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ABSTRACT: A facile, highly stereo- and regioselective hydrometalation
of alkynes generating alkenylmetal complex is disclosed for the first time ACOH
from a reaction of alkyne, carboxylic acid, and a zerovalent group 10
transition metal complex M(PEt;), (M = Ni, Pd, Pt). A mechanistic
study showed that the hydrometalation does not proceed via the reaction
of alkyne with a hydridometal generated by the protonation of a Ri_— Rgo
carboxylic acid with Pt(PEt;),, but proceeds via a reaction of an alkyne
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coordinate metal complex with the acid. This finding clarifies the long

proposed reaction mechanism that operates via the generation of an alkenylpalladium intermediate and subsequent transformation
of this complex in a variety of reactions catalyzed by a combination of Br¢nsted acid and Pd(0) complex. This finding also leads to
the disclosure of an unprecedented reduction of alkynes with formic acid that can selectively produce cis-, trans-alkenes and alkanes

by slightly tuning the conditions.

B INTRODUCTION

The combination of a palladium(0) complex with acetic acid,
discovered by Trost," is an efficient catalyst for various transfor-
mations of alkynes such as cyclization of enynes,"* hydrocar-
bonylation,> hydroarylation,* and isomerization of alkynes.'
However, mechanistic aspects were not clear. For example,
although an alkenylpalladium intermediate generated by hydro-
palladation of the triple bond was proposed as the key inter-
mediate in these catalytic reactions, a direct proof of its
participation has never been obtained (eq 1)."
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In this paper, we report the first isolation of an alkenylpalla-
dium 2, generated via a facile hydropalladation of the triple bond,
from a reaction of an alkyne, carboxylic acid, and a zerovalent
palladium complex. This isolation of 2 provides the first clear
answer to the long proposed reaction mechanism involving a
catalyst of a Br¢nsted acid and a palladium(0) complex."*
A systematic investigation on the reactions of group 10 transition
metal(0) complexes M(PEt;), (M = Nji, Pd, Pt) with alkynes in
the presence of carboxylic acids further reveals that this facile
hydrometalation reaction of alkynes with carboxylic acids
affording the corresponding alkenylmetal complexes is a general
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phenomenon for group 10 transition metal(0) complexes. More-
over, it clearly shows that this hydrometalation (M = Pt)
proceeds via a reaction of an alkyne coordinate metal (0)
complex 4 with the acid (route b) rather than via the commonly
accepted reaction of an alkyne with a hydridometal 3 generated
via the protonation® (or oxidative addition)* 7 of carboxylic
acid with M(PEts), (route a) (Scheme 1)."%71°

A further study using formic acid as the substrate also
successfully leads to the disclosure of an unprecedented palla-
dium catalyzed controllable hydrogenation of alkynes with
formic acid that can selectively produce one hydrogenated
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Figure 1. ORTEP drawing of alkenylpalladium 2a. Hydrogen atoms are
omitted for clarity; ellipsoids are drawn at 50% probability. Selected bond
lengths (A) and angles (deg): C1—Pdl = 2.014(1), C1—C8 = 1.346(2),
Pd1—O01 = 2.120(1), Pd1—P1 = 2.3245(S5), Pd1—P2 = 2.3219(5),
C8—C1—Pdl = 121.0(1), C1—Pd1—P1 = 8849(4), C1-Pd1—P2 =
91.66(4), O1—Pd1—P1 = 95.79(3).

product from the three possible, cis-, trans-alkenes and alkanes,
respectively (Scheme 1).

Transition-metal catalyzed hydrogenation of alkynes to al-
kenes and alkanes is one of the most important reactions in
organic chemistry.'" It is particularly relevant for the synthesis of
biologically important molecules such as natural products, phar-
maceuticals, and fragrance chemicals, since many of these
molecules incorporate carbon—carbon double bonds with de-
fined Z or E conﬁgurations.12 This transformation has been
accomplished by using h?fdrogen gas in the presence of either
a heterogeneous catalyst'> such as Raney Ni, Lindlar catalyst,
Pd/C, or a homogeneous catalystl4 of Rh, Ru, or Ir complexes.
However, this method often suffers from the lack of chemo- and
stereoselectivity arising from the cis/trans interconversion of the
alkenes and the over-reduction of the resulted alkenes to alkanes.
Low tolerance with functionalities such as carbonyl, formyl, nitro
groups, and C—X bonds (X = O, N, C|, etc.) due to the
competitive hydrogenolysis also narrows its generality. Instead of
hydrogen gas, alkynes could also be hydrogenated by using
ammonium formate in the presence of a palladium catalyst."> Heck
first explored the Pd/C catalyzed heterogeneous transfer hydro-
genation of a few alkynes using ammonium formate in 1970s"*"
and Sato described the hydrogenation of aliphatic alkynes to
alkenes using a palladium(0) complex catalyst."> Very recently,
Elsevier reported the highly selective hydrogenation of alkynes by
employing a Pd(0) N-heterocyclic carbene complex'*® and stu-
died its mechanism in detail.">® However, ammonium formate,
rather than the simple formic acid, was employed in these reactions
which took place via a different mechanism (vide infra). In
addition, only cis-alkenes were produced selectively from these
reactions.

B RESULTS AND DISCUSSION

Facile Hydropalladation of Alkynes with Acetic Acid and
Pd(PEts),. When acetic acid (0.5 mmol) was added to a solution
of PA(PEt;)4 (0.1 mmol) and diphenylacetylene 1a (0.1 mmol)
in C4¢Dg (0.5 mL) at room temperature, the color of the solution
immediately turned from brown to colorless (eq 2). As followed

Figure 2. ORTEP drawing of alkenylpalladium 2b. Hydrogen atoms are
omitted for clarity; ellipsoids are drawn at 50% probability. Selected bond
lengths (A) and angles (deg): C1—Pd1 = 2.008(3), C1—C8 = 1.3339(6),
Pd1—-0O1 = 2.122(2), Pd1—P1 = 2.3197(9), Pd1—P2 = 2.3299(8),
C8—Cl1—Pdl = 121.4(3), C1-Pd1—P1 = 92.3(1), C1—Pd1—-P2 =
88.4(1), O1—Pd1—P1 = 85.24(7).

by "H NMR and *'P NMR spectroscopies, the starting materials
la and Pd(PEt;), were consumed after 20 h at room tempera-
ture, while a characteristic alkenyl proton signal was clearly
observed at 6.70 ppm, indicative of the formation of an alkenyl-
palladium species. Removal of the volatiles in vacuo afforded 2a
as a white solid, which was recrystallized from toluene—hexane at
—30 °C to give crystals suitable for X-ray analysis. The ORTEP
drawing as depicted in Figure 1 unambiguously reveals the trans
geometry of the carbon—carbon double bond as well as the trans
geometry on Pd, showing that this hydropalladation of the triple
bond is highly stereoselective. The Pd atom in 2a adopts a
square-planar coordination geometry which is ligated by two
PEt; in a trans manner. The five atoms Pd1, C1, C2, C8,and C9
are not coplanar. C1, C2, C8, and C9 adopt a dihedral angle of
10.6(3)°, while the dihedral angle of Pd1, C1, C8, and C9 is
170.7(1)°. Interestingly, although complex 2a is stable in the
presence of an extra PEts;, the isolated pure 2a gradually
isomerizes to 2a’ bearing cis geometry on the carbon—carbon
double bond (% conversion of 2a to 2a’: 25 °C, 14 d, 17%; 60 °C,
2 h, 20%).'°
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It is worth noting that complex 2a is the first example of an
alkenylpalladium complex generated via the direct hydropallada-
tion of an alkyne with a carboxylic acid. This finding provides
the first clear answer to the long proposed reaction mechanism
involving a catalyst of a Br¢nsted acid and a palladium(0)
complex.'

Remarkably, the hydropalladation of alkynes also took place
highly regioselectively. Under similar reaction conditions, when a
terminal alkyne, phenylacetylene (1b), was used as the substrate,
the exclusive formation of the Markovnikov-type complex 2b
with palladium bonding to the internal carbon of the double
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Table 1. Facile Hydrometalation of Diphenylacetylene with

M(PEt;), (M = Ni, Pd, Pt)*

M(PEt
( K 3k Ph Ph
RCPZH _PEt,
Ph———pPh  CeDs 25°C EtzP7
1a 8 , OC(OR
M(PEt;) 4 RCO,H isolated yield of 2
Ni(PEt;), AcOH 2¢, 70% (X-ray)”
Pd(PEts), AcOH 2a, 85% (X-ray)
CF;CO,H 2d, 84%
PhCO,H 2e, 90%
Pt(PEt;), AcOH 2f, 76% (X-ray)"

“Reaction conditions: RCO,H was added to an equimolar mixture of
M(PEt;), and diphenylacetylene la in C¢Dg at room temperature.
Complex 2 was isolated by recrystallization from hexane—toluene at
—30 °C. "Conducted in the absence of solvent. ‘See Supporting
Information for X-ray data.

bond was observed (eq 3). 2b was isolated as a white solid in 80%
yield and its structure was also unambiguously confirmed by an

X-ray crystallographic analysis (Figure 2).
Ph% _PEt,
Pd
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Selective Hydrometalation of Alkynes with a Combina-
tion of Carboxylic Acids and Group 10 Transition Metal (0)
Complexes M(PEts), (M = Ni, Pd, Pt): A General Phenomen-
on. As shown in Table 1, a systematic study on the reactions
of group 10 transition metal (0) complexes with alkynes in
the presence of carboxylic acids was carried out, which
revealed that this hydrometalation of alkynes with car-
boxylic acids was a rather general reaction for group 10
transition metal (0) complexes M(PEt;), (M = Ni, Pd, Pt)
(Table 1). Thus, in addition to acetic acid, under similar
reaction conditions described for eq 2, Pd(PEt;), also
readily reacted with benzoylic acid and the strong trifluor-
oacetic acid at room temperature to produce the corre-
sponding alkenylpalladium complexes in high yields. The
corresponding platinum (0) complex Pt(PEt;), was found
as reactive as Pd(PEt;), in the reaction with diphenylacety-
lene and acetic acid to give the corresponding alkenylplatinum
complex 2f at room temperature in high yields. Compared to
its palladium and platinum counterparts that are stable at
room temperature, alkenylnickel complex 2¢ decomposes at
room temperature in solution which prevents its isolation
from the mixture. Fortunately, we found that, in the absence of
a solvent, the reaction of Ni(PEt;), with diphenylacetylene
and acetic acid also proceeded readily from which complex 2¢
gradually precipitated out as red solids (Figure 3). Noted that,
in addition to that of complex 2a, the structures of complexes
2¢ and 2f were also unambiguously determined by X-ray
analysis.

As to the regioselectivity of this hydrometalation, it was
shown that, in addition to acetic acid, the reactions of
phenylacetylene and Pd(PEt;), with both benzoylic acid and
trifluoroacetic acid all could produce highly regioselectively

c13

Figure 3. ORTEP drawing of alkenylnickel 2c. Hydrogen atoms are
omitted for clarity; ellipsoids are drawn at 50% probability. Selected
bond lengths (A) and angles (deg): C1—Nil = 1.906(1), C1-C8 =
1.350(2), Nil—O1 = 1.9203(8), Nil—P1 = 2.2286(4), Nil—P2 =
2.2250(4), C8—C1—Nil = 12523(9), C1-Nil—P1 = 90.40(3),
C1—Nil—P2 = 88.67(3), O1—Nil—P1 = 89.38(3).

Scheme 2. Reaction Path to Complex 2
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the corresponding alkenylmetal complexes with palladium bond-
ing to the internal carbon of the alkyne (eq 4).
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Hydridometal M—H Formation vs Alkyne Coordination to
M(PEt3), (M = Ni, Pd, Pt): The Real Reaction Path to Alke-
nylmetals 2. Activation of an H-heteroatom bond by the
oxidative addition of H-heteroatom bond to a transition metal
is known as an essential step for the metal catalyzed addition
reactions.'” Because of its similarity to the generally proposed
mechanism for transition metal-catalyzed H-heteroatom bond
addition reactions to carbon—carbon unsaturated bonds, the
oxidative addition of AcOH to Pd(0) generating the hydrido-
palladium complexes 3 is also commonly accepted as a key
reaction for the formation of the alkenylpalladium complex 2,
although there is a lack of experimental evidence."®*" Thus, it
was thoroughly interpreted that complex 3 reacted with diphe-
nylacetylene via the H—Pd bond cis-addition (hydropalladation)
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Scheme 3. Reaction Path to Complex 2f
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to produce complex 2 (route a, Scheme 2)."* Although this
mechanism (route a) can explain the experiment’s results
observed so far," as described below, it is probably not the true
reaction path. The real reaction path seems to be route b, via
first a coordination of an alkyne with palladium generating an
alkyne complex 4 which then reacts with acetic acid to produce
complex 2.

This phenomenon was accidently found during the prepara-
tion of complex 2f by changing the addition sequence of the
substrates. Thus, it was found that while the addition of acetic
acid to a mixture of Pt(PEt;), and diphenylacetylene could
produce the alkenyl complex 2f readily at room temperature,
the addition of diphenylacetylene to a mixture of Pt(PEt;),
and acetic acid could not produce 2f even at an elevated
temperature (60—100 °C). Separate experiments showed that
protonation of Pt(PEt;), by AcOH took place readily to
produce a hydridoplatinum complex 3a quantitatively after
1 h.”'® However, no reaction took place between complex 3a
and diphenylacetylene at room temperature for 20 h or under
an elevated temperature (60—100 °C) for another 10 h.
On the other hand, an alkyne coordinated complex 4a was
also readily generated by mixing Pt(PEt;), with diphenyl-
acetylene."” This complex 4a reacted readily at room tem-
perature with acetic acid to produce the alkenylplatinum
complex 2f in 80% yield (Scheme 3).'° Therefore, the experi-
ments shown in Scheme 3 could exclude the possibility for
route a as a possible path to 2f, indicating that route b is the
true reaction path for its formation.*

Selective Hydrogenation of Alkynes with Formic Acid.
For a similar reaction shown in eq 2 by using formic acid as
the substrate, the corresponding alkenylpalladium complex
could not be isolated, probably because of the easy decom-
position of the resulted complex.>' Thus, when acetic acid
was replaced by formic acid, the reaction of la with
Pd(PEt;), did not produce the corresponding alkenyl-
palladium complex, but remarkably afforded a reduction
I()mdl;%fj cis-stilbene ((Z)-5a) in 97% yield exclusively

eq ).

Ph Ph

_ h  Ph
1a + HCO.H + Pd(PEty), ——— PEt \—=/
: (PR T r e P60, ®)
25°C Et;P \och (Z)-5a

On the basis of this observation, catalytic hydrogenation
of alkynes with formic acid was subsequently investigated.
This leads to the successful disclosure of an unpreced-
ented controllable hydrogenation process of alkynes with
simple formic acid that can selectively produce either

cis-, trans-alkenes or alkanes, by slightly tuning the reaction
conditions (eq 6).*

dppb
HCO,H Ph  Ph
condition A (2y5a ZIE=97/3
dppb
Pd,dbag/L ag. HCO,H

(E)-5a ZIE < 1/99

dioxane, 80 °C condition B

CY3P
HCO,H
- 2 Ph/\/ Ph
condition C 6a

Thus, a preliminary examination on the reaction of la with
formic acid (2 equiv) in dioxane at 80 °C catalyzed by Pd(PPhs),
(5 mol %) showed that hydrogenation proceeded readily to give
the partially reduced cis and trans mixture of stilbene quantita-
tively after S h (Z/E = 87/13). An extensive screening2 on the
optimization of the reaction conditions successfully revealed that
the selectivity to (Z)-Sa could be significantly improved when
dppb (dppb = 1,4-bis(diphenylphosphino)butane) was used as
the ligand. Thus, when la (0.2 mmol) and formic acid (0.4
mmol) were heated in dioxane at 80 °C for 15 h in the presence
of 1 mol % of Pd,dba; and 4 mol % of dppb, (Z)-5a was obtained
in 97% vyield with a Z/E ratio up to 98/2 as confirmed by GC
(condition A). Worth noting is that the ratio of dppb to Pd,dba;
(Pd/P = 1/4) is also crucial for the high stereoselectivity. With a
decreasing amount of dppb (Pd/P = 1:2), the stereoselectivity
became low (Z/E: 72/28 for S h, 11/89 for 20 h).24 Surprisingly,
when a similar reaction was conducted using 25% aqueous formic
acid, a dramatic reversal of the stereoselectivity was achieved to
afford (E)-Sa exclusively. For example, under similar reaction
conditions, 1a (0.2 mmol) and 25% aqueous formic acid (0.6
mmol) in dioxane were heated at 80 °C for 10 h in the presence
of 1 mol % Pd,dba; and 2 mol % dppb (condition B) to produce
(E)-Sa exclusively in 92% isolated yield. Although the exact
mechanism was not clear, this unexpected finding undoubtedly
allowed a direct conversion of alkynes to alkenes with E-config-
uration. More surprisingly, a complete hydrogenation of 1a to
the saturated hydrocarbon 1,2-diphenylethane (7a) could also be
selectively achieved when tricyclohexylphosphine (CysP) was
used as the ligand. Thus, 1a (0.2 mmol) and formic acid (0.6
mmol) mixed in dioxane were heated at 80 °C for 3 h in the
presence of palladium catalyst (1 mol % Pd,dbas, 4 mol % Cy;P)
(condition C) to produce 6a exclusively in 96% yield.

The results complied in Table 2 show that a variety of alkynes,
both terminal and internal, were readily reduced to the corre-
sponding alkenes in high yields with high chemo- and stereo-
selectivity. Worth noting particularly is that the reaction features
a wide tolerance to a variety of functional groups which could be
hardly achieved by hydrogenation reactions with hydrogen gas.
As illustrated in entries 3—8 and 12—15, a lot of valuable
functionalities such as carbonyl, formyl, chloro,” and even nitro
groups were all tolerable under the present conditions. Note-
worthy, benzyloxyl group that can be easily hydrogenolyzed also
survived as exemplified by the reaction of 1-(benzyloxy)-3-
ethynylbenzene (entry 8). The reaction of 3-ethynylaniline with
formic acid, however, is slightly complicated since formylation of
the amino group occurred to some extent to produce a mixture of
products. These side reactions could be suppressed by adding
2.5 equiv of Et;N to facilitate the formation of Sf (entry S).
When 3-ethynylphenol was employed, the reaction proceeded
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Table 2. Pd(0)-Catalyzed Selective Hydrogenation of
Alkynes to Alkenes with Formic Acid”

ic aci R! R? 1
Rl_— R? formic acid/Pd(0) . . R\/\RZ
(2)-5 (E)-5
entry alkyne 1 5, yield” (%), (ZIE ¢
1 R—
R = CH3(CHz)12 5b, 959
Ph 5¢, 90¢
m-HCOCgH, 5d, 85¢
4 p-NO,CgH, 5e, 93
5 m-NH206H4 5f, 90
6 p-CH3C(O)NHCgH, 5g, 96
7 m-HOCgH, 5h, 91
8 m-BnOCgH,4 5i, 89
9 @—: 5j, 91
Fe
10 n-CeHys Ph (Z)-5k, 93 (95/5)
11 (E)-5k, 95 (27/73)f
12 p-CICgH, Ph (2)-8191 (99/1)
13 (E)-51, 90 (<1/99)
14 p-MeC(O)C¢Hs—=—=Ph (Z)-5m, 95 (99/1)
15 (E)-5m, 91 (<1/99)
16 - (Z,Z)-5n, 98 (97/3)

. = ="

o)
18 Ph—<: >—Bi
19 o)

(E,E)-5n, 85 (<1/99)¢

(2)-50, 96 (98/2)
(E)-50, 95 (<1/99)

20 — 7)-5p, 89 (95/5

pMeCO)CH,—— (2)-5p, 89 (95/5)
21 N (E)-5p, 94 (<1/99)
22 EtO,C—=—Ph (2)-5q, 90 (98/2)"
23 (E)-5q, 95 (1/99)

h

24 MeOC—=—\ (2)-5r, 90 (>99/1)
25 (E)-5r, 93 (<1/99)
26

n-CsHis—==—C/Hsn 5s, 95 (61/39)
e 5s, 88 (31/69)

i

28 Bu—— pn 5t,55 (91/8)
2 5t, 83 (70/30y
30 TMS Ph complicated®

“ Conditions for entries 1—9: 1 mol % Pd(Ph;P),, HCO,H (2 equiv), 80
°C, 3 h. Conditions for entries 10—29: unless otherwise noted condition
A for (Z)-alkenes and condition B for (E) alkenes. " Isolated yields unless
other\mse noted.  Determined by "H NMR unless otherwise noted.

1GC yields. “A total of 2.5 equiv of Et;N was added. /Determined by
GC. Four equivalents of HCOZH was used. ¢ Conditions: 6 equiv of 25%
aqueous formic acid, 48 h. " Conditions: 3 h. ' Determined by GC. 44%
starting alkyne remained. / Determined by GC. 17% starting alkyne
remained ¥ C—Si cleavage took place under these conditions giving a
mixture of styrene, Z/E-trimethyl(styryl)silane and ethylbenzene. Con-
dition A: 12% styrene, 10% Z/E-trimethyl(styryl)silane (Z/E = 30/70),
14% ethylbenzene; Condition B: 20% styrene, 21% Z/E-trimethyl-
(styryl)silane (Z/E = 0/100), 59% ethylbenzene.

smoothly to give Sh in 91% yield without formylation of the
hydroxyl group (entry 7). The expected product Sg was also

Table 3. Pd(0)-Catalyzed Selective Hydrogenation of
Alkynes to Alkanes with Formic Acid®

formic acid
1 mol% Pd,dbag

Rl—— R2 4 mol% Cy3P Rl._~R?
dioxane, 80 °C 6
entry alkyne 1 6, yield (%)"
1 R', R = H, CH;(CH,),, 6b, 95°
2 R'R*=H, Ph 6¢, 99°
3 R',R* = H, p-HCOC4H, 6d, 90°
4 R', R* = H, p-CH;C(O)NHC4H, 6e, 94
5 RY, R* = H, m-HOC4H, 6f, 93
6 R', R* = H, m-BnOC¢H, 6g, 95
7 R', R* = p-MeCOCgH,, p-MeC4H, 6h, 95
38 R', R* = Ph, p-BpinC4H, 6i, 95
9 R', R* = Ph, n-C¢H,;3 6j, 96
10 R', R* = Ph, CO,Et 6k, 99
11 R'=R*=n-C,Hs 61,90
12 R, R* = n-CsH;;, CO,Me 6m, 91
13 R', R* = PhCCC¢H,, Ph 6n, 90°
14 R', R? = H, p-NO,CgH, 60, 85
15 R', R = Ph, p-CIC4H, 6p, 29°
16 R', R? = t-By, Ph 6q, 43°

“ Conditions: 1 mol % Pd,(dba)s, 4 mol % Cy;P, ag. HCOZH (3 equlv)
80 °C, 3—5 h. "Isolated yields unless otherwise noted. * GC yleld GC
yield; 4% yield of (4- ethylphenyl)methanol was also detected.  Condi-
tions; 6.0 equivaq HCO,H. fSeven percent yield of 4-ethylaniline was
formed. # Determined by GC. Fifty-seven percent (E)-5t was formed.

obtained in high yield when N-(4-ethynylphenyl)acetamide
was used, and the possible transformylation was not observed
(entry 6). In addition, boronic ester group was also compatible
with the current Pd-catalyzed hydrogenation (entries 18 and 19).
High chemo- and stereoselectivity were achieved for hydrogena-
tion of internal alkynes under the catalysis of Pd,dba; and dppb
to selectively produce both (Z) (condition A) and (E)-alkenes
(condition B). Thus, by using condition A, a combination of
1 mol % of Pd,dba; and 4 mol % of dppb efficiently catalyzed the
reaction of 1-chloro-4-(phenylethynyl) benzene with formic acid
to afford (Z)-51in 91% yield with a Z/E ratio up to 99/1 (entry
12). On the other hand, the use of 25% aqueous formic acid with
1 mol % of Pd,dbas and 2 mol % of dppb (condition B) produced
(E)-sl in high yield selectively (entry 13).>° It should be
mentioned that 4-acetylphenyl(phenyl)acetylene, which showed
low chemoselectivity in Elseviers system producing 2 rmxture of
(Z)-5m and over-reduced product in a ratio of 69:31," 4 was also
successfully reduced to (Z)-5m and (E)-5m, respectively, with
excellent stereoselectivity (entries 14 and 15). The expected
products (Z)-5p and (E)-Sp were also obtained stereoselectively
in high yields from a substrate bearing a pyridinyl group 1-
(4-(pyridin-2-ylethynyl)phenyl)ethanone, implying that the re-
actions could be used for the synthesis of C,-tethered hetero-
cyclic compounds (entries 20 and 21). Although sluggishly due
to steric bulkiness, the reaction of tert-butylphenylacetylene with
formic acid also took place under conditions A and B to pro-
duce St in 55% and 83% yield, respectively, whereas phenyl-
(trimethylsilyl)ethyne could not produce the corresponding
silylalkenyl products satisfactorily (entry 30). Finally, carboxylate
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alkynes ethyl 3-phenylpropiolate and methyl oct-3-ynoate were
also proved to be good substrates for the current transformation
(entries 22—25). However, an aliphatic-aromatic internal alkyne
hex-1-ynylbenzene (entries 11) gave 73% selectivity of the trans
isomer under condition B. The Z/E selectivities for an aliphatic-
aliphatic internal alkyne 8-hexadecyne (entries 26 and 27) were
not very high either.

As shown in Table 3, a complete reduction of the alkynes to
the saturated alkanes was achieved by employing reaction con-
dition C. The reaction also proceeded with good chemoselec-
tivity. Functionalities such as acyl, carboxylic ester, boronic ester,
and acylamino group were all well tolerated. Noteworthy, the
C—O bond of benzyl ether, as exemplified in entry 6, also
survived after reduction. Although the competitive reductions
of formyl and nitro groups were observed when 4-ethynylben-
zaldehyde and 4-nitrophenylacetylene were used as substrates,
the selectivity to the desired alkanes was also satisfactory (entries
3 and 14). However, this reduction was not satisfactorily applic-
able to 1-chloro-4-(phenylethynyl)benzene (entry 15) under
condition C, presumably because of the deactivation of the
catalyst during the reaction of C—Cl bond with the Pd-PCys;
catalyst.® On the other hand, the reduction of the bulky tert-
butylphenylacetylene proceeded slowly to produce the corre-
sponding alkane in 43% yield.

Mechanistic Aspects of the Selective Hydrogenation.
Mechanism studies on transition-metal catalyzed homogeneous
hydrogenation of alkynes with formic acid or formates are
rare.”””” Puddephatt reported that diruthenium (0) complex
decomposes formic acid to CO, and hydrogen, which then
slowly hydrogenated alkynes.*** As for the Pd-catalyzed hydro-
genation of alkynes with formates, most of them were explained
based on an empirical hypothesis consisting of oxidative addition
of the O—H bond, migratory insertion of the hydride into the Pd-
alkyne bond, decarboxylation, and reductive elimination.'>%**
Recently, Elsevier studied the mechanism of the highly selective
hydrogenation of alkynes catalyzed by a Pd(0) N-heterocyclic
carbene complex using ammonium formate as hydrogen donor
in detail."** They proposed a mechanism involving hydrogen
transfer from coordinated formate anion to a Pd(0) N-hetero-
cyclic carbene complex and subsequent migratory insertion of
hydride to alkyne to form a vinyl palladium (0) anion which
undergoes protonolysis to give cis-alkenes.

On the basis of our findings, the current reduction of an alkyne
to a cis-alkene with formic acid can be clearly rationalized to take

place via a catalytic cycle involving hydropalladation of the triple
bond with formic acid to produce alkenenylpalladium species 2
followed by subsequent decarboxylation and reductive elimina-
tion to afford the cis products (Z)-S (Scheme 4). A labeling
experiment using O-deuterium formic acid produced monodeut-
erated cis-stilbene ((Z)-5a-d,) in 95% yield (D incorporation: ca.
95%), clearly indicative of the origin of the hydrogen atoms
(eq 7).

1 mol% Pda(dba)s

o D 95%D
ta + Hoo,p _4Mo%dppb r_n°M’dppbo — %)
2 equiv dioxane, 80 °C PH Ph
0,
9% (2)-5a-d,

As to the mechanisms for the production of trans-alkene, we
assume that there are two possible reaction paths for its genera-
tion: isomerization of the cis-alkene 5 (path a) and isomerization
of 2 (path b). A separate experiment showed that path a could
take place in the presence of aqueous formic acid and Pd,dba;/
dppp.*”*° However, path b should be a major route, especially in
case of alkyl internal alkynes, because easy isomerization of 2 to
2/ is clearly evidenced in the absence of an extra phosphine (eq 2)
and, more importantly, only a trace amount of other regioi-
somers of olefins by the double bond shift could be detected
from the reactions, a result which could be hardly explained by
path a.>! The use of tricyclohexylphosphine which is known to
be capable of preventing the f—H elimination in palladium
catalyzed reactions®” can facilitate the reduction of the double
bonds of the alkenes via a process of insertion of the H—Pd
species to the double bond, decarboxylation, and reductive
elimination, therefore, enabling a full hydrogenation of alkynes
(Scheme 4). Indeed, under condition C, styrene could be
converted to ethylbenzene quantitatively.

B SUMMARY

In conclusion, for the first time, a facile hydrometalation of
alkynes with a combination of carboxylic acids and group 10
transition metal complexes M(PEt;), (M = Ni, Pd, Pt) to afford
fully characterized alkenylmetals was revealed. This finding
provides direct proof for the reaction mechanism involving
the combination of carboxylic acid and zerovalent palladium
catalyst. On the basis of this finding, an unprecedented con-
trollable hydrogenation of alkynes with formic acid was devel-
oped to selectively produce cis-, trans-alkenes and alkanes by
slightly tuning the conditions.
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