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Abstract

The carbonylative coupling of 1-heptynkaj with aniline a) has been successfully achieved in the presence of PdfOAc)
and a suitable bidentate phosphine ligand and solventg@éinex,3-unsaturated amideéa) was formed as a predominant
product in the presence of the catalytic system Pd(@A¢3-bis(diphenylphosphino)propane (dppeidluenesulfonic acid
(p-TsOH)/CO in THF as a solvent. While the use Pd(QAahd 1,4-bis(diphenylphosphino)butane (dppb), under syngas
(CO/Hy) conditions and in ChICl, as a solvent, affords thteans-a,g-unsaturated amidd#a) as the major product. A minor
cyclic product 6aa) was formed via the double carbonylation reaction. The regioselective carbonylative coupling reaction
was also successfully appliedbmethyl aniline 2b) with 1-heptyne {a) producing excellent yields of tertiary unsaturated
amides.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction or substituted acrylic acifft]. The direct synthesis of
2-substituted acrylamides, important intermediates for
The chemistry of saturated and unsaturated amidespolymer synthesig5], from alkynes and amines, has
is still very attractive to both industry and academia earlier been reported using nick@,7], cobalt[8,9]
due to the great importance of these organic com- and palladiunf10,11] complexes.
pounds for academic research and industrial purposes Palladium complexes have been widely used in
[1]. The use of transition metal complexes in carbony- the carbonylation due to their high reactivity and
lation chemistry represents a simple and efficient route selectivity. For example, the branched and linear
for the production of various carbonyl compounds o,3-unsaturated acids and their derivatives were pro-
[2,3]. The classical method for the synthesid\baryl duced by the palladium(ll)-catalyzed carbonylation of
acrylamides was usually achieved by the reaction of alkynes where the regioselectivity depends strongly
aromatic amines with 2-subtituted acryloyl chlorides on the catalytic system and the reaction conditions
[12-18] However, the branchedy,p-unsaturated
* Corresponding author. Fax:966-3-8604277. acids or esters were formed as the major products in
E-mail address: belali@kfupm.edu.sa (B. El Ali). the most of cases.
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The carbonylation of alkynes into lineas,B- spectrometer and are reported in wave numbers
unsaturated acid derivatives as the major products (cm~?1). Gas chromatography (GC) analyses were re-
by palladium catalysts have not been largely re- alized on HP 6890 plus chromatography. Thin-layer
ported[19-21] For example, a high selectivity (81%) chromatography (TLC) analyses were performed
of trans-methyl-2-octenoate (a lineat,3-unsaturated  on silica gel Merck 60 F254 plates (2p®n layer
ester) was obtained by the carbonylation of 1-heptyne thickness).
using Pd(1)/Sn(I1)/PPk [19]. Also Pd(dbay/1,4-bis-

(diphenylphosphino)butane (dppb) was claimed to 2.2, General procedure for the carbonylative
catalyze the carbonylation of terminal alkynes in coupling of terminal alkyl alkynes with

the presence of formate esters producing the linear gniline derivatives

a,B-unsaturated esters as the major prody2.

Whereas Inoue and co-workers have used the pal- A mixture of Pd(OAc) (0.02mmol), 1,3-bis(dip-
ladium cationic complex [Pd(dppf)(PhCN{BFa4)2 henylphosphino)propane  (dppp; 0.04mmol) or
to catalyze the carbonylation of terminal alkynes af- gpph (0.08 mmol) p-toluenesulfonic acid tTsOH;
fording predominately the linear carboxylic esters g 12 mmol if used), 1-heptyne (2.0mmol) and ani-
[21]. Recently, we have described a new method [jne (2.0mmol) in 10 ml THF (or 10 ml CbCl) was
for the production of lineara,-unsaturated acid  placed in the glass liner, equipped with a stirring bar,
derivatives via the hydroesterification and the thio- fitted in a 45ml Parr autoclave. The autoclave was
carbonylation of various terminal alkynes in the pres- yented three times with CO and then pressurized at
ence of the catalytic system Pd(OAk)ppb/CO/H room temperature with 100 psi CO only in the system
[22,23] A (or pressurized with 300 psi CO and 300 psi id

In this paper, we wish to report our study on the the system B). The mixture was stirred and heated
regioselective control of the catalytic synthesis of for the required time. After cooling, the pressure was
gem+ and trans-o,B-unsaturated amides via the car- rejeased, the reaction mixture filtered and the sol-
bonylative coupling of 1-heptynelq) and aniline  yent was removed. The products were separated by
(2a). The effects of catalyst, ligand, solvent and other preparative TLC (petroleum ether/acetone 10/1). The

reaction parameters have been carefully studied in products were identified bH and?3C NMR, FT-IR,
order to control the regioselectivity of the reaction to- Gc—MC and elemental analysis.

ward thegem- or trans-a,B-unsaturated amideSda

or 4aa). N-Methyl aniline @b) was also used as an 2.3, Sectra and analytical data for the

aniline derivative to prod_uce the tertiage_m— z_ind synthesized o, B-unsaturated amides
trans-o,B-unsaturated amides34b or 4ab) in high

isolated yields and selectivity. 2.3.1. N-Phenyl-2-pentylpropeneanide (3aa)

2. Experimental CH,

NH
2.1. Introduction ©/

(o]
Aniline derivatives, alkynes, palladium catalysts,

phosphine ligands and carboxylic acids are highly ~ White crystal. mp. = 59.6°. IR v (cm™1) KBr:
pure commercially available materials and were used 1656 (CO)*H NMR § (ppm) CDCh: 0.90 (t, 3H,J =
without any further purification. Dry solvents have 6.7 Hz, CHCHjs), 1.31 (m, 4H, CHICH2(CH>)2CHj3),
been used in all experiment$d and3C NMR spectra  1.59 (m, 2H, CHCH>CHo,CH,CH,), 2.38 (t, 2H,
were recorded on 500 MHz Joel 1500 NMR machine. J = 7.9Hz, GGCCH,CHy), 5.36 (s, 1H, GCHy),
Chemical shifts ) were reported in ppm relative 5.68 (s, 1H, GCHy), 7.08-7.58 (m, 5H, €Hs), 7.74

to tetramethyl silane (TMS) using CDEIIR spec- (s, 1H, NH. 13C NMR § (ppm) CDCk: 14.03, 22.46,
tra were recorded on Perkin-Elmer 16F PC FT-TR 27.82, 31.46 32.42, 117.66, 120.05, 124.34, 128.97,
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137.92, 146.49, 167.28 (CO)/z 217 (M™T), Anal.
calcd. for G4H19NO: C, 77.38; H, 8.81; N, 6.45.
Found: C, 77.51; H, 8.63; N, 6.49.

2.3.2. (E)-N-Phenyl-2-octenamide (4aa)

@NHY\/W

o

Qil. IR neatv (cm™1): 1666 (CO)XH NMR § (ppm)
CDClz: 0.90 (t, 3H,J = 6.7 Hz, CH,CHg), 1.31 (m,
4H, CHyCHg), 1.71 (m, 4H, CH(CH,),CH,CHy),
2.12(q, CHCHCHp), 5.91-5.94 (d, 1H, CHCH-CO,

J = 1525Hz), 6.92-6.95 (m, 1H, GFCH-CO),
7.09-7.70 (m, 5H+ 1H, CgHs + NH). 1°C NMR

8 (ppm) CDCh: 13.81, 22.29, 22.38, 27.8, 31.19,
31.53, 31.99, 34.44, 121.48, 123.72, 129.00, 136.00,
146.75, 164.80 (CO)/z 217 (M™). Anal. calcd. for
C14H19NO: C, 77.38; H, 8.81; N, 6.45. Found: C,
77.31; H, 8.93; N, 6.47.

2.3.3. N,N-Methyl phenyl-2-pentylpropeneamide
(3ab)

(]:H-_, CH,
PN N\(HJ\/\A
O 1

Qil. IR (neat)v (cm™1): 1640 (CO).1H NMR §
(ppm) CDCh: 0.86 (t, 3H,J = 7.3Hz, CHCHjz),
1.17-1.40 (m, 6H, CH{CH,)3CHs), 2.05 (t, 2H,
J = 7.95Hz, G=CCH,), 3.35 (s, 3H, N-CH), 5.03
(s, 2H, G=CH,), 7.13-7.35 (m, 5H, €Hs). 13C
NMR § (ppm) CDChk: 13.97, 22.41, 27.14, 31.37,

33.67,37.79,117.97, 126.76, 126.84, 129.12, 144.49,

145.36, 171.87 (CO)z 231 (M™). Anal. calcd. for
Ci1s5H21NO: C, 77.88; H, 9.15; N, 6.05. Found: C,
77.95; H, 9.35; N, 6.19.

2.3.4. N,N-Methyl phenyl-2-octeneamide (4ab)

19

Oil. IR (neat) v (cm™1): 1650 (CO).'H NMR
3 (ppm) CDCh: 0.76 (t, 3H, J 7.05Hz,
CH3CH,), 1.16 (m, 4H, CHCH,CHz), 1.24 (m, 2H,
CHoCH,CHy), 1.94 (t, 2H,J = 7.95Hz, CHCH),
3.24 (s, 3H, NCH), 5.62 (d, 1H, COCRCHCHj,
J 15.25Hz), 6.81 (m, 1H, COCHCHCH,),
7.04-7.32 (m, 5H, gHs). 13C NMR § (ppm) CDCE:
13.64, 22.03, 27.57, 30.89, 31.83, 37.05, 121.21,
126.99, 128.85, 129.18, 166.0%/z 231 M™*). Anal.
calcd. for GsH21NO: C, 77.88; H, 9.15; N, 6.05.
Found: C, 77.65; H, 9.22; N, 6.25.

2.3.5. N-Phenyl-«o-butylsuccinimide (5aa)

o
\
th)\]AN
\/]/
o

Oil. IR (neat) v (cm™1): 1706 and 1774 (CO).
1H NMR § (ppm) CDCh: 0.91 (t, 3H,J = 6.7 Hz,
CHCHg), 1.35 (m, 2H, CHCHs), 1.45 (m, 2H,
CH,CH,CH3), 1.65 (m, 4H, CHCHCH,CH),
2.55-2.60 (dd, 1HJ; = 4.25Hz, J, = 3.15Hz,
CHCHp), 2.95-2.99 (m, CKH), 3.01-3.05 (d,
CHCH,, J = 9.15Hz), 7.08-7.58 (m, 5H, ¢kis).
13C NMR § (ppm) CDCh: 13.98, 22.44, 26.35, 31.49,
34.58, 40.06, 122.50, 126.45, 128.58, 129.18, 132.04,
175.66, 179.23m/z 245 (M1).

3. Results and discussion

The synthesis ofgem or trans-a,B-unsaturated
amides was achieved by the direct carbonylative cou-
pling of terminal aliphatic alkynel@) with aniline
(2a) using the system C@/TsOH/THF or CO/H/
CHoCls. 1-Heptyne {a) and aniline a) were used as
model substrates to determine the optimum reaction
conditions of the carbonylative coupling. The major
products of the reaction ag-phenyl-2-pentylprope-
neamide 8aa) and €)-N-phenyl-2-octenamidetéa).

A small amount of the cyclic productSda) was
detected in the reaction mixture under some experi-
mental conditionsk&q. (1).
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H_ _H H\C/CsHﬂ
| vl
[Pd), Ligand [ I . f‘q i
CsH11-C=CH + Ph-NH, + COJ/additive —— » N c— ~
511 2 Solvent ph” e CsHyq Ph” \ﬁ/ H
1a 100- 600 psi Il
2a 110-120°C o °©
3-16h
gem (3aa) trans (4aa)
o]
+ NPh
CsHys
cyclic (5aa) (1)
3.1. Effect of the type of palladium complex The catalytic systems considered hereafter are de-

noted as A and B and consist of the following:

The presence of the metal catalyst is essential for | system A= Pd/dppp/THRs-TSOH/CO/120C/6 h;

the catalytic carbonylation of alkynes. Among the | system B= Pd/dppb/CHCI,/CO/Hy/110°C/16 h.
various transition metals used in the chemistry of

carbonylation, palladium(0) and palladium(ll) com- Pd(OAc) showed the highest catalytic in the re-
plexes showed the highest catalytic activity in the action of carbonylative coupling of 1-heptynéaf
hydrocarboxylation reactions of alkenes and alkynes with aniline 2a) to produce selectively thgem- or
[2,10-12,21-23]We have considered various palla- trans-o,p-unsaturated amide3ga or 4aa) among
dium complexes in the reaction of carbonylative cou- the palladium catalysts employed. No reaction was
pling of 1-heptyne 1a) and aniline 2a). The results observed under the experimental conditions of the
are summarized iffables 1 and 2 system A but in the absence of eithesTSOH or

Table 1
Palladium(ll)-catalyzed carbonylative coupling of 1-heptyfe) (o aniline @a). Effect of the type of palladium catalyst on the total yield
and the selectivity oBaa®

Entry Catalyst CO (psi) Additives Yield (%) Selectivity Gaa/daa, %)°
1 Pd(OAc) 100 - Traces -

2d Pd(OAc) 100 p-TsOH 94 95/5
3 Pd(OAc) 300 - 90 82/18
4 PdCh 100 p-TsOH 13 100/0
5 PdCh(PPh)2 100 p-TsOH 23 100/0
6 PdChL(PhCN) 100 p-TsOH 12 48/52
7 Pd/C (10%) 100 p-TsOH 31 100/0
8 Pd(PPb)4 100 p-TsOH 50 95/5
od Pd(OAc)(dppp) 100 p-TsOH 95 94/6
10 Pd(OTs)(dppp) 100 - 40 93/7

aReaction conditions: catalyst (0.02 mmol), dppp (0.04 mmol), aniline (2.0 mmol), 1-heptyne (2.0 rpAisiRH (0.12 mmol), THF
(10ml), 120°C, 6h.

b |solated total yield.

¢ Determined by GC andH NMR.

d3h.

€300 psi of B was used in place gi-TsOH.
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Table 2

Palladium(ll)-catalyzed carbonylative coupling of 1-heptyda) (
to aniline Qa). Effect of the type of palladium catalyst on the
total yield and the selectivity ofaa®

Entry Catalyst Yield (%) Selectivity
(3aa/4aa, %)
1 Pd(OAc) 90 18/82
2 PdCh 57 26/74
3 PdCh(PPH)2 64 26/74
4 PdChL(PhCNY 45 27173
5 Pd/C (10%) 61 24/76
6 Pd(PPh)4 80 28/72
7d Pd(OAc)(dppb) 41 42/58

2Reaction conditions: catalyst (0.02 mmol), dppb (0.08 mmol),
aniline (2.0 mmol), 1-heptyne (2.0 mmol), CO (300) 800 psi),
CH,Cl, (10ml), 110°C, 16h.

blsolated total yield.

¢ Determined by GC andH NMR.

4No dppb was added.

dppp (Table 1 entry 1). The carbonylative coupling
carried out in the presence of Pd(OA@s a catalyst

21

system B conditions forming a mixture &aldaa
(24/76) (Table 1, entry 7;Table 2 entry 5). The pal-
ladium(0) complex (Pd(PRby) is more sensitive to
acidity than Pd(OAg), which has been reflected by
the lower yield of product; the total isolated yield
obtained with Pd(PRf)4 under system A was 50%
only with excellent selectivity toward3aa (95%)
(Table 1 entry 8). The total yield was significantly
improved under system B where M/as used in place
of p-TsOH to achieve 80% and forming a mixture of
3aa and4aa with a ratio of 28/72 Table 2 entry 6).

In order to clarify and understand the mechanism
of the reaction the complexes Pd(OA@ppp) and
Pd(OTs)(dppp) were synthesized and tested in the
carbonylative coupling of 1-heptyndd) and aniline
(2a). Pd(OACcY(dppp) was used as a catalyst under the
conditions of the system A but in the absence of any
additional phosphine ligand, such as dpfpile 1
entry 9). The results obtained are comparable to those
obtained under system A with Pd(OA@s a catalyst

in the system A produced the unsaturated amides (Table 1 entry 2). However, Pd(OTg)dppp) used

(3aa and 4aa) in excellent total yield (94%) with
N-phenyl-2-pentylpropeneamide8a@) formed as a
predominant product (95%)Téble 1 entry 2). The
product @aa) was the result of the carbonylative addi-
tion of aniline Ra) on the internal carbon of the triple
bond of 1-heptynel@). The use of H gas (in the
absence op-TsOH) under system A led to excellent
total yield of products, but the selectivity towaBda
decreased to 829 éble 1 entry 3). Surprisingly, the
use of Pd(OAgQ) in the system B led to interesting
results of the selectivity in the reaction of carbonyla-
tive coupling of 1-heptynel@) and aniline ga). The
total yield of the products was maintained very high
(90%) but the product H)-N-phenyl-2-octenamide
(4aa) was the predominant product of the reaction
(82%) (Table 2 entry 1). The carbonylation catalyzed
by different chloropalladium(ll) complexes, such as
PdCb, PdCh(PhCN)» and PdCi(PPh} gave low
yields of products (13—-23%) under systemTalle ],
entries 4-6). The effect of Clwas earlier reported
to have a significantly influence on the catalytic ac-
tivity of the palladium catalys{24]. However, the
same chloropalladium(ll) complexes gave accept-
able yields (45-57%) under the system Ralfle 2
entries 2—4). The use of Pd/C (10%) under the con-
ditions of the system A gave 31% isolated yield of
3aa as the sole product and 61% of total yield under

in the absence of dppp anEdTsOH gave only 40%
of unsaturated amide§dble 1 entry 10). The addi-
tion of p-TsOH to the previous experiment involving
Pd(OTs)(dppp) increased significantly the yields
(>90%) of products. Therefore, these results explained
the essential role of the acfdTsOH in the formation
and the stabilization of the cationic palladium hydride
intermediate [(dpppPdH)OTs ]. On the other hand,
the complex Pd(OAg)dppb) was also synthesized
and used in the carbonylative coupling reaction under
the conditions of the system B but in the absence
of any additional amount of dppb. The yield and
the selectivity of the unsaturated amides was much
lower with the formation of palladium black at the
end of the reaction due to the decomposition of the
palladium complex Table 2 entry 7). It seems very
clear that the use of an additional amount of dppb is
necessary for the stabilization of the palladium active
intermediate species.

The regioselectivity of the reaction of carbonyla-
tive coupling of 1-heptynel@) and aniline 2a) is
in favor of the gem«,B-unsaturated amide3éa)
under the conditions of the system A involving
Pd(OACc)/dppp/THFH-TSOH/CO at 120C, whereas
the trans-a,B-unsaturated amided4da) was formed
under the conditions of the system B that includes
Pd(OAc)/dppb/CHCIl/CO/Hy/110°C.
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3.2. Effect of the type of phosphine ligand bite angles 91 and 92produced the unsaturated
amides Baa and4aa) with total yields of 95 and 81%
The results obtained previously indicated clearly and selectivity of3aa reaching 94 and 98%, respec-
that the introduction of bidentate phosphine ligand tively. Interestingly, a further increase in the bite angle
was necessary for the formation and the stabilization to 98 with dppb and 1,5-bis(diphenylphosphino)pen-
of the active catalyst species. The absence or the lacktane (dpppt) reduces the total yield to 59 and 23% and
of a strong coordinating ligand may lead to the de- the selectivity for3aa to 78 and 82%, respectively.
activation of the catalyst and the formation of inac-  The probably reason for the poor yield of dppm was
tive palladium black[25]. For instance, the use of the possible chelation to form unstable four-membered
monodentate phosphine ligands in place of dppp or ring cyclic ligand—metal complex intermediate, which
dppb under the conditions of the system A or B gave formed thermodynamically stable palladium alkenyl
poor results. For example, PPlgave a poor yield phosphorous ylide by insertion of alkyne into palla-
(20%) of o,3-unsaturated amides and lower selectiv- dium—phosphine bonf26]. When we considered the
ity (gemvtrans = 83/17). Other monophosphine lig-  flexibility of the bidentate ligands dppe, dppp and dppb
ands, such as P{CsH4CHz)3z and P(GH11)3 gave to coordinate on the metal center, it may be seen that
only traces of products. for dppp and dppb the organic backbone is bent out
An interesting correlation between the bite angle of the plane of coordination and that, in contrast, a
of the diphosphine ligand, the yield of products and skew conformation observed for dppe. In dppp and
the selectivity has been observed under the conditionsdppb complexes, the phenyl groups can bend away
of the system AFig. 1). For example, no reaction was from the remaining two coordination sit§27,28]
observed when diphenylphosphinomethane (dppm) Flexible backbones also impose low-energy barriers
with very small bite angle (72 was used as a ligand for the variation of the P—-Pd—P angle and Pd—P dis-
in place of dppp. Furthermore, 1,2-bis(diphenylphos- tances. Moreover, theoretical calculati¢28,30]indi-
phino)ethane (dppe) with a bite angle of°8gave cate such flexibility may enhance migration reactions.
very low yield (6%) of amides, while dppp andt)-2, The lower catalytic activity of metal complex hav-
2'-bis(diphenylphosphino)-1/binaphtyl (binap) with ing dppb compared to dppp under the conditions of the

90 -
80 -
70 -
60 -
40 -
30 -
20 -
10 -

dppm dppe dppp blnap dppf dPPb dPPPt
72 85 91 92 96 98

ligand and bite angle

100

Yield / Selectivity
a
=]
1

HETotal Yield % (3 +4) HEgem 3 (%) DOtrans 4 (%)

Fig. 1. Palladium(ll)-catalyzed carbonylative coupling of 1-heptyt® (o aniline @a). Effect of the bite angle of the phosphine ligand
on the total yield and the selectivity &a. Reaction conditions: catalyst (0.02 mmol), dppp (0.04 mmol), aniline (2.0 mmol), 1-heptyne
(2.0mmol), CO (100 psi)p-TsOH (0.12 mmol), THF (10 ml), 120C, 3h.
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system A was attributed to thteans configuration of
its oligomeric acyl complex (phenomenon which is not
observed in neutral compld®7]). About half of the
complex occurs irtrans configuration in ionic dppb
complex. A decrease in the rate of carbonylation for
trans complex would be expected, since there is nei-
ther a CO in aisto the coordinated alkenyl ligand as
would required for &is migration processes nor there
is a phosphingransto the Pd-alkenyl that can activate
the migrating alkenyl group. A similar lower yield and
selectivity of dpppt may also be connected totitams
effect which has been previously observed wheaa
equal to 6, 8, 10 and 12 (PRA(CH,),,PPh) [28,31]

A similar correlation between diphosphine ligand
bite angle, catalytic efficiency and selectivity were
observed in palladium(ll)-catalyzed cross coupling

reactions of Grignard reagents with organic halides.

Hayashi and co-worker82] found that the increase
in reaction rate occurred with increase of ligand bite
angles, the slowest was observed with dppe°)85
and dppf (96) was found to be the most active. The
selectivity of products decreases again if ligand with
bite angle above 102s employed.

The correlation between the type of diphosphine lig-

and and the bite angle has been studied under the con-

ditions of the system BHig. 2). CO/H, was used in

100

23

CHCl; as a solvent leading to excellent total isolated
yield of unsaturated amides and high selectivity to-
ward thetrans-a,3-unsaturated amidd#a). The yield

and the selectivity were found to increase with the bite
angle of the ligand and reached maximum values with
dppb then decreased again with dpppt. There are two
possible reasons to explain these results. The first rea-
son is related to an electronic effect; an increase in the
ligand bite angle increases the hydride ligand acidity,
which has been confirmed by extended Hiickel calcu-
lation that indicates a shift in electron density toward
the hydride ligand for diphosphine with small ligand
bite anglg33,34] The second and the more important
reason is connected to a steric effect; an increase in lig-
and bite angle increases the steric crowdedness around
the palladium complex, as the result hydrogen is added
to the internal carbon of the terminal alkyne and sub-
sequently leading to the formation 8fa versusdaa.
Flexible backbones impose low-energy barriers for the
variation of P-Pd-P angle and Pd-P distarj2&

3.3. Effect of the ratio of dppp/Pd(OAC)2
and dppb/Pd(OAc)»

Different ratios of dppp/Pd(OAg) have been
considered during the optimization of the reaction

90 -
80 -
70
60 -
50 -
40 -
30 -
20
10 -
0

Yield / Selectivity

dppe

85 91 92

dppp binap dppf

dppb
98

DIOP
98

dpppt
96

ligand & bite angle

WYield (3+4) %

EGem (3) %

OTrans (4) %

Fig. 2. Palladium(ll)-catalyzed carbonylative coupling of 1-heptyta fo aniline @a). Effect of the bite angle of the phosphine ligand on
the total yield and the selectivity afaa. Reaction conditions: Pd(OA£)0.02 mmol), ligand (0.08 mmol), aniline (2.0 mmol), 1-heptyne

(2.0mmol), CO (300 psi), b (300 psi), CHCl, (10ml), 110°C, 16 h.
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100
90 -
80
70

-

60
50
40
30
20

Yield/Selectivity

0 1 2 3 4
dppp / Pd(OAc),

| A Yield3+4)% —M-Gem(3)% o Trans(4) %

Fig. 3. Palladium(ll)-catalyzed carbonylative coupling of 1-heptyt® o aniline Qa). Effect of the molar ratio of dppp to Pd(OAc)
on the total yield and the selectivity &aa. Reaction conditions: Pd(OAg£)0.02 mmol), aniline (2.0 mmol), 1-heptyne (2.0 mmol), CO
(100 psi), p-TsOH (0.12 mmol), THF (10 ml), 12CC, 3 h.

conditions of the system AHg. 3). An optimal ra- under the system B, where a syngas was used, was

tio of dppp/catalyst was found to be equal to two. probably needed to preventthe coordination of all sites

A lower ratio resulted in the decrease of the total of palladium by a carbonyl grouf35].

isolated yield of unsaturated amides due to the lack

of sufficient amount ligand to stabilize the catalyst. 3.4. Effect of solvent

The increase of the ratio had almost no effect on the

outcome of the reaction. The study of the effect of the type of solvent showed
Unlike the dppp, the amount of the diphosphine no clear correlation between the dielectric constant of

ligand dppb showed a significant effect on the total the solvent and the outcome of the reaction. Under the

yield of the unsaturated amid€é3aa+ 4aa and the conditions of the system A, THF was found as the best

selectivity of 4aa (Fig. 4) under the conditions of  solvent followed by tolueneT@ble 3 entries 1 and 3).

the system B. A steady increase in the total yield of Low yield and selectivity was observed with GEN

3aa+ 4aa and the selectivity fodaa was observed  and CHCI; (Table 3 entries 5 and 7). The same sol-

with the increase in dppb/Pd ratio. The highest yield vents were tested with the system B at the conditions

and selectivity was observed at a maximum molar of the formation of thetrans product éaa). Only

ratio of four of dppb/Pd(OA@) Any further addition traces of products were obtained with THF as a solvent

of dppb resulted in drop of the yield and selectivity. (Table 3 entry 2). Toluene and G3€N gave either

In addition, a precipitation of metallic palladium was low yield or low selectivity of productsTable 3 en-

obtained at a ratio of dppb/Pd less than two. tries 6 and 8). However, the best yield of products and
The use of an excess of ligand increased probably selectivity of4aa was found in CHCI, as a solvent.

the steric and electronic density at the palladium center The reason for the high selectivity towadeda exclu-

so that the equilibrium was shifted toward the direction sively in CHCls is not yet very clear to us. This effect

of pro-linear intermediate. The large excess of ligand can be related to high stability of the active catalytic
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Fig. 4. Palladium(ll)-catalyzed carbonylative coupling of 1-heptyts (o aniline Qa). Effect of the molar ratio of dppb to Pd(OAcpn
the total yield and the selectivity @faa. Reaction conditions: Pd(OAg)0.02 mmol), aniline and 1-heptyne (2.0 mmol), £, (10.0 ml),
Hz (300 psi), CO (300 psi), 110C, 16 h.

intermediate species in GEl,. The good selec-  3.5. Effect of the reaction time

tivity of 3aa in a polar solvent such as THF was

probably related to the solvation of the ion-pairs (pal-  The effect of the reaction time on the yield and se-
ladium/counter ion), which facilitated cation—anion lectivity of the carbonylative coupling of aniline with
dissociation and therefore, rendered the metal center1-heptyne toward thgem or trans unsaturated amides
more electrophilic and accessible for the substrate was studiedKigs. 5 and § Under the conditions of
moleculeq36]. the system A the full conversion and the maximum

Table 3
Palladium(ll)-catalyzed carbonylative coupling of 1-heptyfia) (to aniline Qa). Effect of solvent on the total yield and the selectivity of
3aa and 4aa?

Entry  Solvent Ligand Time (h) T°C) CO (psi) H (psi)  Additive Yield (%P  Selectivity
(3aa/4aa, %)°

1 THF dppp 3 120 100 - p-TsOH (0.12mmol) 94 95/5

2 THF dppb 16 110 300 300 - Traces -

3d Toluene  dppp 3 120 100 - p-TsOH (0.12mmol) 89 82/18

48 Toluene dppb 16 110 300 300 - 40 48/42

5 CHsCN  dppp 3 120 100 - p-TsOH (0.12mmol) 15 27173

6 CHsCN dppb 16 110 300 300 - 3 100/0

7 CH,Cl,  dppp 3 120 100 - p-TsOH (0.12mmol) 31 87/13

8 CHxCl, dppb 16 110 300 300 - 90 18/82

aReaction conditions: catalyst (0.02 mmol), dppp (0.04 mmol), dppb (0.08 mmol), aniline (2.0 mmol), 1-heptyne (2.0 mmol).
blsolated total yield.

¢ Determined by GC andH NMR.

410% of the cyclic compoundsf was formed.

€20% of the cyclic compounds] was formed.
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Fig. 5. Palladium(ll)-catalyzed carbonylative coupling of 1-heptyha&) to aniline @a). Effect of the reaction time on the total yield
and the selectivity o8aa. Reaction conditions: Pd(OAg£)0.02 mmol), dppp (0.04 mmol), aniline (2.0 mmol), 1-heptyne (2.0 mmol), CO
(200 psi),p-TsOH (0.12 mmol), THF (10 ml), 12CC.
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Fig. 6. Palladium(ll)-catalyzed carbonylative coupling of 1-heptyh&) to aniline @a). Effect of the reaction time on the total yield
and the selectivity oftaa. Reaction conditions: Pd(OAg£)0.02 mmol), dppb (0.04 mmol), aniline (2.0 mmol), 1-heptyne (2.0 mmol), CO
(300 psi), H (300 psi), CHCI, (10ml), 110°C.
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selectivity of3aa were obtained after 3 h of reaction. metal atom and subsequently decreased the catalytic
An increase in the reaction time led to the formation activity of palladium[12]. In general, it was suggested
of the cyclic product §) (Fig. 5. A slower reaction that in the coordination strength of anions toward the
rate was observed under the conditions of the system cationic palladium(ll) center is in correlation with the
B. The optimum reaction time was 16 h. The selectiv- acid strength of the corresponding Brdnsted acids.

ity of the reaction towartransisomer @aa) remained
fairly constant throughout the reaction tintéd. 6). It

An exception to the rule comprises the halide anions,
which, although derived from strong acids, strongly

seems that the active catalytic species did not evolve coordinate to palladium(ll) center giving the so-called

during the course of the reactif3’], hence the regios-

neutral palladium complexes. Therefore, that coor-

electivity of the reaction is probably determined dur- dination ability rather than the acid/base property
ing the main catalytic cycle and depends on steric and determined the effect of the type of the anion on the

other factors influencing the reaction mechanj2sj.

3.6. Effect of the type of acid additive

The reaction of carbonylative coupling of 1-heptyne
(1a) with aniline 2a) was carried out under the con-
ditions of the system A in the presence of different
acid additives Table 4. Only traces of products
were obtained in the absencemsOH. In addition,
other acid additives were also used in the reaction
and the catalytic activity decreased in the follow-
ing order: p-TsOH > CFRCO;H > CH3SOsH >
p-nitrobenzoic acid> HCI, which represented the
reverse of the coordination ability of the correspond-
ing anion to palladium center. The highest activity
was observed witlp-TsOH (Table 4 entry 1). The
presence of an anion with a strong binding ability led
to less available coordination sites around the central

Table 4

Palladium(ll)-catalyzed carbonylative coupling of 1-heptyda) (
to aniline @Qa). Effect of the type of acid on the total yield and
the selectivity of3aa®

Entry Acid additive Yield (%4 Selectivity
(3aa/4aa, %)°

1d p-TSOH 95 95/5

2 CRCOH 80 94/6

3 CHzSOsH 70 94/6

4 CH3COxH Traces Traces

5 PhCOOH Traces Traces

6d PhCOOH 91 93/7

7 p-NO2—CsH4COzH 3 100/0

8 HCI Traces Traces

aReaction conditions: catalyst (0.02 mmol), dppp (0.04 mmol),
aniline (2.0mmol), 1-heptyne (2.0mmol), acid (0.12 mmol), CO
(100), THF (10ml), 120C, 6h.

blsolated total yield.

¢ Determined by GC andH NMR.

d24h.

catalytic performancg88]. The higher reactivity with
weakly coordinating anions is thought to arise, in
part, from the ligand to the coordination sites around
the metal centef39].

Also the selectivity is not affected much by the
change in the concentration pfTsOH, which sug-
gested that OTs might not be strongly coordinated
to the Pd center. The optimum molar ratio of acid to
palladium was found to be six. Any further increase
of this ratio did not offer any advantag#?].

3.7. Effect of the total CO pressure
and CO/Hy ratio

The effect of the CO pressure under the conditions
of the system A was studied. No major change in the
total yield of the unsaturated amide3a@ and 4aa)
and in the selectivity oBaa was observed at a pressure
higher than 100 psiFig. 7).

In addition, the study of the change of the total pres-
sure and the ratio of the partial pressure of CO and H
under the conditions of the system B showed that the
total yields and the regioselectivity of the carbonyla-
tion reaction were seriously affectefigs. 8 and A
significant improvement of the total yield from 17 to
79% was observed with the increase of the total pres-
sure form 100 to 300 psi. The maximum vyield (90%)
and selectivity oflaa (82%) were obtained at 600 psi
(Fig. 8).

The result of the effect of COMratio on both the
rate of reaction and the composition of the isomers
(3aa and 4aa) were studied under the conditions of
the system BFig. 9). Less than 10% of isolated yield
of the unsaturated amides were obtained in the ab-
sence of hydrogen. Also the use of TsOH in place of
hydrogen decreased the total yield to 84% and changed
the selectivity of the reaction in favor of thgem
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Fig. 7. Palladium(ll)-catalyzed carbonylative coupling of 1-heptyt® fo aniline @a). Effect of the CO pressure on the total yield and the
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isomer gem/trans/cyclic = 51/47/2). Generally, the 100
decrease of the ratio of COfHdecreased the total

. L ; ) 0
yield and the selectivity. The lowest yield was obtained S
at CO/H ratio of 5/1. At the optimum ratio of CO/H 80 ]
of 1/1 the maximum yield (90%) and selectivity of 70 ] ]

4daa (82%) was obtained. The analysis of these re- &
sults led us to conclude that the possible intermediate'% 60 -
species for both mechanisms of the systems A and Bg sp

were the palladium hydride. However, the occurrence ~
of the reaction was totally different due to the effect
of the type of ligand and solvent, and the most impor- 30
tant to the use of syngas that enhanced the formation

40 -

Yield/ S

of trans isomer @aa) as a predominant product. 20
10 -
3.8. Effect of temperature 8
100°C 110°C 120°C
The effect of the temperature was also carefully Temperature

studied Figs. 10 and 1}l No reaction or traces of
products were obtained under the system A at tem-
perature below _12?1: and a very complex ml)_(ture Fig. 11. Palladium(ll)-catalyzed carbonylative coupling of
of products at higher temperature (>IZ5). Similar 1-heptyne {a) to aniline @a). Effect of the temperature on the to-
results were observed under the conditions of the sys- tal yield and the selectivity ofaa. Reaction conditions: Pd(OAg)
tem B. The optimum temperature was X Lower (0.02mmol), dppb (0.08 mmol), aniline (2.0mmol), 1-heptyne
temperatures decrease drastically the yield of prod- (¢:0mmo, CHClz (10.0mi), 110C, 16h.

ucts, and higher temperatures lead to a significant

| WYield@+4% @Gem(3)%  OTrans(4) %

amount of side products. the experimental conditions of the systemBEq( (2).
The total isolated yield of the tertiary unsaturated

3.9. Carbonylative coupling of N-methyl amides Bab and4ab) was significantly improved un-

aniline with 1-heptyne der the conditions of the system B, but the selectivity

toward the expectetrans product @ab) was lower
The reaction of carbonylative coupling has been (61%) due to the presence on the donating group
extended to secondary aryl amine, suchiNasethyl methyl on the nitrogen. Both steric and electronic
aniline (b) in the presence of 1-heptynéa). High effects affected the regiochemistry of the reaction un-
yield (74%) and excellent selectivity (96%) of the der the system B, but the electronic factor seems to
tertiary unsaturated amid8gb) were obtained under  predominate.

H CgH
H_ _H ~c” sHqq
Pd(OAc), (I:HJ I . ‘,’“3 I
CSH11-CECH + Ph-NH-CH3 —_— N c N C
ph” ¢~ CsHy ph” ¢~ H
1a 1b i s
gem (3ab) trans (4ab)
Total yield, % Selectivity, %

d ppp/CO/p-TsOHI/THF/120°C/3h 74 96 4

dppb/CO/H,/CH,Cl,/110°C/16h 95 39 61 )
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4. Proposed reaction schemes

31

(7) followed by the reaction with aniline afford-
ing the a,B-unsaturated amide3§a) and regener-

The mechanisms of the reactions of the carbonyla- ated the active intermediat&)( It is possible that

tive of 1-heptyne 1a) with aniline @a) under the
conditions of system A or B are not yet well un-

Pd(OAc)h(dppp) was formed at the first step followed
by the reaction with TsOH to produce the active cat-

derstood. Based on the analysis of the literature and alytic palladium hydride species HPd(dppp)OTs. It
the present experimental observations we tentatively was previously suggested that tosylates, compared
propose a hydride mechanism. The catalytic activities with acetate, seems to be preferable for the formation

were enhanced in the presence ofdt acids, such as
p-TsOH. It was previously mentioned that the addition
of acetylene to [(Cy¥P)Pd(H)(HNPh)][40] yielded
the hydrido alkynyl complex [(GP)Pd(H)(CCH)]
and aniline, which indicates that the coordination of

of such species with a smooth insertion of alkyne and
CO[25,43]

The mechanism of the reaction undergoing under
the system B is obviously different due to the high
selectivity toward thetrans-o,B-unsaturated amide

aniline was unlikely to take place at the steps of the (4aa) under syngas pressur&dqheme P We have

reaction under the conditions of system A or B. In ad-
dition, when the catalytic system Pd(OAHPR/p-

demonstrated that the presence of the syngas was
necessary for the selective synthesistad. We pro-

TsOH was used in the hydroesterification reaction, a pose at the first step of the reaction the formation of

cationic species such as [HPd(RPH™TsO™ or [Pd-
(COOR)(PPR)3]TTsO™ was isolated, characterized

the palladium hydride dimer [(dppb)PdH(8) by the
reaction of Pd(OAg), dppb, CO and Kl The coordi-

and proposed as the active catalytic intermediates nation of alkyne to palladium center followed by the

[41].

We propose for the catalytic synthesisgdm un-
saturated amide3@a), a tentative mechanism shown
on the Scheme 1in which the neutral ligands are
omitted. The hydridopalladium intermediate) (may
form as a key species by the reaction of Pd(QAc)
with carbon monoxide and TsOH.0,42] Addition
of the hydrido complex§) to 1-heptyne may give
the vinyl-palladium complex®). The insertion of
CO gave probably the acyl palladium intermediate

insertion of carbon monoxide may give two possible
intermediates 1 and 12). The presence of a bulky
chelating diphosphine ligand would place the group
R of the alkyne away from the ligand. Therefore,
the pro-linear intermediatel{) may be relatively
more stable than the pro-branched intermedia® (
[44]. The migratory insertion of CO followed by the
addition of PNH under B would form the final
product @aa) and regenerate the palladium dimer

8).

o) I
R Pd(0) > HPdOTs
PhNH r A
TsOH RC=CH
H H
I
3aa v
PhNH,
" U “e—cn
C=CH. < Tsopd
TsOPd s
o C B

R= CH3(CH,),

Scheme 1. Proposed mechanism for the carbonylative coupling of 1-heptyne with aniline catalyzed by #dPpaIOp-TsOH.
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Scheme 2. Proposed mechanism for the carbonylative coupling of 1-heptyne with aniline catalyzed by RdpBJO/H.

5. Conclusions with terminal, internal alkyl and aromatic alkynes are
also considered in the next phase.

The regioselective carbonylative coupling of aniline
to 1-heptyne was achieved successfully using either

the catalytic system A [Pd(OAgdpppp-TsOH/CO/  Acknowledgements

THF] or the system B [Pd(OAgjdppb/CO/H/CH,-
Clo]. The system A provided an efficient and simple
method for the synthesis of negem-«,B-unsaturated
amide @aa). The other catalytic system B repre-
sented an attractive new route for the production of
trans-a,,B-unsaturated amide4da), which was diffi-

cult to obtain otherwise. These methods demonstrated

the high efficiency of palladium acetate associated to
dppb or dppp as an active catalyst of carbonylation
reaction in the synthesis of highly useful compounds,
such asa,B-unsaturated amides. The regioselectiv-
ity of the carbonylative coupling was very sensitive
to the type additive and to the use of syngas. The
N-methyl aniline with 1-heptyne gave also excel-
lent yields and selectivity of the tertiargem and
trans-a,B-unsaturated amides. Currently, we are ex-
amining the carbonylative coupling of various aniline
derivatives with different alkyl alkynes using the cat-
alytic systems A and B. The carbonylative coupling
of primary and secondary alkylamines and diamines

We thank King Fahd University of Petroleum

and Minerals (KFUPM), Saudi Arabia for financial
support for this project.
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