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Abstract: We have developed a sulfur-modified,
gold-supported palladium material (SAuPd) with
palladium, Pd, nanoparticles on its surface; it is a re-
cyclable, low-leaching Pd catalyst. Here we report,
using SAuPd, the first example of Pd nanoparticle-
catalyzed, unactivated C(sp’)—H bond functionali-
zation of amides, using 8-aminoquinoline as a direct-
ing group, to yield ethynylated products. The low
leaching properties of SAuPd enabled it to be recy-
cled and reused 10 times for C(sp’)—H bond func-
tionalization.

Keywords: alkynylation; C—H bond functionaliza-
tion; nanoparticles; palladium; recyclable catalysts

Transition metal-catalyzed C—C bond formations via
C—H bond activation have been the subject of many
investigations in recent years.' In recent decades,
direct C(sp®)—H activation of (hetero)arenes and ole-
fins has been extensively studied, and has found im-
portant applications in organic synthesis.”) In compar-
ison, much less research has been devoted to the acti-
vation of the more “inert” C(sp’)—H bonds of alkyl
groups; C(sp’)~H bond functionalization is much
more difficult because of the absence of assistance by
m-orbitals, which efficiently interact with transition
metal centers.” Among various pathways successfully
used under homogeneous conditions to achieve such
functionalization, Pd-catalyzed C(sp’)—H activation
has advantages and potential applications because of
its good reactivity and controllable selectivity com-
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pared with other transition metal-catalyzed C(sp®)—H
activations.!

The use of immobilized catalysts such as supported
Pd nanoparticles (NPs) is a significant development in
C—H activation because the catalysts can be recov-
ered and reused several times. There are reports of
Pd NP-catalyzed C(sp?)—H activation in the litera-
ture;I’) however, the use of Pd NPs in C(sp®)—H acti-
vation has not yet been explored.

o Pd(OAc), (5 mol%)
Br AgOAc (1.0 equiv.)
N . LiCl (1.0 equiv.)
H N | toluene
X TIPS 110°C
1a 2
(0.21 mmol) (1.5 equiv.)
o]
N
HoL o
X
TIPS

3a 65% (88%)*
* based on recovered 1a

Recently, we reported the Pd-catalyzed direct ethy-
nylation of C(sp’) atoms positioned B to the amide
carbonyl bonds in aliphatic carboxylic acid derivatives
under homogeneous conditions [Eq. (1)].1°!

In the present study, our target was to accomplish
the same C(sp*)—H activation for the same conversion
using Pd NPs instead of Pd(OAc),. We used a sulfur-
modified Au-supported Pd material, SAuPd, recently
developed by us and prepared by piranha treated Au
and Pd(OAc), in xylene.” SAuPd is an immobilized
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Figure 1. Preparation of SAuPd and transmission electron
microscopy, TEM, image of SAuPd.

Pd catalyst with Pd NPs of size ~5 nm on the surface
(Figure 1). SAuPd can repeatedly catalyze ligand-free
Suzuki-Miyaura coupling and ligand-free Buchwald-
Hartwig reactions; the amount of leached Pd in the
reaction mixture is less than 1 ppm.”!

Here, we report the first example of Pd NP-cata-
lyzed unactivated C(sp*)—H bond functionalization of

Table 1. Effects of solvent, solvent amount, and temperature.

amides, using SAuPd, to yield alkynylated products
by simply attaching 8-aminoquinoline as a directing
group. The SAuPd was reused for 10 reaction cycles,
with good yields calculated based on recovered
amides.

To achieve Pd NP-catalyzed unactivated C(sp*)—H
bond functionalization, we first examined the reaction
of aliphatic amide 1a and bromoalkyne 2 (Table 1).
When the reaction was performed under the condi-
tions of conventional system using SAuPd® instead of
Pd(OAc),,” after 66 h the desired ethynylated prod-
uct 3a was obtained in 41% isolated yield along with
53% of unreacted 1a (entry 1). Next, to determine the
appropriate reaction conditions, solvent screening was
performed. With EtOH, dichloroethane, or mesity-
lene as the solvent, only a trace of product 3a was iso-
lated, and the reaction did not proceed at all with di-
methylformamide (data not shown). We then per-
formed the reaction in xylene at 135°C for 72h,
giving 3a in 44% isolated yield; the dialkynylated
product was generated in 11% isolated yield and 40%
of 1a was recovered (entry 2). We found that when
the amount of xylene was increased, the isolated yield
of product 3a increased slightly, until the solvent
volume reached 2 mL (entries 3 and 4). When 3 mL
of xylene were used, the isolated yield of 3a de-
creased (entry 5). At high temperature (135°C, en-
tries 2-5) the corresponding dialkynylated product
was obtained as a by-product. To minimize dialkyny-
lated product formation, we performed the reaction

SAuPd

(o] Br AgOAc

(1 equiv.)

N . | | __additive N N
H N < | “solvent H N H N
TIPS
1a (0.21mmol) 2 (1.5 equiv.) 3a TIPS | | TIPS
dlalkynylated
product
Entry Solvent (mL)  Additive (equiv.) Temp. [°C J®  Time [h] Yield [% ]®

3a Dialkynylated product 1a
1 toluene (1.0)  LiCl (1.0) 110 66 41 - 53
2 xylene (1.0)  LiCl (1.0) 135 72 44 (89) 11 40
3 xylene (1.5) LiCl (1.0) 135 24 51(71) 12 32
4 xylene (2.0) LiCl (1.0) 135 24 52 24 14
5 xylene (3.0) LiCl (1.0) 135 24 44 16 35
6 xylene (2.0) LiCl (1.0) 120 44 28 - 58
7 xylene (2.0) LiCl (1.0) 110 41 20 - 60
8 xylene (1.5) LiCl (2.0) 135 24 51 (90) 43
9 xylene (1.5) LiCl (3.0) 135 24 40 (91) 55
10 xylene (1.5) N-acetyl-L-leucine (0.3) 110 48 25(90) - 70
11 xylene (1.5) N-acetyl-L-leucine (0.3) 135 24 52(78) 11 35
12 xylene (1.5) pivalic acid (1.0); LiCl (1.0) 135 24 26 (91) - 68
13 xylene (1.5) CsOPiv (0.3); Cs,CO; (0.3) 135 44 47 91) - 41

[l Bath temperature.

[l Tsolated yields, and yields calculated based on recovered amides 1a in parentheses.
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Table 2. Recycling of SAuPd from first to 10th cycles.
1st step
SAuPd AgOAc (1.2 equiv.)
e} — LiCl (2.0 equiv.)
. Br—="TIPS omove | BI—=—TIPS
2 (total: 1.5 equiv.)
H N | xylene SAuPd W pr%(iuct
(1.5 mL)
1a (0.21 mmol) 135°C
Entry Conditions Yield of 3a [%]®
2 (equiv.) Reaction time [h] 1st 2nd 3rd 4th Sth 6th 7th 8th 9th 10th
1st step 2nd step
1 0.75 6 18 53 (89)
2 0.75 6 10 52(89) 53 (91) 42 (82) 23 (70)
3 0.75 4 10 39 (89) 31 (84)
4 0.75 5 10 52 (88) 52 (88) 52 (88) 48 (86) 30 (88) 17 (86)
5 0.90 4 10 53 (91) 52(89) 52(87) 51(92) 50 (91) 42 (85) 37 (78) 33 (83) 25(86) 16 (84)

[ Tsolated yields, and yields calculated based on recovered amides 1a in parentheses.

at lower temperatures, but the isolated yield of 3a
gradually decreased (entries6 and 7). The isolated
yields and vyields calculated based on recovered
amides for product 3a were excellent when we used
xylene (1.5 mL) as the solvent at 135°C (entry 3).

From Table 1, entries 1-5, it can be seen that at
135°C the isolated yield of the expected product 3a
was higher, but a dialkynylated product was formed.
To reduce dialkynylated product generation, we per-
formed the reaction in the presence of other additives
(Table 1, entries 8-13). When 1 equiv. of LiCl was
used, the isolated yield of dialkynylated product was
12% (entry 3); however, the dialkynylated product
was not formed in the presence of 2.0 equiv. of LiCl
(entry 8). In the case of 3.0 equiv. of LiCl, the dialky-
nylated product was not produced, but the isolated
yield of 3a decreased (entry 9). We then used an N-
protected amino acid instead of LiCl because N-pro-
tected amino acids'” are known to promote activation
of various C(sp*)~H bonds. At 110°C, the yield of 3a
was lower and no dialkynylated product was produced
(entry 10); the isolated yield of 3a increased at higher
temperature, but 11% of dialkynylated product was
produced (entry 11). With pivalic acid"! or CsOPiv,
3a was obtained in 26% and 47% isolated yields, to-
gether with 68% and 41% of recovered 1la, respec-
tively (entries 12 and 13). We also used various oxi-
dants such as TPAP, TEMPO, and iodobenzene diace-
tate instead of AgOAc, but none of them gave better
results (data not shown). We concluded that the reac-
tion conditions of entry 8 avoided generation of a di-
alkynylated product; 3a was isolated in good isolated
yield and yields of product 3a calculated based on re-
covered amides were excellent.

In the presence of AgOAc as the oxidant, SAuPd
released too much Pd in the reaction mixture, there-
fore to control Pd leaching from SAuPd to the
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amount needed for catalyzing C(sp®)—H activation,
we divided the reaction conditions into two steps.!'!
The first step was Pd leaching from SAuPd in contact
with amide 1a and bromoalkyne 2; the second step
was C(sp*)—H activation and ethynylation (Table 2).
After the first step, we removed the SAuPd from the
system, and it was washed and used for subsequent
cycles. Amide 1a (0.206 mmol), bromoalkyne 2
(0.75 equiv.), and SAuPd in xylene (1.5mL) were
heated at 135°C for 6 h and then SAuPd was re-
moved. AgOAc (1.2 equiv.), LiCl (2.0 equiv.), and
bromoalkyne 2 (0.75 equiv.) were then added to the
reaction mixture, and the mixture was stirred for 18 h
to give 3a in 53% isolated yield (entry 1). We found
that the reaction in the second step finished within
10 h, but the isolated yield of 3a decreased, after the
third cycle (entry 2). When the other conditions were
kept the same but the reaction mixture in the first
step was heated for 4 h and 5 h, 3a was obtained in
39% and 52% isolated yields, respectively (entries 3
and 4). In entry 4, heating for 5 h caused too much Pd
leaching from SAuPd in cycles one to three, which is
why the isolated yields of 3a decreased after the 4th
cycle. Finally, we optimized the conditions. When a so-
lution of 2 (0.90 equiv.), amide 1a (0.206 mmol), and
SAuPd was heated at 135°C for 4 h in the first step,
and the conditions in the second step remained the
same, we successfully recycled SAuPd 10 times, al-
though the isolated yields gradually decreased after
the fifth cycle (entry 5). We obtained moderate to low
isolated yields of the desired alkynylated products,
but yields calculated based on recovered amides in
10th repeated use were almost the same as those
under homogeneous conditions.®

We measured the amount of immobilized Pd in
SAuPd and the leached Pd in the reaction mixture,
using inductively coupled plasma mass spectroscopy
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(ICP-MS) to know the real loading of Pd catalyst
used in these reactions. The amounts of Pd in SAuPd
were determined before and after the 10th reaction
cycle, under the optimized conditions. Table 3 shows
that the amounts of immobilized Pd in SAuPd before
and after the reactions were 78+41 pug and 7+4 pg,
respectively. The amount of Pd released after cooling
in each cycle was low; the turnover numbers (TONs)
for C(sp’)—H activation were high [233-1710 ng (1-
10 ppm) for 0.206 mmol scale reaction; TON =6790-
26,045, which were calculated based on the amount of
leached Pd in the reaction mixture and isolated yield
of 3a].

To generalize the SAuPd -catalyzed direct ethynyla-
tion via C(sp®)—H bonds functionalization, we exam-
ined the SAuPd catalytic activities of the reactions for
10 cycles, using amides 1b-1i (Table 4). We used the
strategy used for Table 2, entry 5 for SAuPd recycling.
All substrates shown in Table 2 gave P-functionalized
products. Substrates with sterically demanding cyclo-
hexyl and phenyl groups, 1b and 1c, were used suc-
cessfully for 10 cycles (entries 1 and 2). The alkynyla-
tions also tolerated a wide range of functional groups
such as ethers 1d and 1h (entries 3 and 7), esters le
(entry 4), and halides 1f (entry5). The C(sp’)-H
bonds adjacent to the benzylic position (1g and 1h)
similarly underwent alkylation without reoptimization
of the catalytic system (entries 6 and 7). The y-amino-
butyric acid derivative 1i also gave the alkynylated
product, and the N-Boc and N-benzyl protecting
groups were intact (entry 8).1'2

In summary, we developed a new strategy for Pd-
NP-catalyzed direct ethynylation of aliphatic carbox-
ylic acid derivatives via C(sp®)—H bond functionaliza-
tion at the 3 positions of amides, with 8-aminoquino-
line as a directing group. We obtained moderate
yields of the desired alkynylated products, but yields
calculated based on recovered amides were almost
the same as those obtained under homogeneous con-
ditions. Because of the low leaching properties of
SAuPd, the catalyst could be recycled more than 10
times. This protocol shows that Pd NPs are effective
catalysts for C(sp’)—H bond activation.

Experimental Section

Preparation of Sulfur-Modified Au Supported Pd
Material, SAuPd

To stirring ice-cooled 98% H,SO, (4.7 g) was added Na,S,0q
(4.0 g) in a small portions and then crushed ice (13.0 g) and
water (4.0 g) were added to the above solution while the
temperature was kept below 15°C. When all the salt had
dissolved to a homogeneous solution, the Au (100 mesh,
14x12 mm?, 100.7 mg) was placed in the above solution
(3.0 mL) for 5 min and then washed first by H,O (3.0 mL x
10) and then with EtOH (3.0 mL x6). The resulted Au mesh

Adpv. Synth. Catal. 0000, 000, 0—0
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Table 4. Direct ethynylation of amides 1b-1i using SAuPd, via C(sp*)—H bond functionalization.
AgOAc (1.2 equiv.)
SAuPd LiCl (2.0 equiv.)
Br———TIPS Br———TIPS
: 2 (0.6 equiv.)
amide 2 (0)5| :r?: v, rseAnuo;de product
1a-1i (1.5 mL) 135°C,10h 3b-3i
(0.21 mmol) 135°C, 4 h
Entry Amide Yield of 3 [%]®
1st 2nd 3rd 4th Sth 6th 7th 8th 9th 10th
o
1 O\/HJ\H | 1b 63 (86) 63 (84) 62(84) 59 (84) 53 (83) 40 (82) 37 (84) 32(83) 30(80) 21 (79)
N >
(e}
2 Phj\jj\u | 1c 43 (81) 42 (80) 42 (80) 41 (80) 39 (79) 32 (80) 27 (78) 22 (78) 16 (76) 12 (76)
N S
O
3 MH | 1d 41 (81) 39 (82) 40 (81) 37 (82) 32(82) 25(80) 22 (80) 16 (78) 13 (78) 10 (77)
N S
o]
4 Meoziﬁu | le 45 (84) 44 (84) 41(83) 42(83) 38(82) 32(81) 26(79) 22(79) 17 (80) 15 (79)
N NS
Br o
5 w,\, | 1f 38 (84) 39 (85) 38(84) 35(84) 34 (83) 30 (81) 24 (78) 20 (80) 14 (80) 10 (80)
H
N S
0}
N
6 ©))LH N | 1g 45 (91) 46 (89) 45(88) 45(88) 38 (86) 35(80) 31 (78) 24 (76) 20 (76) 18 (77)
o]
N
7 Q/H‘\H N | 1 31 (74) 30 (74) 31(73) 30(73) 29 (72) 26 (71) 21(70) 18 (70) 15 (70) 10 (69)
MeO
o}
31 (75) 30(74) 26 (73) 29 (72) 27 (70) 22 (71) 19 (71) 16 (70) 12 (71) 9 (71)

8 Bn N 1i
N HoN
Boc”~ X

[ Tsolated yields, and yields calculated based on recovered amides 1 in parentheses.

was placed in a round-bottom flask and dried for 10 min
under reduced pressure (ca. 6 mmHg). The resulting sulfur-
modified Au was placed in a solution of Pd(OAc), (5.3 mg,
0.023 mmol) in xylene (3.0mL) and stirred at 100°C for
12 h under an argon atmosphere. Then it was rinsed with
xylene (3.0 mL x50) and, after vacuum drying, it was placed
in xylene (3.0 mL) and heated at 135°C for 12 h. Finally, it
was rinsed with xylene (3.0mLx50) and dried under
vacuum for 10 min to give sulfur-modified Au supported Pd
material SAuPd (yield: 100.8 mg, immobilized Pd: 78+
41 pug) and only this SAuPd was used throughout this re-
search.
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Experimental Procedure for the SAuPd-Catalyzed
Alkynylation: SAuPd-Catalyzed Reaction of amide
1a with 2 (Table 2, entry 2)

To an oven-dried test tube, N-(8-quinolinyl)hexanamide 1a
(50.0 mg, 0.21 mmol), (bromoethynyl)triisopropylsilane 2
(80.7 mg, 0.31 mmol), AgOAc (41.3 mg, 0.25 mmol), LiCl
(17.5 mg, 0.41 mmol), SAuPd and xylene (1.5mL) were
added under a gentle stream of argon. The mixture was
heated for 24 h at 135°C followed by cooling, SAuPd was
removed from the reaction mixture [the SAuPd was washed
with xylene (6x3.0mL)]. The resulting reaction mixture

asc.wiley-vch.de 5
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was filtered through a Celite pad and concentrated under
vacuum. The residue was subjected to column chromatogra-
phy on silica gel (eluent: hexane/Et,0=80% to 75%) to
afford the desired alkynylated product 3a as a colorless oil;
yield: 44.7 mg [51% (90%)].

Typical Experimental Procedure for the SAuPd-
Catalyzed Alkynylation: SAuPd-Catalyzed Reaction
of Amide 1a with 2 (Table 3, entry 8)

To an oven-dried test tube, N-(8-quinolinyl)hexanamide 1a
(50.0 mg, 0.21 mmol), (bromoethynyl)triisopropylsilane 2
(50.0 mg, 0.19 mmol), SAuPd and xylene (1.5mL) were
added under a gentle stream of argon. The mixture was
heated for 4 h at 135°C followed by cooling, SAuPd was re-
moved from the reaction mixture [the SAuPd was washed
with xylene (6x3.0 mL) and kept for next cycle]. The (bro-
moethynyl)triisopropylsilane 2 (30.6 mg, 0.18 mmol),
AgOAc (41.3 mg, 0.25 mmol) and LiCl (17.5 mg, 0.41 mmol)
were added into the above reaction mixture under a gentle
stream of argon. The mixture was stirred for 10 h at 135°C
and followed by cooling, the mixture was filtered through
a Celite pad and concentrated under vacuum. The residue
was subjected to column chromatography on silica gel
(eluent: hexane/Et,0=80% to 75%) to afford the desired
alkynylated product 3a as a colorless oil; yield: 46.6 mg
[53% (91%)]. The above reaction process was maintained
as for 2™ cycle and this procedure was repeated for a total
10 cycles.
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