction products, probably through favorable self-repair of the
catalytic complex. This behavior not only extends the catalyst life and allows much
reduced catalyst loadings; it also allows its use with substrates (primary and secondary

amines) where most catalysts for CUAAC reactions completely fail.

The first catalyst generation in this family, tolerates a wide range of functional
groups on either the alkyne or the azide reactant, being particularly suitable for work in
aqueous media. The fully optimized, environmentally benign preparations of TTM

derivatives have also been reported. The modification of the first generation catalyst, by
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preparation of a small library of tris(aryltriazolyl)methanol derivatives provides catalytic

species suitable for work in organic solvents.

At the same time, TTM ligand has been successfully immobilized in one step onto
a polystyrene resin and converted into a heterogeneous Cu(l) complex. The PS-supported
catalyst behaves as a very active promoter of the CuAAC reaction, as it has been
demonstrated with a broad variety of substrates (including free amines and thioethers).

Interestingly, it exhibits excellent recycling characteristics.

In Chapter 3, the preparation of a chiral amido-triazole ligand was described with
its evaluation in molybdenum-catalyzed asymmetric allylic alkylation (MoAAA) reactions
using aryl carbonates with dimethyl malonate. High enantio- and regio-selectivity have
been obtained with the novel chiral triazole ligand either in conventional heating or under
microwave assisted conditions; and its modular nature of synthesis with CuUAAC reaction
and amide coupling enabled a different approach to ligands from click chemistry with

potential novel diversity in asymmetric catalysis.

In Chapter 4, chiral imine and amine derivatives of triazole ligands were developed
and synthesized in gram scale without any need of purification. Their evaluation in
enantioselective copper-catalyzed conjugate additions or organometallic reagents

afforded high activity albeit enantioselectivities have been moderate.

Overall, triazole-based ligands have a wide future in metal-catalyzed reactions as
valuable catalysts. In addition to very valuable previous works in literature, this thesis
clearly expands the use of triazole-based ligands for CuAAC reaction, covalent
immobilization of such metal complexes in catalysis and gratifyingly for asymmetric

catalysis.
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