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ABSTRACT

Pd(OAc),

R e R
N,N-dimethyl-B-alanine

Ar=X + 2>

Ar

—_—
N,N-Dimethyl- B-alanine was found to be a more powerful phosphine-free ligand than the previously reported ligand, N,N-dimethylglycine, in
the Pd-catalyzed Heck reaction for a variety of aryl bromides, aryl iodides, and activated aryl chlorides with a practical turnover number of 10 8,

Both kinetic and theoretical studies suggested that N,N-dimethyl- S-alanine led to faster oxidative addition of an aryl halide to Pd than N,N-
dimethylglycine.

The Pd-catalyzed cross-coupling of olefins with aryl halides cycle catalysts have been shown to have great perfornfance.
is known as the Heck reactidnThis reaction, normally = However, increasing evidence points to the view that
performed with +5% mol of Pd catalyst along with palladacycles are catalytically inactive and they simply
phosphine ligands, has become a widely used C—C bond-function as sources of Pd(0) (i.e., pre-catalyst8nhother
forming process in academic institutions. However, industrial interesting class of ligands is heterocyclic carbemath
applications of the Heck reaction are still rare, mainly due mono- and bis-carbenes have been shown to give high
to the following two problem3.First, Pd is expensive, and turnover numbers (TONS) in the Heck reaction, but it is often
contamination of the product by Pd has to be tightly puzzling to see that their catalytic performances are constant
controlled. Second, many phosphine ligands are even moreregardless of the ligation state of the catal$tus, more
expensive, and they are not pleasant to work with as theykinetic and mechanistic work is needed in order to understand
are poisonous, air sensitive, and subject teCPbond how carbene ligands operate in Pd catalysis. In addition,
degradation at elevated temperature. Accordingly, one of thealternative catalytic systems represent the N-, O-, and
current focuses in the field is the development of high- S-centered ancillary ligand complexes of Pd. Although less

turnover-number catalysts (HTChat utilize inexpensive, : : : :
(3) Practically speaking, any catalyst displaying0® turnover number,

preferentially nonphosphine, ligands. i.e., a catalyst that can lead to complete conversion of starting materials at

To date, a number of phosphine-free catalysts have beere load of 0.1% mol, will be considered as an HTC.

. : _ (4) Recent reviews: (a) Bedford, R. BEhem. Commur2003, 1787.
examined for the Heck reaction. Among them, the pallada (b) Herrmann, W. A.. Ofele, K. von Preysing, D.; Schneider, S.JK.

Organomet. Chen2003 687, 229. (c) De Vries, J. @alton Trans.2006

(1) (a) De Meijere, A.; Meyer, F. Angew. Chem., Int. Ed. Endl995, 421.
33, 2379. (b) Beletskaya, I. P.; Cheprakov, A.Ghem. Re»2000, 100, (5) Recent reviews: (a) Hillier, A. C.; Grasa, G. A,; Viciu, M. S.; Lee,
3009. (c) Donnay, A. B.; Overman, L. Ehem. Re»2003,103, 2945. H. M.; Yang, C.; Nolan, S. PJ. Organomet. Chen2002, 653, 69. (b)
(2) Farina, V.Adv. Synth. Catal2004,346, 1553. Peris, E.; Crabtree, R. HCoord. Chem. Re:2004,248, 2239.
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explored, this type of ligands has been shown lately to have Pd and 30% mol ol. Reaction at 130C for 10 h provided
interesting applications in the Heck reaction. Very recent the desired product in an almost quantitative yield. It is worth
examples include thiouredsimines and oxime$,bispy- noting thatl would create a five-membered ring with Pd
ridines® phenanthroline$, hydrazoned? tetramethylgua-  when they form a bidentate complex. We wondered whether
nidines!! hydroxyquinolines? oxazolines? thiosemicarba- by changing the ring size we could attain a more efficient
zonest* tetrazoles? bisimidazoles? and amino acid¥’ catalyst. Thus, we studied the use2oh the Heck reaction
These phosphine-free ligands are potentially advantageoudetween bromobenzene and styrene and compared its
for being chemically stable and economically inexpensive. performance witi and 4-(\,N-dimethylamino)butanoic acid
As a result, further synthetic as well as mechanistic studies (3).2° In our study, the ratio between Pd and the ligand was
on these ligands are highly warranted. set to 1:1, contrary to 1:20 in Reetz’s study. After a few
We recently started a systematic study on how to use solvent systems were examined, we concluded that NMP was
more economically competitive metals (e.g., Fe, Ni, and Cu) the best solvent (see Table 1). Instead of 1 mol mol, it was
and/or ligands (in particular, phosphine-free ligands) to
accomplish the classical Pd-catalyzed reacti§n&e aim
at not only finding novel catalysts but also, more importantly, Table 1. Heck Reaction between Bromobenzene and Styrene
a mechanstic understanding of the catalytic processes. In
continuing such efforts, our attention was drawn to an

Pd(OAc),/ligand (1:1)

intriguing finding by Reetz et al. that Pd(ll) salts in the
presence oN,N-dimethylglycine ligand (1) constitute “the

simplest and one of the most reactive and selective catalyst

systems for the Heck reactio”.Herein, we report our
finding that N,N-dimethyl--alanine (2) is an even more
efficient ligand for the Heck reaction (Figure 1). Furthermore,
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Figure 1. N,O-Bidentate ligands used for the Heck reaction.
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we report the first theoretical study on how tRg-bidentate
ligands operate in the Pd catalysis.

L

oo ®

base, solvent

Pd T time yield®
entry (mol %) ligand base (°C) (h) solvent (%)
1 1 2 KyCOs 130 10 DMF 86
2 1 2 KyCOs 130 10 DMA 83
3 1 2 KoCO3; 130 10 DMSO 38
4 1 2 KsCO; 130 10 NMP 99
5 0.1 2 KsCO; 130 10 NMP 99
6 0.01 2 KsCO; 130 20 NMP 96
7 0.1 KsCO; 130 10 NMP 42
8 0.1 1 KsCO; 130 10 NMP 81
9 0.1 3 KsCO; 130 10 NMP 70

a8 Reaction conditions: bromobenzene (0.5 mmol), styrene (0.75 mmol),
base (1 mmol), solvent (1 mL), under ArGC yields.

found that 0.1 mol % of P&was active enough for giving

a quantitative yield in 10 h. A further decrease of Pt
0.01 mol % could lead to a significant TON as high as about
10* However, the relatively long reaction time would not

To begin our study, we noted that the optimal reaction be considered desirable for pragmatic applicattoGam-
condition reported by Reetz et al. consisted of 1.5% mol of pared to Pd/2, the yield in the absence of any ligand was

(6) () Dai, M. J.; Liang, B.; Wang, C. H.; You, Z. J.; Xiang, J.; Dong,
G. B.; Chen, J. H.; Yang, ZAdv. Synth. Catal2004,346, 1669. (b) Yang,
D.; Chen, Y. C.; Zhu N. YOrg. Lett.2004,6, 1577. (c) Chen, W,; Li, R.;
Han, B.; Li, B. J.; Chen, Y. C.; Wu, Y,; Ding L. S.; Yang, Bur. J. Org.
Chem.2006, 1177.

(7) () Grasa, G. A.; Singh, R.; Stevens, E. D.; Nolan, S. Prganomet.
Chem2003,687, 269. (b) Arellano, C. G.; Corma, A.; Iglesias, M.; Sanchez,
F.; Adv. Synth. Catal2004, 346, 1758. (c) Hardy, J. E.; Hubert, S;
Macquarrie, D. J.; Wilson, A. Isreen Chem2004,6, 53. (d) Domin, D.;
Benito-Garagorri, D.; Mereiter, K.; Frohlich, J.; Kirchner, Rrganome-
tallics 2005,24, 3957.

(8) (@) Buchmeiser, M. R.; Wurst, KI. Am. Chem. Sod999 121,
11101. (b) Buchmeiser, M. R.; Schareina, T.; Kempe, R.; Wurst]).K.
Organomet. Chen2001,634, 39. (c) Kawano, T.; Shinomaru, T.; Ueda, I.
Org. Lett. 2002, 4, 2545. (d) Najera, C.; Gil-Moito, J.; Karlstrum, S.;
Falvello, L. R.Org. Lett.2003,5, 1451.

(9) Cabri, W.; Candiani, I.; Bedeschi, A. Org. Chem1993,58, 7421.

(10) Mino, T.; Shirae, Y.; Sakamoto, M.; Fujita, J.Org. Chem2005,
70, 2191.

(11) Li, S. H.; Xie, H. B.; Zhang, S. B.; Lin, Y. J.; Xu, J. N.; Cao, J. G.
Synlett.2005,12, 1885.

(12) lyer, S.; Kulkarni, G. M.; Ramesh, Cetrahedror2004,60, 2163.

(13) Gossage, P. A.; Jenkins, H. A.; Yadav, PTitrahedron Lett2004
45, 7689.

(14) Kovala-Demertzi, D.; Yadav, P. N.; Demertzis, M. A.; Jasiski, J.
P.; Andreadaki, F. J.; Kostas, |. Detrahedron Lett2004,45, 2923.
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much lower (42%) presumably due to the rapid formation
of Pd black, a visible phenomenon we confirmed in our
experiment. Furthermore, the yields for P{81%) and P8
(70%) were also determined to be lower than that o2Pd/
(99%) under the same reaction conditions. Thus, we con-
cluded temporarily tha was superior tal and 3 in the
catalysis.

(15) Gupta, A. K.; Song, C. H.; Oh, C. Hetrahedron Lett2004,45,
4113.

(16) (a) Done, M. C.; Ruther, T.; Cavell, K. J.; Kilner, M.; Peacock, E.
J.; Braussaud, N.; Skelton, B. W.; White, A. Organomet. Chen2000,
607, 78. (b) Park, S. B.; Alper, HDrg. Lett.2003,5, 3209. (c) Xiao, J. C.;
Twamley, B.; Shreeve, J. MDrg. Lett.2004,6, 3845.

(17) Reetz, M. T.; Westermann, E.; Lohmer, R. LohmerT&rahedron
Lett. 1998,39, 8449.

(18) (a) Deng, W.; Liu, L.; Zhang, C.; Liu, M.; Guo, Q.-Xetrahedron
Lett. 2005,46, 7295. (b) Deng, W.; Zou, Y.; Wang, Y.-F.; Liu, L.; Guo,
Q.-X. Synlett2004, 1254. (c) Deng, W.; Wang, Y.-F.; Zou, Y.; Liu, L;
Guo, Q.-X.Tetrahedron Lett2004,45, 2311.

(19) Compound1 was purchased. Compoun?l was prepared by
methylation of3-alanine. Compoun@® was prepared by hydrolysis and
subsequent methylation &f-methyl-2-pyrrolidone. They were all used as
their hydrochloride salts.
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Using the optimized reaction conditions, we next examined
the application of ligan@ to the cross coupling of a variety
of aryl halides with styrene an@ért-butyl acrylate under 0.1

could also be successfully used under the same reaction
conditions. Nonetheless, Rdivas not active enough to
handle an aryl chloride unless it was activated by electron-

mol % catalyst loading (See Table 2). The results indicated withdrawing substituents (such as 4-COMe).

Table 2. Heck-Type Reactions Facilitated by Ligagd
Pd(OAc); (0.1 mol %),

AX + PR 2OIMII%)KCO; AR
NMP, 130 °C, 10 h
entry ArX R yield®(%)
1 PhBr Ph 98
2 PhBr CO2Bu™ 98
3¢ 4-O9NCgH4Br Ph 90
4¢ 4-03;NCgH4Br CO2Bu™ 53
5 4-MeCgH4Br Ph 97
6 4-MeCgH4Br COzBu” 98
7 1-C1oH7Br COsBu™ 95
8 4-MeOCgH4Br Ph 96
9 4-MeOCgH4Br COzBu” 94
10 4-HOOCCgH4Br Ph 98
11 4-OHCCgH4Br Ph 86
12 4—OHCCGH4BI‘ COzBu” 92
13 4-MeOCCgH4Br Ph 98
14 4-MeOCCgH4Br CO2Bu” 69
15 4-HOCgH4Br Ph 74
16 4-HOCgH4Br CO2Bu” 80
17 3-NCC¢H4Br Ph 94
18 3-NCC¢H4Br COzBu” 90
19 4-NCC¢H4Br Ph 98
20 4-NCC¢H4Br COzBu” 70
21 4-PhCsH4Br Ph 50
22 4-PhCsH4Br COzBu” 75
23 3-FsCCgH4Br Ph 98
24 3-F3CC¢H4Br COsBu™ 92
25 2-bromopyridine Ph nre
26 2-bromopyridine CO2Bu” <201
27 3-bromopyridine Ph 98
28 3-bromopyridine CO2Bu” 99
29d 4-BrC¢H4Br CO9Bu” 88
30 Phl Ph 97
31 Phl CO2Bu” 98
32 4-MeOCgH4I Ph 88
33 4-MeOCgH4I COzBu” 96
34 4-MeOCCgH4I Ph 90
35 4-MeOCCgH4I COzBu” 53
36 PhCl Ph nré
37 4-MeOCCgH,4Cl Ph 96
38 4-MeOCCgH,4Cl COzBu” 30

aReaction conditions: bromobenzene (0.5 mmol), styrene (0.75 mmol),
K>COs (1 mmol), NMP (1 mL), under Ar? Isolated yield . In these two
reactions, 1 mol % of Pd(OAg)and 2 were used? 2.5 equiv of styrene
was used, and 1,4-di(2-butylcarboriydns-vinyl)benzene was isolated as
the product® No reaction was observetiGC yield.

that Pd/2constituted a simple, yet efficient, catalyst system
for many Heck-type reactions of aryl bromides. Both the

electron-rich (deactivated) and electron-poor (activated) aryl

bromides could be efficiently converted to the desirable

products in high yields. The TONs in most of the cases were

about 16, except for 2-bromopyridine where almost no

Having confirmed tha? was a generally applicable ligand,
we next went back to the question about the relative
performance ofl—3. Because the reaction yield could be a
deceptive quantity, we decided to measure the reaction
kinetics by monitoring the GC yields over certain period of
time after the reaction was initiated. The detailed reaction
conditions were as follows: bromobenzere10 mmol,
styrene= 10 mmol, K,CO; = 20 mmol, NMP= 10 mL,
Pd(OAc) = 0.001 mmol, ligand= 0.001 mmol, and
temperature= 130 °C. In the first hour of the reaction, the
amount of therans-stilbene product was observed to increase
in a linear fashion over time (see Figure 2). It was striking

2.0
/ligand 3
$
E 15 ligand 2 -
E
3 104 ! -
8
T
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Figure 2. Initial velocity of the Heck reaction measured by GC.

to find that ligand3 gave the fastest initial rate, followed by
ligand 2. Ligand 1 exhibited the slowest initial rate.

The above results illustrated complications in evaluating
the Pd catalysts. Although ligarRlwas the most reactive,
its overall performance (as assessed by the yield or TON)
was the worst. On the other hand, the least reactive ligand
(e.g.,1) did not give the best overall performance either. To
further understand the mechanistic basis for the different
reactivities of ligands1—3, we decided to perform a
theoretical study on the catalytic processes of the-
bidentate Pd complexes. Such a study has never been
reported previously, but we considered it to be necessary at
the present stage. To carry out the theoretical study, we
hypothesized that the rate-determining step in the catalysis
was the oxidative addition. The validity of this hypothesis
was supported by previous calculatidA$:urthermore, the
fact that aryl chloride was not a good substrate must be due
to the limiting difficulty of oxidative addition in the overall
catalytic process.

Our calculationd were performed using the B3PW91
method that was previously benchmarked for Pd chemistry.

(20) (a) Lin, B.-L.; Liu, L.; Fu, Y.; Luo, S.-W.; Chen, Q.; Guo, Q.-X.
Organometallic2004,23, 2114. (b) Kozuch, S.; Amatore, C.; Jutand, A.;

reaction was observed. Besides aryl bromides, aryl iodidesshaik, S.Organometallics2005, 24, 2319.
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The geometry was optimized using the LANL2DZ basis set, Pd complex with ligand3, which is a highly entropically
while the energy calculations were performed using the unfavorable process. As a result, the resting state of the
LANL2DZ+p basis set. The solvent effect was taken into bidentate complex between ligaBdand Pd is more likely
consideration by utilizing the PCM solvation model (solvent to be a monoligated Pd species, where the free site can be
= NMP). The detailed results were shown in Figure 3. From occupied by an acetate anion. Accordingly, the catalytic
performance of Pd(®/may resemble that of Pd(0)(OAZ).

This would explain the much faster intial rate observed for
ligand 3.

Putting the experimental and theoretical results together,
we came to the conclusion that bdtland2 can function as
N,O-bidentate ligands for Pd catalysis. Ligahis found to
be better thad in overall performance, presumably because
the oxidative addition faciliated by is faster than that
facilitated by1. Thus, if the Pd(0) complexes withand2
are of similar stability in the solution, the complex wizh
can produce more turnovers than that wittbefore Pd(0)
eventually degrades. On the other hand, it is more likely that
3 functions as a monodentate ligand, which resembles a
simple acetate anion. Ironically, the acetate anion is found
to be the most powerful ligand for the oxidative addition to
Pd(0)% However, the problem associated with the acetate
ligand is the stability of the active monomeric Pd(0) species,
which can aggregate to inactive Pd bl&ékSome sort of
protection is required to sustain monomeric Pd(0). A
monodentate N or O ligand (e.g., acetate3piis probably
not strong enough to provide such protection. As a result, it
is more desirable to considdl- and/orO-bidentate ligands
(e.g.,1 or 2) where the chelation effect is expected to be
beneficial.
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£ ‘i (21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
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Figure 3. Structures of the starting material (left), transition state '\NA:Q;;C?I'HB';HggaSSII\’A ME;h aSrZa'KFa'%'a (gt-; 'f(egg- kNJapﬁteﬁjgggaGg/ﬁ';
f At P : uji, H.; .M , M.; Toyota, K.; Fukuda, R; wa, J.;
(middle), and product of oxidation addition (right). Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
; ; ; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;;
the r,eSUItS it vyas _found th‘_’ﬂ Ilgarjﬁgave the hlgh_eSt en,ergy Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
barrier for oxidative addition. The energy barrier of ligand A. D.; Strain, M. C.: Farkas, O.; Malick, D. K.; Rabuck, A. D.:

2 was about 1.1 kcal/mol lower than that of ligagdin Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
. L Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
agreement with the faster initial rate observed for P.: Komaromi, I.: Martin. R. L.: Fox, D. J.: Keith, T.: Al-Laham. M. A.:
However, it was strange that the energy barriel3ofas Penghc- Y.; Nanayakkara, A.; ghalla::omtée, M (IBiII, P.GM.W.; Joggson,
; ; ; : ; B, en, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03,
sl!ghtly higher tha|_1 that a2. This appeared to t_)e_ |_nconS|stent revision C.02: Gaussian, Inc. Wallingford, CT, 2004.
with the observation thad led to the fastest initial rate. (22) Li, Z.; Liu, L.; Fu, Y.; Guo, Q.-X.THEOCHEM?2005, 757, 69.

To solve the puzzle we further calculated the energy (23) Amatore and Jutand have also shown that coordination by carboxy-
. S - lates can enhance the activity of Pd catalysts. See: Amatore, C.; Jutand,
barrier of oxidative addition for Pd(0)(OA£) . It was found A. Acc. Chem. Re<000,33, 314.
that without any other ligand, Pd(0) complexed with two . (24) “Liggrtl_dlesi" Pd %aBtzlé?tS could cf;licontﬂptl)il_sh sggzg)chk re(agti\t(ms,
. g . . IT some aaaitives (e.g., are used (o stanlize . oee: (a ao,
acetate anions exhibited the lowest energy barrier. It is worth Q.. Kinney, E. P.. Yang, ZJ. Org. Chem2003.68, 7528. (b) Alonso, F.

noting that a seven-membered ring must be formed in the Beletskaya, I. P.; Yus, MTetrahedron2005,61, 11771.
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