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ABSTRACT: A metal-free, visible-light-induced photocata-
lytic procedure for decarboxylative alkynylation of carboxylic
acids was reported. With 9,10-dicyanoanthracene as the
photoredox catalyst, the reaction covered a broad scope of
a-amino acids, a-oxo acids, and a-keto acids with blue LED
irradiation at room temperature under an atmosphere of
argon, delivering alkynyl products in moderate to excellent
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yields. Natural sun light also promoted this alkynylation strategy. This work represents the first example of an
organophotocatalytic method for decarboxylative alkynylation of carboxylic acids.

B INTRODUCTION

Carboxylic acids, as abundant and inexpensive basic chemicals,
have numerous applications in synthetic organic chemistry and
industry." One of them is the decarboxylative oxidation of
aliphatic carboxylic acids, which has attracted growing attention
in the past years.'™® In this regard, the transition-metal-
catalyzed decarboxylative procedure is a most conventional
method.” Since the MacMillan group first introduced photo-
chemistry into the realm of asymmetric catalysis in 2008,
visible-light photoredox catalysis has gradually become a
competitive tool in many aspects of synthetic chemistry.”
This strategy can be utilized as a versatile tool to trigger many
radical reactions under very mild conditions. Recently, visible-
light-induced decarboxylative functionalizations of carboxylic
acids were developed and have been emerged as a novel,
powerful tool to construct C—C and C—X bonds.> As a result,
numerous challengeable transformations on the basis of
carboxylic acids, such as alkylatlon, * amldatlon,6 arylation,
anhydrlde decarboxylatlon, vinylation,*®  decarboxylative
reductlon, halo enatlon,6g trlﬂuoromethylatlon,6h trifluoro-
methylthiolation,” and hydroxylation” reactions, have been
achieved.”® Very recently, visible-light-induced decarboxylative
alkynylation reactions have been explored with hypervalent
iodine(III) reagents7 (Scheme 1). The Chen group reported
the decarboxylative ynonylation of a-keto acids with ethynyl-
benziodoxolones and an extra oxidant by employment of a
Ru(bpy) (PFy), photocatalyst (Scheme 1a).” Shortly afterward,
the Xiao~ and Waser'® group independently developed a direct
decarboxylative alkynylation reaction with Ir[dF(CF;)ppyl,-

(dtbbpy)PFy, avoiding the need for an external oxidant. Xiao,
Lu and co-workers found that various carboxylic acids,
including aliphatic, a-keto, and @-amino acids, are compatible
in the reaction (Scheme 1b). Notably, this methodology can
also obtain ynones in the presence of carbon monoxide. Waser
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Scheme 1. Photocatalytic Decarboxylative Alkynylation
Reactions'’

(a) Ru-catalyzed decarboxylative alkynylation (Chen, 2015)
o O—I|—R; e}
)J\ + O)\© [Ru] cat., oxidant R
Ry COOH blue LED
Ra
(b) Ir-catalyzed decarboxylative alkynylation (Xiao and Lu, 2015)
O—I—R, TQ _
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Cco
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(c) Ir-catalyzed decarboxylative alkynylation (Waser, 2015) R,
O—I———R,
Ir] cat.
R—=COOH + o [ .
blue LED Ri—= R
(d) DCA-catalyzed decarboxylative alkynylation (this work)
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R=COOH + QO DCA R——R,
blue LED

2PFs [ £ PNCFs PFs
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[Ru] = $119/mmol [Ir] = $1234/mmol DCA = $16.7/mmol

and co-workers applied this method to synthesize a series of
silyl-, alkyl-, and aryl-substituted alkynes (Scheme 1c). While

the above-mentioned strategy of photoinduced decarboxylative
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alkynylation is quite remarkable, it suffers from the use of either
expensive metal photoredox catalysts or an external oxidant and
the up-scaling problem related to the cost of noble metal
catalysis. Therefore, new approaches to realize the visible-light-
induced decarboxylative alkynylation with organic type photo-
redox catalysts, which can reduce the cost of the reaction, now
remain as a formidable challenge and are still highly desirable
(Scheme 1d).

Currently, cheap organic dyes have been proven to be a
reliable option to the replacement of those metal photoredox
catalysts in many valuable transformations.*””'*"* Theoret-
ically, if its redox window covered the oxidation potential of
carboxylate (E, = +0.95v (tert-butoxycarbonyl)prolinate vs the
saturated calomel electroder),’” an organic dye would be
feasible to play the role of a metal photocatalyst. Cyanoarenes,
such as 9,10-dicyanoanthracene (DCA, E,.4* = +1.99 V), are
classic exemplars with high singlet excited-state oxidation
potentials.”” Meanwhile, DCA possesses a longer singlet
lifetime and absorbs visible light (4, = 422 nm). Additionally,
its price is much cheaper than corresponding metal photoredox
catalysts (Scheme 1). Although DCA has the capability of
powerful excited oxidation, to the best of our knowledge, there
is no report on the photo-oxidation of carboxylic acids by use of
DCA." Thus, we saw an opportunity to demonstrate the utility
of DCA to realize the task of decarboxylative alkynylation
(Scheme 1d)."* Herein, we report the first organo-
photocatalytic method for decarboxylative alkynylation of
carboxylic acids.

B RESULTS AND DISCUSSION

Using 10 mol % DCA as the photocatalyst and a commercially
available blue LED strip as the light source, our investigations
began with Cbz-protected proline (1a) and phenyl ethynyl-
benziodoxolone (2a) (Table 1). The model reaction was
initially performed in 1.0 mL of DMF with 1.0 equiv of cesium
carbonate, and the desired alkynylated product 3a was
obtained, albeit the yield was only 11% (entry 1). Encouraged
by this promising result, we then screened a set of solvents
(entries 1—10). Chloroform was designated as optimal due to
its delivery of the best result among the examined media (entry
7). The amount and kind of bases were subsequently examined
(entries 11—16). Doubling the amount of base further raised
the yield of product to 70% (entry 11). With 2 equiv of base,
potassium carbonate was found to give the best yield of product
3a (93%) among the examined bases (entry 16). Lowering the
catalyst loading to S mol % had little influence on the yield
(entry 17). However, the yields decreased sharply with further
reduction of the catalyst loading (entries 18—19). Control
experiments indicated that a photocatalyst, light source, base
and inert atmosphere were necessary for this catalytic system
(entries 20—23). Collectively, the optimal conditions were
established by performing the reaction with 1a (0.1 mmol), 2a
(0.15 mmol), K,CO; (0.2 mmol), and DCA (S mol %) in 1.0
mL of chloroform at room temperature under an atmosphere of
argon and the irradiation of a blue LED strip (entry 17).

We then evaluated the substrate scope with the optimal
reaction conditions (Scheme 2). Cyclic @-amino acids were first
examined, and corresponding alkynylated products 3a—3e were
obtained with satisfactory yields (70—92%). Both N-Fmoc and
N-Boc protected amino acids with various aliphatic side chains
were compatible, affording decarboxylative products 3f—3p in
moderate to excellent yields (65—96%). Notably, amino acids
equipped with functional groups in the side chains, including

Table 1. Optimization of the Reaction Conditions”

Ph

2a (1.5 equiv.)
\
I

DCA (x mol%), Base (1 equiv.)

o—I

O‘COOH

1:% oquyy  SOvent1mL, biue LEDs 24h, RT
entry solvent base x mol % % yield”
1 DMF Cs,CO; 10 11
2 DMSO Cs,CO;4 10 12
3 THF Cs,CO, 10 19
4 EtOAc Cs,CO;4 10 37
s EtOH Cs,CO, 10 52
6 DCM Cs,CO; 10 56
7 CHCl, Cs,CO; 10 62
8 Et,0 Cs,CO; 10 33
9 anisole Cs,CO;4 10 52
10 toluene Cs,CO;4 10 19
11° CHCL, Cs,CO, 10 70
12° CHCl, NaOH 10 20
13° CHCl, TMG 10 6
14° CHCI, Na,CO, 10 47
15° CHCl, KHCO; 10 43
16° CHCL, K,CO, 10 93
17 CHCI, K,CO, s 92
18° CHCl, K,CO, 3 60
19° CHCl, K,CO,4 1 31
20° CHCl, K,CO,4 0 no reaction
2199 CHCl, K,CO4 S no reaction
229¢ CHCl, K,CO;4 S no reaction
23 CHCI, - 5 <5%

“Unless noted, the reaction was carried out with 1a (0.1 mmol), 2a
(0.15 mmol), base (0.1 mmol), and DCA (10 mol %) in 1.0 mL of
solvent at room temperature under an atmosphere of argon and the
1rrad1at10n of a blue LED strip for 24 h. “Isolated yield. “0.2 mmol base
was used. “In the absence of a light source. “In the presence of air. No
base was used.

ethers, esters, thioethers, and amines, can also be easily
converted to the phenylethynylated products 3q—3u in 54—
85% vyields. Moreover, the alkynylation of a-oxo acid can also
occur, in which 3v was isolated in 50% yield. However, the
efficiency of this catalytic system for aliphatic carboxylic acid is
not as high as that in the case of a-heteroatom acids. Product
3w was obtained only in 40% yield. To our delight, the reaction
also works well in the case of a-keto acids. As a result, the
ynonylated products 3x and 3y were isolated 90% and 64%
yields, respectively. To further explore the substrate scope, the
reactivity of three other hypervalent iodine reagents was
inspected with la. Silyl as well as electron-poor phenyl
substituted ethynylbenziodoxolones underwent the alkynyla-
tion smoothly, giving 3z—3ab in 60—91% yields.

To expand the synthetic applicability of the products, three
experiments were performed. The model reaction was first
carried out under natural sun light (Scheme 3a). After 10 h, the
desired product 3a was obtained in 83% yield. The satisfactory
yield of a gram-scale reaction exhibited the convenient scaled-
up ability of this catalytic system (Scheme 3b). We
subsequently converted product 3m to a N-allylated product
4, which is the precursor in the preparation of cyclic product §
(Scheme 3c)."®
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Scheme 2. Reaction Scope of Photocatalytic Decarboxylative Alkynylation“’b

DCA (5 mol%), K,CO3 (2 equiv.)

R1-COOH 1 — R2
CHCI3 1 mL, blue LEDs, 24h, RT
1, 0.1 mmol 2, 1.5 mmol 3
=~ =~
N SSpp =S N N X
Cbz Cbz Ph Boc Ph Ph
3a, 92% 3b, 88% 3c, 80% 3d, 70% 3e, 86%
C \|//\
FmocHN& FmocHN/\ FmocHN % BocHNK BocHN %
Ph Ph Ph Ph Ph
3f, 87% 39, 85% 3h, 93% 3i, 65% 3j, 95%
nBu
BocHN/\ BocHN™ X BocHN™ BocHN™ BocHN
Ph Ph Ph Ph
3k, 72% 31, 68% 3m, 96% 3n, 92% 30, 72%
CO,M
B
Bn OBn OBn
BocHN/\ BocHN % BocHN % BocHN Q BocHN
Ph Ph Ph Ph
3p, 85% 3q, 85% 3r, 78% 3s, 54% 3t, 60%
NHBoc
i O
s, G, OO O, O
AN = —
Ph O Sepp Ph O
3u, 70% 3v, 50% 3w, 40% 3x, 90% 3y, 64%
NS (}\
Ci)z SiiPr3 SiPh,tBu I bz
3z, 91% 3aa, 60% 3ab, 70%

“The reaction was carried out with 1 (0.1 mmol), 2 (0.15 mmol), K,CO; (0.2 mmol), and DCA (5 mol %) in chloroform (1.0 mL) at room
temperature under an atmosphere of argon and the irradiation of a blue LED strip for 24 h. "Isolated yield.

To probe the mechanism, a standard Stern—Volmer analysis
was conducted (Figure 1)."® Under basic conditions, it was
found that the excited state of *DCA can be quenched by
substrate la. However, no obvious change of *DCA
luminescence in the presence of variable concentrations of 2a
was observed. Although comprehensive studies will be needed

to gain a good understanding of the current strategy, a putative
mechanism was proposed to describe the decarboxylative
alkynylation reactions based on the quenching experiments and
previously studied photoredox catalysis (Scheme 4).”'" Under
the irradiation of a light source, excited DCA would oxidize the
deprotonated acid 1. This progress would lead to the formation
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Scheme 3. Synthetic Utility of the Methodology

(a) Sunlight-driven reaction
O—I|——=——Ph

O

standard conditions, sunlight, 10h

(=

) Ph
Cbz

|
Cbz

1a, 0.1 mmol 3a, 83%
(b) Gram-scale reaction
O—I|——=——Ph
o Bu
{Bu 2a (1.5 equiv.)
BocHN %

BocHN™ "COOH pcA (5 mol%), K,COj3 (2 equiv.)

CHCl3 40 mL, blue LEDs, 48h, RT Ph

1m, 4 mmol 3m, 0.94g, 82%

(c) Transformation of product 3m

Ph
{Bu B {Bu tBu
SUN N N Ref 15 7
BocHN N AU
R N Boc BocN
aH, DMF
Ph Ph
3m, 0.2mmol 4, 85% 5
1.25
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1.20 R*=0.996
1.54
1.15
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Figure 1. Stern—Volmer quenching studies for (a) la_anion, (b) 2a.

Scheme 4. Proposed Reaction Mechanism

O——|—=—h NCbz

blue LEDs

of a reduced species and carboxyl radical. Because of a negative
bond dissociation enthalpy of the carboxyl radical,'” a carbon
radical intermediate I would be quickly generated through the
release of CO,. Addition of I to substrate 2 would deliver an
unstable radical adduct II, which would undergo a f-
elimination to yield the desired product 3 and benziodoxolonyl
radical III. The redox potential of the reduced photocatalyst is
—0.91 V,"® which is comparable with the well-known iridium
catalyst (E*I[I'"/Ir"] = —1.37 V)*'° used in decarboxylative
transformations. Thus, radical III can be reduced to 2-
iodobenzoate 6 by this species, finishing the catalytic cycle
and regenerating the catalyst. Besides, a chain propagation
pathway cannot be excluded at present.'® The intermediate III
could work as a direct oxidant for the deprotonated acid 1 to

yield another radical intermediate I, which would react with
substrate 2 to give the product 3.

B CONCLUSIONS

In conclusion, we have developed an efficient, organo-
photocatalytic method for decarboxylative alkynylation of
carboxylic acids for the first time. The reaction can be carried
out at room temperature by using visible light with only 5 mol
% of cheaply organic type photocatalyst DCA. A set of amino
acids, as well as a-oxo acids and a-keto acids, can be smoothly
converted to the corresponding products in moderate to
excellent yields through the current strategy. The feature of this
methodology, that is the metal-free, optional-solar-light-driven,
feasibly scaled-up, and synthetic-utility product, may make itself
useful in organic synthesis and industry.

B EXPERIMENTAL SECTION

General Information. Commercial reagents were used as received,
unless otherwise stated. The purchased solvents were dried over
molecular sieves and degassed by three cycles of freeze—pump—thaw
before use in the reaction. 'H and *C NMR were recorded on a
spectrometer. Chemical shifts are reported in ppm from tetrame-
thylsilane with the solvent resonance as the internal standard. The
following abbreviations were used to designate chemical shift
mutiplicities: s = singlet, d = doublet, t = triplet, ¢ = quartet, h =
heptet, m = multiplet, br = broad. All first-order splitting patterns were
assigned on the basis of the appearance of the multiplet. Splitting
patterns that could not be easily interpreted are designated as multiplet
(m) or broad (br). Mass spectra were obtained using the ESI mode
with a double focusing mass analyzer. The hypervalent iodine(III)
reagents were grepared according to known methods reported by the
Waser group.1

General Procedure for the Decarboxylative Alkynylation
Reaction. Carboxylic acids 1 (0.1 mmol), ethynylbenziodoxolones 2
(0.15 mmol), K,CO; (0.2 mmol), DCA (1.1 mg), and a magnetic stir
bar were added to an oven-dried 10 mL Schlenk tube. The reaction
mixture was degassed three times. 1 mL of degassed chloroform was
then added to the mixture in the presence of a flow of argon. The
solution was placed at a distance of about 5 cm from a 5 W blue LED
strip and irradiated for 24 h. Afterward, the crude mixture was purified
by column chromatography (eluent: petroleum ether/ethyl acetate
40:1 to 5:1) to give the product 3.

Procedure for the Sunlight-Driven Decarboxylative Alkyny-
lation Reaction. 1a (0.1 mmol), 2a (0.15 mmol), K,CO; (0.2
mmol), DCA (1.1 mg), and a magnetic stir bar were added to an oven-
dried 10 mL Schlenk tube. The reaction mixture was degassed three
times. 1 mL of degassed chloroform was then added to the mixture in
the presence of a flow of argon. The solution was stirred under solar
light for 10 h (Location: 39°6'2" N, 117°9'S1” E). Afterward, the
crude mixture was purified by column chromatography (eluent:
petroleum ether/ethyl acetate 10:1) to give the product 3a in 83%
yield as a colorless oil.

Procedure for the Gram-Scale Reaction. 1m 0.92g (4 mmol),
2a 2.08g (6 mmol), K,CO; 1.12g (0.2 mmol), DCA (40 mg), 40 mL
of chloroform, and a magnetic stir bar were added to an oven-dried
100 mL two-neck flask. The reaction mixture was degassed by using a
freeze—pump—thaw procedure three times. The solution was placed at
a distance of about 5 cm from a S W blue LED strip and irradiated for
48 h. Afterward, the crude mixture was purified by column
chromatography (eluent: petroleum ether/ethyl acetate 30:1) to give
the product 3m (0.94 g) in 82% yield as a yellow oil.

Procedure for the Transformation of Product 3m. The
transformation was performed according to a known method reported
by the Shin group."” Under an atmosphere of argon, 0.2 mmol of 3m
and 0.6 mL of anhydrous DMF were added to an oven-dried 10 mL
Schlenk tube. The solution was cooled to 0 °C, and 10 mg of NaH
(60% dispersion in mineral oil) were then added. When gas evolution
ceased, 36.4 mg of allyl bromide were added. The reaction mixture was
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warmed to room temperature and stirred for 4 h. When the reaction
was completed, 2.8 mL of water were added. The resulting aqueous
layer was extracted with Et,O (4 mL X 3). The combined organic layer
was dried with Na,SO, for 4 h. Na,SO, was removed by filtration, and
the solvent was evaporated. The residue was purified by chromatog-
raphy (petroleum ether/ethyl acetate, 15:1) to give 4 (55.4 mg, 85%)
as a light yellow oil.

Procedure for the Luminescence Quenching Experiments.
The experiments were carried out on a fluorescence spectropho-
tometer. All samples were prepared in MeOH solution. To a glass
cuvette, solutions of photocatalyst, quencher, and MeOH were added
to obtain a total volume of 5.0 mL. Before determination, the solution
was degassed by three freeze—pump—thaw cycles and backfilled with
argon. When 1a was used as the quencher, 1.5 equiv of NaOH were
added. The concentration of DCA was 1.4 X 107 M. All samples were
irradiated at 401 nm, and emission was determined at 432 nm.

Benzyl 2-(Phenylethynyl)pyrrolidine-1-carboxylate (3a). Colorless
oil; 28.1 mg, 92% vyield. Analytical data matched previously reported
values.'” 'TH NMR (400 MHz, CDCL,) § 7.41-7.14 (m, 10H), 5.30—
5.02 (m, 2H), 4.82—4.64 (m, 1H), 3.56—3.49 (m, 1H), 3.41-3.33 (m,
1H), 2.20-2.02 (m, 3H), 1.96—1.86 (m, 1H) ppm. *C NMR (101
MHz, CDCL) 8 154.7, 137.1, 132.0, 131.8, 128.5, 128.3, 128.2, 128.1,
127.8, 127.7, 123.0, 89.6, 82.4, 66.9, 49.3, 48.8, 46.3, 45.9, 34.1, 334,
24.6, 23.9 ppm.

tert-Butyl 2-(Phenylethynyl)pyrrolidine-1-carboxylate (3b). Color-
less oil; 23.9 mg, 88% yield. '"H NMR (400 MHz, CDCL;) § 7.45—7.36
(m, 2H), 7.35—7.24 (m, 3H), 4.96—4.60 (m, 1H), 3.62—3.27 (m, 2H),
2.24—1.87 (m, 4H), 1.52 (s, 9H) ppm. *C NMR (101 MHz, CDCl;)
0 154.3, 131.7, 128.6, 128.1, 123.3, 82.9, 81.6, 79.8, 48.9, 45.7, 28.6,
23.9, 17.5 ppm. HRMS (ESI): calcd for [C,H,;NO, + H]* 272.1651,
found 272.1644.

Benzyl 2-(Phenylethynyl)piperidine-1-carboxylate (3c). Light
yellow oil; 25.5 mg, 80% yield. Analytical data matched previously
reported values.”® TH NMR (400 MHz, CDCl;) & 7.50-7.28 (m,
10H), 5.46 (br. s, 1H), 5.30—5.20 (m, 2H), 4.14 (d, ] = 13.1 Hz, 1H),
327 (t, J = 13.0 Hz, 1H), 2.05-1.90 (m, 2H), 1.85—1.70 (m, 3H),
1.60—1.45 (m, 1H) ppm. *C NMR (101 MHz, CDCl;) § 1552,
136.9, 131.9, 128.6, 128.4, 128.3, 128.1, 127.9, 123.0, 87.3, 84.6, 67.4,
45.1, 40.9, 30.9, 25.5, 20.2 ppm.

tert-Butyl 2-(Phenylethynyl)piperidine-1-carboxylate (3d). Color-
less oil; 20.0 mg, 70% yield. Analytical data matched previously
reported values.”' 'H NMR (400 MHz, CDCl,) §7.45—7.38 (m, 2H),
7.33—7.26 (m, 3H), 5.28 (s, 1H), 3.96 (d, ] = 13.5 Hz, 1H), 3.11 (t, ]
=12.8 Hz, 1H), 1.93—1.78 (m, 2H), 1.77—1.61 (m, 3H), 1.49 (s, 9H),
1.49—140 (m, 1H) ppm. *C NMR (101 MHz, CDCl;) § 154.8,
131.9, 1284, 128.2, 123.3, 87.8, 84.3, 80.1, 44.9, 40.7, 30.9, 25.5, 20.3
ppm.

Benzyl 3-(Phenylethynyl)-3,4-dihydroisoquinoline-2(1H)-carbox-
ylate (3e). Colorless oil; 31.6 mg, 86% yield. "H NMR (400 MHz,
CDCly) § 7.39—6.99 (m, 14H), 5.72—5.42 (m, 1H), 5.14 (s, 2H), 4.87
(d, ] = 16.6 Hz, 1H), 4.52 (d, ] = 16.5 Hz, 1H), 3.20 (dd, ] = 15.6, 5.2
Hz, 1H), 2.92 (d, J = 159 Hz, 1H) ppm. “C NMR (101 MHz,
CDCL,) 6 155.2, 141.6, 136.6, 134.1, 133.2, 1319, 129.1, 128.7, 128.4,
128.2, 128.1, 126.7, 126.6, 126.2, 122.7, 87.0, 83.5, 67.7, 66.8, 43.3,
34.9, 29.8 ppm. HRMS (ESI): calcd for [C,H,;NO, + H]* 368.1651,
found 368.1645.

(9H-Fluoren-9-yl)methyl 2-Methyl-4-phenylbut-3-yn-2-ylcarba-
mate (3f). White solid; mp:144—149 °C; 332 mg, 87% yield. 'H
NMR (400 MHz, CDCL,) § 7.76 (d, J = 7.5 Hz, 2H), 7.62 (d, ] = 7.5
Hz, 2H), 7.49-7.20 (m, 9H), 5.08 (s, 1H), 442 (d, ] = 6.7 Hz, 2H),
423 (t, J = 7.0 Hz, 1H), 1.69 (s, 6H) ppm. *C NMR (101 MHz,
CDCLy) & 154.5, 144.1, 141.4, 131.9, 128.3, 127.8, 127.2, 125.2, 122.9,
120.1, 92.7, 81.3, 66.4, 48.3, 47.4, 29.5 ppm. HRMS (ESI): calcd for
[C,¢H,;NO, + H]* 382.1807, found 382.1808.

(9H-Fluoren-9-yl)methyl 1,4-Diphenylbut-3-yn-2-ylcarbamate
(3g). White solid; mp: 100—104 °C; 37.7 mg, 85% yield. 'H NMR
(400 MHz, CDCl,) 6 7.81 (d, ] = 7.6 Hz, 2H), 7.62 (d, ] = 7.6 Hz,
2H), 7.48—7.29 (m, 14H), 5.08—4.72 (m, 2H), 4.54 (dd, ] = 10.6, 7.0
Hz, 1H), 442 (t, ] = 8.7 Hz, 1H), 426 (t, ] = 6.9 Hz, 1H), 3.22-2.85
(m, 2H) ppm. *C NMR (101 MHz, CDCl;) § 155.3, 143.9, 141.5,
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131.8, 130.2, 128.6, 128.5, 128.4, 127.9, 127.2, 127.1, 125.3, 1252,
122.5, 120.1, 87.7, 84.8, 67.0, 47.4, 45.1, 42.0 ppm. HRMS (ESI): calcd
for [C;H,NO, + H]* 444.1964, found 444.1957.

(9H-Fluoren-9-yl)methyl 5-Methyl-1-phenylhex-1-yn-3-ylcarba-
mate (3h). White solid; mp: 93—98 °C; 38.1 mg, 93% yield.
Analytical data matched previously reported values.” 'H NMR (400
MHz, CDCly) § 7.78 (d, ] = 7.5 Hz, 2H), 7.62 (d, ] = 6.9 Hz, 2H),
7.46—7.27 (m, 9H), 5.01 (d, J = 9.0 Hz, 1H), 4.76 (q, ] = 8.0 Hz, 1H),
4.51—4.40 (m, 2H), 4.25 (t, J = 7.0 Hz, 1H), 1.91—1.82 (m, 1H), 1.66
(t, J = 7.4 Hz, 2H), 1.00 (d, J = 6.6 Hz, 6H) ppm. *C NMR (101
MHz, CDCL,) 6 155.6, 144.0, 141.4, 131.8, 129.1, 128.4, 128.4, 127.9,
127.8, 127.2, 125.2, 122.8, 120.1, 88.8, 83.3, 66.9, 47.4, 45.6, 42.7,25.2,
22.8, 22.2 ppm.

tert-Butyl 4-Phenylbut-3-yn-2-ylcarbamate (3i). White solid; mp:
76—80 °C; 15.9 mg, 65% yield. Analytical data matched previously
reported values.”>” 'H NMR (400 MHz, CDCL;) § 7.44—7.36 (m,
2H), 7.35—7.28 (m, 3H), 4.95—4.55 (m, 2H), 1.50—1.42 (m, 12H)
ppm. *C NMR (101 MHz, CDCl,) § 154.9, 131.8, 128.4, 122.9, 90.0,
82.2, 80.0, 39.2, 28.5, 23.1 ppm.

tert-Butyl 4-Methyl-1-phenylpent-1-yn-3-ylcarbamate (3j). Light
yellow oil; 26.0 mg, 95% vyield. Analytical data matched previously
reported values.”> 'H NMR (400 MHz, CDCl,) 6 7.45—7.37 (m, 2H),
7.33=7.27 (m, 3H), 4.82 (brs, 1H), 4.54 (brs, 1H), 2.03—1.93 (m,
1H), 1.47 (s, 9H), 1.04 (d, J = 5.1 Hz, 6H) ppm. 3*C NMR (101 MHzg,
CDCl;) § 155.2, 131.8, 128.4, 128.3, 123.1, 87.6, 83.9, 79.9, 49.4, 33.6,
28.5, 19.0 ppm.

tert-Butyl 1-Phenylhept-1-yn-3-ylcarbamate (3k). Light yellow
oil; 20.7 mg, 72% yield. Analytical data matched previously reported
values.”® 'H NMR (400 MHz, CDCl;) & 7.44—7.38 (m, 2H), 7.32—
7.27 (m, 3H), 4.78 (s, 1H), 4.62 (d, ] = 9.5 Hz, 1H), 1.78—1.66 (m,
2H), 1.51-1.32 (m, 13H), 0.92 (t, J = 7.2 Hz, 3H) ppm. *C NMR
(101 MHz, CDCl;) & 154.9, 131.7, 128.3, 1282, 122.9, 89.1, 82.8,
80.0, 43.6, 36.4, 28.5, 27.9, 22.3, 14.2 ppm.

tert-Butyl 5-Methyl-1-phenylhex-1-yn-3-ylcarbamate (3l). Light
yellow oil; 19.5 mg, 68% yield. 'H NMR (400 MHz, CDCl;) § 7.45—
7.35 (m, 2H), 7.33—7.28 (m, 3H), 4.82—4.60 (m, 2H), 1.81—1.94 (m,
1H), 1.67—1.54 (m, 2H), 1.47 (s, 9H), 0.97 (d, ] = 5.4 Hz, 6H) ppm.
3C NMR (101 MHz, CDCly) § 155.0, 131.8, 128.4, 128.3, 123.1, 89.3,
82.9, 79.9, 45.8, 42.2, 28.5, 25.3, 23.0, 22.1 ppm. HRMS (ESI): calcd
for [C1sH,sNO, + H]* 288.1964, found 288.1958.

tert-Butyl 4,4-Dimethyl-1-phenylpent-1-yn-3-ylcarbamate (3m).
Yellow oil; 27.6 mg, 96% yield. Analytical data matched previously
reported values.”> 'H NMR (400 MHz, CDCl,) 6 7.45—7.38 (m, 2H),
7.31-7.27 (m, 3H), 4.78 (d, ] = 9.9 Hz, 1H), 4.46 (d, ] = 9.9 Hz, 1H),
1.47 (s, 9H), 1.04 (s, 9H) ppm. *C NMR (101 MHz, CDCl,) 6 155.5,
131.8, 128.4, 128.3, 123.2, 88.2, 83.8, 79.8, 52.9, 36.2, 28.5, 26.1 ppm.

tert-Butyl 4-Methyl-1-phenylhex-1-yn-3-ylcarbamate (3n). Color-
less oil; 26.4 mg, 92% yield. 'H NMR (400 MHz, CDCl,) § 7.41 (dd, J
=6.7,3.0 Hz, 2H), 7.33—7.27 (m, 3H), 4.90—4.74 (m, 1H), 4.71—4.56
(m, 1H), 1.73 (d, ] = 9.6 Hz, 1H), 1.65—1.53 (m, 2H), 1.47 (s, 9H),
1.02 (dd, J = 6.7, 3.2 Hz, 3H), 0.99-0.93 (m, 3H) ppm. *C NMR
(101 MHz, CDCl;) 6 1552, 131.9, 131.8, 128.4, 128.3, 128.3, 123.1,
88.3, 83.6, 79.9, 482, 40.4, 29.8, 28.5, 26.4, 25.2, 15.5, 11.8 ppm.
HRMS (ESI): calcd for [CgH,sNO, + H]* 288.1964, found 288.1958.

tert-Butyl 1-Cyclohexyl-3-phenylprop-2-ynylcarbamate (3o0).
White solid; mp: 92—96 °C; 22.6 mg, 72% yield. '"H NMR (400
MHz, CDCL,) 6 7.45—7.37 (m, 2H), 7.32—7.27 (m, 3H), 4.83 (d, ] =
9.2 Hz, 1H), 4.52 (dd, ] = 9.3, 5.9 Hz, 1H), 1.91-1.74 (m, 4H), 1.71—
1.63 (m, 2H), 1.46 (s, 9H), 1.33—1.08 (m, SH) ppm. *C NMR (101
MHz, CDCL) § 1552, 131.8, 128.4, 128.3, 123.1, 88.1, 83.8, 79.9,
48.7, 432, 29.4, 28.5, 26.4, 26.1, 26.0 ppm. HRMS (ESI): calcd for
[C,0H,,NO, + H]* 314.2120, found 314.2121.

tert-Butyl 1,4-Diphenylbut-3-yn-2-ylcarbamate (3p). Light yellow
solid; mp: 85—90 °C; 27.3 mg, 85% yield. Analytical data matched
previously reported values.” '"H NMR (400 MHz, CDCl,) § 7.41-7.28
(m, 10H), 4.93 (m, 1H), 4.83 (m, 1H), 3.14—3.02 (m, 2H), 1.48 (d, ]
= 1.9 Hz, 9H) ppm. *C NMR (101 MHz, CDCl;) § 154.8, 136.8,
131.7, 130.1, 128.5, 128.4, 127.0, 122.8, 88.3, 84.4, 80.1, 44.7, 42.2,
28.5 ppm.
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tert-Butyl 1-(Benzyloxy)-4-phenylbut-3-yn-2-ylcarbamate (3q).
Colorless oil; 29.9 mg, 85% yield. '"H NMR (400 MHz, CDClLy) &
7.46—7.26 (m, 10H), 5.06 (s, 1H), 4.86 (s, 1H), 4.71—4.58 (m, 2H),
3.68 (d, ] = 4.8 Hz, 2H), 1.47 (s, 9H) ppm. *C NMR (101 MHz,
CDCl,) 6 155.1, 138.0, 131.9, 128.6, 128.5, 128.4, 127.9, 127.8, 122.8,
87.1, 83.3, 80.2, 73.4, 72.3, 43.6, 28.5 ppm. HRMS (ESI): calcd for
[C,H,NO; + Nal* 374.1732, found 374.1730.

tert-Butyl 4-(Benzyloxy)-1-phenylpent-1-yn-3-ylcarbamate (3r).
Colorless oil; 28.5 mg, 78% yield. '"H NMR (400 MHz, CDCl,) §
7.55—7.22 (m, 10H), 5.18—4.98 (m, 1H), 4.82—4.53 (m, 3H), 3.84—
3.72 (m, 1H), 1.46 (m, 9H), 1.36—1.25 (m, 3H) ppm. *C NMR (101
MHz, CDCl,) § 155.3, 155.0, 138.4, 131.8, 131.7, 128.4, 128.4, 128.3,
128.3,128.2, 127.8, 127.7, 122.9, 87.6, 86.1, 84.1, 83.3, 79.9, 79.9, 76.6,
75.9, 71.8, 71.0, 47.6, 28.4, 16.6, 16.3 ppm. HRMS (ESI): calcd for
[C,3H,,NO; + H]* 366.2069, found 366.2061.

Methyl 4-(tert-Butoxycarbonylamino)-6-phenylhex-5-ynoate
(3s). Colorless oil; 17.1 mg, 54% yield 'H NMR (400 MHg,
CDCl;) § 7.49—7.35 (m, 2H), 7.34—7.27 (m, 3H), 4.86 (s, 1H), 4.69
(s, 1H), 3.68 (s, 3H), 2.60—2.43 (m, 2H), 2.15—2.01 (m, 2H), 1.46 (s,
9H) ppm. *C NMR (101 MHz, CDCl;) § 173.6, 154.9, 131.9, 128.6,
128.4, 122.6, 87.8, 83.9, 80.3, 51.9, 43.1, 31.6, 30.6, 28.5 ppm. HRMS
(ESI): caled for [CgH,3NO, + H]* 318.1705, found 318.1700.

tert-Butyl 5-(Methylthio)-1-phenylpent-1-yn-3-ylcarbamate (3t).
Light yellow oil; 18.3 mg, 60% yield. '"H NMR (400 MHz, CDCl,) §
7.46—7.36 (m, 2H), 7.33—7.27 (m, 3H), 4.89 (brs, 1H), 4.78 (brs,
1H), 2.73—2.63 (m, 2H), 2.14 (s, 3H), 2.11-1.94 (m, 2H), 1.46 (s,
9H) ppm. *C NMR (101 MHz, CDCl;) § 154.9, 131.9, 128.6, 128.4,
122.7, 88.0, 83.8, 80.2, 43.0, 36.0, 30.4, 28.5, 15.7 ppm. HRMS (ESI):
caled for [C};H,;NO,S + H]* 306.1528, found 306.152S.

tert-Butyl 7-Phenylhept-6-yne-1,5-diyldicarbamate (3u). Color-
less oil; 28.2 mg, 70% yield. 'H NMR (400 MHz, CDCL;) 5 7.43—7.36
(m, 2H), 7.32—7.27 (m, 3H), 4.81 (s, 1H), 4.70—4.50 (m, 2H), 3.20—
3.02 (m, 2H), 1.82—1.68 (m, 2H), 1.60—1.46 (m, 4H), 1.46 (s, 9H),
1.43 (s, 9H) ppm. *C NMR (101 MHz, CDCl;) § 156.2, 155.0, 131.8,
128.4, 122.9, 88.8, 83.2, 80.0, 79.2, 43.5, 40.5, 36.3, 29.7, 28.6, 23.0
ppm. HRMS (ESI): caled for [Cy3Hy,N,0, + H]* 403.2597, found
403.2594.

2-(Phenylethynyl)tetrahydrofuran (3v). Light yellow oil; 8.6 mg,
50% yield. Analytical data matched previously reported values.” 'H
NMR (400 MHz, CDCl,) § 7.45—7.41 (m, 2H), 7.32—7.27 (m, 3H),
4.85—4.79 (m, 1H), 4.08—3.96 (m, 1H), 3.90—3.82 (m, 1H), 2.32—
1.78 (m, 4H) ppm. *C NMR (101 MHz, CDCl;) § 131.9, 1284,
128.4, 123.0, 89.2, 84.6, 68.8, 68.1, 33.6, 25.6 ppm.

2-(Phenylethynyl)-2,3-dihydro-1H-indene (3w). White solid; mp:
48—51 °C; 8.7 mg, 40% yield. Analytical data matched previously
reported values.” '"H NMR (400 MHz, CDCl,) 6 7.43—7.36 (m, 2H),
7.31=7.26 (m, 3H), 7.25-7.20 (m, 2H), 7.19=7.14 (m, 2H), 3.49—
3.39 (m, 1H), 3.35—3.24 (m, 2H), 3.16—3.08 (m, 2H) ppm. *C NMR
(101 MHz, CDCl;) 6 142.1, 131.7, 128.3, 127.8, 126.7, 124.5, 123.9,
93.1, 80.7, 40.5, 30.9 ppm.

1,3-Diphenylprop-2-yn-1-one (3x). Yellow solid; mp: 44—48 °C;
18.6 mg, 90% vyield. Analytical data matched previously reported
values.” 'H NMR (400 MHz, CDCL;) & 823 (d, J = 7.0 Hz, 2H),
7.73=7.66 (m, 2H), 7.69=7.59 (m, 1H), 7.57—7.45 (m, 3H), 7.48—
7.38 (m, 2H) ppm. C NMR (101 MHz, CDCL;) § 178.2, 137.0,
134.3, 133.2, 131.0, 129.7, 128.8, 128.8, 120.3, 93.3, 87.0 ppm.

3-(4-Bromophenyl)-1-phenylprop-2-yn-1-one (3y). Yellow solid;
mp: 98—103 °C; 182 mg, 64% yield. Analytical data matched
previously reported values.>* 'TH NMR (400 MHz, CDCl;) 6 8.20 (d, |
=7.7 Hz, 2H), 7.64 (t, ] = 7.4 Hz, 1H), 7.60—7.48 (m, 6H) ppm. *C
NMR (101 MHz, CDCl;) § 178.0, 1369, 134.5, 134.4, 132.3, 129.7,
128.8, 125.8, 119.2, 91.8, 87.8 ppm.

Benzyl 2-((Triisopropylsilyl)ethynyl)pyrrolidine-1-carboxylate
(3z). Colorless oil; 35.1 mg, 91% yield. Analytical data matched
previously reported values."* 'TH NMR (400 MHz, CDCL;) § 7.44—
7.27 (m, SH), 5.16 (d, ] = 2.9 Hz, 2H), 4.68—4.34 (m, 1H), 3.66—3.47
(m, 1H), 3.44-3.30 (m, 1H), 2.27—1.85 (m, 4H), 1.15—0.90 (m,
21H) ppm. *C NMR (101 MHz, CDCl;) § 153.7, 136.0, 127.5, 126.9,
126.8, 107.0, 81.8, 66.1, 48.0, 45.1, 33.4, 22.8, 17.7, 10.3 ppm.

Benzyl 2-((tert-Butyldiphenylsilyl)ethynyl)pyrrolidine-1-carboxy-
late (3aa). Colorless oil; 28.1 mg, 60% yield. Analytical data matched
previously reported values.'"” 'H NMR (400 MHz, CDCl;) § 7.84—
7.66 (m, 4H), 7.46—7.12 (m, 11H), 5.32—5.02 (m, 2H), 4.82—4.64
(m, 1H), 3.72—3.36 (m, 2H), 2.34—1.87 (m, 4H), 1.04 (s, 9H) ppm.
BC NMR (101 MHz, CDCl;) § 154.7, 136.8, 135.7, 133.4, 129.6,
128.6, 127.8, 110.3, 82.1, 67.2, 49.1, 46.3, 34.3, 27.1, 24.0, 18.7 ppm.

Benzyl 2-((4-Bromophenyl)ethynyl)pyrrolidine-1-carboxylate
(3ab). Colotless oil; 26.9 mg, 70% yield. Analytical data matched
previously reported values.'” TH NMR (400 MHz, CDCL;) § 7.45—
7.27 (m, 8H), 7.16 (d, ] = 8.1 Hz, 1H), 5.43—4.95 (m, 2H), 4.85—4.69
(m, 1H), 3.66—3.34 (m, 2H), 2.22—1.82 (m, 4H) ppm. *C NMR
(101 MHz, CDCL,) § 154.6, 133.4, 133.3, 131.6, 128.6, 128.1, 127.9,
127.8, 122.5, 90.8, 81.4, 67.0, 49.3, 48.8, 46.4, 46.0, 34.0, 33.3, 29.9,
23.9 ppm.

tert-Butyl allyl(4,4-dimethyl-1-phenylpent-1-yn-3-yl)carbamate
(4). Light yellow oil; 27.8 mg, 85% yield 'H NMR (400 MHz,
CDCly) 6 7.47-7.33 (m, 2H), 7.36—7.28 (m, 3H), 6.06—5.82 (m,
1H), 5.29—4.86 (m, 3H), 4.18—3.79 (m, 2H), 1.46 (s, 9H), 1.06 (s,
9H) ppm. *C NMR (101 MHz, CDCl;) § 155.1, 135.4, 130.7, 127.4,
127.2, 122.3, 114.5, 85.7, 85.1, 79.0, 56.5, 47.7, 36.9, 27.5, 26.0 ppm.
HRMS (ESI): caled for [CyH,)NO, + Na]* 350.2096, found
350.209S.
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