Downloaded via UNIV OF LIVERPOOL on July 31, 2020 at 19:59:24 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

OChote

Pd—mBDPP-Catalyzed Regioselective Internal
Arylation of Electron-Rich Olefins by
Aryl Halides

Shifang Liu] Neil Berry, Nick Thomsont Alan Pettmarf,
Zeynab Hydef, Jun Mo/ and Jianliang Xiao*

Department of Chemistry, L&rpool Centre for Materials and
Catalysis, Uniersity of Lierpool, Liverpool L69 7ZD, U.K.,
and Chemical Research and Bdopment Department, Pfizer
Global Research and Delopment, Ramsgate Road,
Sandwich, Kent CT13 9NJ, U.K.

j-xiao@liv.ac.uk

Receied May 9, 2006

N Br
g + TNgg, Pd-mBOPP 7 O"Bu
R™NF DMSO R-LA
J\/L >99% Regioseletivity
Ph,P PPh,
mBDPP

mese2,4-Bis(diphenylphosphino)pentameBDPP) has proved
to be an effective regiocontrolling ligand for palladium-
catalyzed internal arylation by aryl bromides of electron-
rich olefins in a common solvent DMSO with no need for
any halide scavengers. The arylation of the benchmar
electron-rich olefin butyl vinyl ether took place smoothly to
afford exclusivelya-arylated product with high isolated
yields. The better performance oBBDPP, compared with

SCHEME 1. Formation of a- and f-Arylation Products in
the Heck Reaction and the Key Intermediates
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including the properties of the aryl substrate, olefin, and ligand,
as well as the solved#?23Among those factors, it is generally
believed that monodentate electron-rich phosphine promotes the
coupling reaction of aryl halides with electron-deficient olefins
to giveB-arylated product under neutral conditidass:"4while
bidentate phosphine facilitates the arylation of electron-rich
olefins to afforda-arylated products under “ionic conditior&®;”

The ionic conditions here refer to the use of aryl triflates instead
of aryl halides as the arylating agett&8 or the use of
stoichiometric silver or thallium salts when aryl iodides or
bromides are choseffe9Under such conditions, generation
of the key cationic Pd(IH-olefin species is made easy, thereby
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no)propane], highlights the important but subtle effect of
ligand on the regioselectivity of the Heck arylation reactions.

The palladium-catalyzed HeelMizoroki reaction has been
well-known as one of the most versatile methods for the
formation of G-C bonds in synthetic chemisttyCabri et al
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proposed that the Heck reaction proceeds via two pathways, aXiao, J.Org. Lett.2001, 3, 295.

neutral pathway leading to the preferential formation of linear
olefins and an ionic counterpart more likely to give rise to
branched olefins (Scheme ANot unexpectedly, the occurrence

of this chemistry is dependent on the reaction conditions,
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facilitating o-arylation (Scheme 1). However, a drawback of
this strategy is that triflates are base-sensitive and thermally
labile, and the inorganic additives create new problems, e.g.
waste salts, toxicity, and added cost. Recently, we found that
the ionic conditions could also be met by simply adopting ionic
liguid solvents>19 Specifically, we showed that electron-rich
olefins can be arylated highly regioselectively by aryl halides
in such solvents without recourse to any halide scaverigérs.

is believed that the ionic medium promotes the formation of

the cationic palladium species and hence the branched product.

However, there is still a need to develop catalysts that work for

a wider range of substrates and function in a broader spectrum

of solvents.

As part of our ongoing research aimed at understanding and
controlling the regioselectivity of internal arylation of electron-
rich olefins, we have attempted to develop more efficient
palladium catalysts. A focal point was on new phosphine ligands
on the basis of the DPPP [1,3-bis(diphenylphosphino)propane]

backbone, as DPPP has proved to be the best ligand of choice

for the a-arylation of electron-rich olefin3>6¢ In common
solvents, however, catalysis by PBPPP generally affords a
mixture of regioisomerd>® Herein, we report thamBDPP
[mese2,4-bis(diphenylphosphino)pentane] in combination with
palladium forms an effective catalyst that allows for regiose-
lective a-arylation with aryl bromides of electron-rich olefins
in DMSO with no need for an ionic liquid solvent nor for a
halide scavenger. It is noteworthy thaBDPP has not been

TABLE 1. Screening Solvents for Regioselective Arylation of a
Vinyl Ether with Pd —mBDPP?
Pd(OAc),

Br mBDPP n o O"BU
OO +Z0%u Et3N, solvent O Bu+
1a 2 115°C, 24 h 3a 4a
conversion
entry solvent &P (%) a/pe E/z¢

1 [bmim][PR] 87 >99/1
2 DMSO 46.45 94 >99/1
3 DMF 36.71 82 54/46 84/16
4 DMACc 37.78 78 50/50 82/18
5 CH,CN 35.94 70 53/47 75125
6 1,4-dioxane 2.21 29 47/53 80/20
7 toluene 2.38 12 47/53 77123
gd DMSO 46.45 50 >99/1

a8 Reaction conditionsda (1.0 mmol),2 (2.0 mmol), E4N (1.5 mmol),
Pd(OAc) (2 mol %), mBDPP (4 mol %), solvent (1.0 mL}.Relative
permittivity taken from ref 15¢ Determined by*H NMR; a o/f-ratio of
>99/1 was assigned wheta was not detected.(RR)-BDPP was used
instead ofmBDPP.

87% conversion under the same reaction conditions (entry 1).
The regioselectivity of the reaction decreased dramatically in
other solvents, from DMF to toluene, giving rise to a mixture
of o- and -arlyated products (entries=¥). While the regio-
selectivity remained approximately the same for these solvents,
the reaction rate decreased as the polarity of the solvent
decreased. Interestingly, whemBDPP was replaced with its

applied to the Heck reaction before, although it has been usedchiral analogue, RR)-BDPP, a slower arylation resulted,

as an efficient ligand in copolymerizatifrand hydrogenatio#?
Preliminary experiments were performed to examine the

effectiveness of the ligand in different solvents, including both

molecular solvents and ionic liquid. [bmim][EJFwas chosen

as a representative of the latter. Arylation of the benchmark

electron-rich olefin butyl vinyl ether2j with 2-bromonaphtha-

lene (@) was taken as a model reaction. The results are

although the regioselectivity remained the same (entry 8 and
vide infra). The higho-regioselectivity in DMSO and [bmim]-
[PFe] is not a simple coincidence, as they both are capable of
promoting the formation of ionic palladium species. In the case
of DMSO, its high polarity and good capability in coordinating
to Pd(ll) must at least partly account for tRsApart from our
recent investigation, which supports that ionic liquids enable

presented in Table 1. As can be seen, among the molecularthe ionic Heck pathway in the arylation of electron-rich olefins

solvents chosen, DMSO afforded the highest conversion with
an exclusive regioselectivity for tleearylation producBa (entry

2). A similar regioselectivity was observed in the ionic liquid
[bmim][PF¢]. However this reaction was slower, affording a

(8) (a) Bengtson, A.; Larhed, M.; Hallberg, A. Org. Chem2002, 67,
5854. (b) Olofsson, K.; Sahlin, H.; Larhed, M.; Hallberg,JA.Org. Chem.
2001, 66, 544. (c) Vallin, K. S. A,; Larhed, M.; Johansson, K.; Hallberg,
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1987, 52, 4130.

(10) (a) Smith, K.; Liu, S.; El-Hiti, G. Alnd. Eng. Chem. Re2005
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(c) Liu, S.; Fukuyama, T.; Sato, M.; Ryu,$ynlett2004 1814. (d) Liu, S;
Fukuyama, T.; Sato, M.; Ryu, Drg. Process Res. De2004 8, 477.

(11) (a) Bianchini, C.; Lee, H. M.; Barbaro, P.; Meli, A.; Moneti, S.;
Vizza, F.New J. Chem1999 23, 929. (b) Bianchini, C.; Lee, H. M.; Meli,
A.; Moneti, S.; Vizza, F.; Fontani, M.; Zanello, Rlacromolecules999
32, 4183.

(12) (a) Herseczki, Z.; Gergely, |.; HegedlC.; SZti6sy, A.; Bakos, J.
Tetrahedron: Asymmetr§004 15, 1673. (b) Hu, W.; Pai, C.; Chen, C.
C.; Xue, G.; Chan, A. S. CTetrahedron: Asymmetr§998 9, 3241. (c)
Bakos, J.; Tth, |.; Heil, B.; Szalontai, G.; R&anyi, L.; Fuldp, V. J.
Organomet. Chen1.989 370, 263. (d) Bakos, J.; T, I.; Heil, B.; Markag
L. J. Organomet. Chenl985 279 23. (e) MacNeil, P. A.; Robert, N. K;
Bosnich, B.J. Am. Chem. S0d.981, 103 2273.
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by aryl halide$, examples have been presented that demonstrate
that ionic liquids can stabilize unusual ionic reaction intermedi-
ates!“ The exclusive formation of the-product in DMSO with
Pd—mBDPP represents one of the few examples of regioselec-
tive internal arylation in common solvents by aryl halides with
no use of a halide scavenger. Hallberg et al. have previously
reported similar regioselective arylation reactions in wet DMF,
with water acting as an indispensable additive for boosting
solvent polarity® More recently, we showed th&tcould be
regioselectively arylated by aryl bromides with PAPPP
catalysis in DMSO in the presence of an ionic ligfidn neat
common organic solvents, POPPP generally gives rise to a
mixture of regioisomers as aforementiorfédFor instance, the
arylation of 2 by p-bromobenzaldehyde led toag-ratio of
86/14 with Pd-DPPP in DMSO under similar conditiof%.
Encouraged by the results in DMSO, we extended this
chemistry to other aryl bromides. The arylariomebutyl vinyl
ether2 (2.0 mmol) by a spectrum of aryl bromid&¢1.0 mmol)
in the presence of Pd(OAc§2—4 mol %) andmBDPP (4-8

(13) Atwood, J. DInorganic and Organometallics Reaction Mechanism
2nd ed.; Wiley-VCH: New York, 1997; Chapter 2.

(14) (a) Klingshirn, M. A.; Broker, G. A.; Holbrey, J. D.; Shanghnessy,
K. H.; Rogers, R. D.Chem. Commun2002 1394. (b) Chiappe, C.;
Pieraccini, D.J. Org. Chem2004 69, 6059. (c) Creary, X.; Willis, E. D;
Gagnon, M.J. Am. Chem. So2005 127, 18114. (d) Crowhurst, L.;
Lancaster, N. L.; Arlandis, J. M. P.; Welton, J. Am. Chem. So@Q004
126, 11549. (e) Lancaster, N. L.; Welton, J..Org. Chem2004 69, 5986.



TABLE 2. Arylation of Butyl Vinyl Ether with Aryl Bromides by
Pd—mBDPP Catalysi¢
Pd(OAG),
mBDPP J H o]
BN omso. A OB T N
115°C,36 h 3 5
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aReaction conditions:1 (1.0 mmol), 2 (2.0 mmol), Pd(OAg) and
mBDPP (shown in the Table), and DMSO (1.0 mEDetermined by*H
NMR. ¢Isolated yield.d The conversion t@a was 94% at 24 h.

n MeOC

.3

51

o
MeO,C

Sm

>99/1
1m

mol %) was carried out in DMSO at 118 for 36 h. The
isolated products were the aryl methyl ketoriesollowing
hydrolysis of3. The results obtained are summarized in Table
2. As is clear, exclusive-arylation together with high isolated
yields for ketones$ were obtained in all reactions, regardless
of the nature of aromatic rings. Nonetheless, with the aryl
bromide bearing a strongly electron-withdrawing or electron-

donating group, such as CN, or OMe, the reaction became slow
and thus required a higher catalyst loading to complete. This
suggests that the rate of arylation is not determined by the

oxidative addition of A~Br to Pd(0}-mBDPP. An electron-
rich aryl group could slow the arylation by discouraging the
coordination of2 to Pd(ll) as a result of increased electron

density at the palladium. On the other hand, the aryl insertion
step, which may be viewed as an intramolecular nucleophilic

addition® could be negatively affected by over-increasing the
electron deficiency of the migrating aryl ring by an electron-
withdrawing group.
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TABLE 3. Arylation of Butyl Vinyl Ether by Pd —mBDPP
Catalysis in the Presence of [ENH][BF 42

o oo :
+ = H*
i oy gN—’ AN
3N, [EtsNH][BF,]
1 2 DMSO0, 115 °C 5
Entry ArBr Pd/mBDPP  Reaction Product 5 Yield (%)°
(mol%) time (h)
Br o
1 O 0571 12 “)‘\ 82
1a SO
Br o
2 © 24 12 ©)k 83
le
5e
o

/©)'\ 80
o
Q/u\ 84
o]
2,
Ol
Br (o]
6 ,©/ 87
MeOC 1 eOC s

aReaction conditions:1 (1.0 mmol), 2 (2.0 mmol), Pd(OAg) and
mBDPP (shown in the Table), and B&H][BF4] (1.5 mmol) in DMSO
(1.0 mL). b Isolated yield.

Br
3 oy 0.5/ 24
F

if

24
1h

2/4 24

application, the long reaction time and high catalyst loading
could become a concern. We recently showed that ammonium
salt-based hydrogen-bond donors such asNH}[BF,] ac-
celerate significantly the PeDPPP catalyzed arylation, possibly
via hydrogen bonding to bromide anions, which increases the
concentration of active cationic palladium species and hence
the a-arylation rates (see Scheme®2P.With this in mind, we
attempted to use an additive to enhance the reaction rate of the
Pd—mBDPP catalysis. A few aryl bromides were examined as
examples. The results are shown in Table 3. Indeed, the reaction
in DMSO can be noticeably accelerated with the aid ofNEf]-

[BF4] without compromising the regioselectivity, even at a
reduced catalyst loading. Thus, for example, in the presence of
1.5 equiv of [ENH][BF 4] the arylation of2 with 2-bromonaph-
thalene {a) was completed within 12 h at 11% with a 0.5

mol % Pd loading, bringing about a turnover number of 200
(entry 1, Table 3). In the absence of the ammonium additive,
the reaction afforded a 94% conversion in 24 h at a palladium
loading of 2.0 mol % (entry 1, Table 2). As shown in the table,
even for the aryl bromides bearing a OMe group, the reaction
was finished within 24 htaa 2 mol % Pd loading (entries 4
and 5).

The Pad-mDPPP catalysis appears to work with some other
electron-rich olefins as well. Thus-methylN-vinylacetamide
was arylated by 2-bromonaphthalerig)(to give exclusively
the a-product under the above conditions, albeit with an
incomplete conversion of 64%. Allyl alcohol and allyltrimeth-
ylsilane afforded loweo/f-ratios of 91/9 (60% conversion) and
82/18 (30% conversion), respectively. However, the catalysis
by Pd-DPPP led to still lower regioselectivities. For instance,
the arylation of allyltrimethylsilane with this catalyst yielded a
o/p-ratio of 70/30. The higlw/-selectivity in the case of butyl
vinyl ether andN-methyl-N-vinylacetamide is undoubtedly a

While these reactions provide rare examples of regioselective gfiection of the strong electronic bias of these olefins toward

arylation in a common solvent, from a viewpoint of practical

(15) Reichardt, CSobents and Seknts Effects in Organic Chemisfry
2nd ed.; VCH: Weinheim, 1990.

(16) Portnoy, M.; Ben-David, Y.; Rousso, |.; Milstein, @rganome-
tallics 1994 13, 3465.

1,2-aryl insertion into thet rather the3-carbon (Scheme T}:P

The higher/s-selectivity associated witmBDPP than DPPP
raises an interesting question: why is -RdBDPP more
selective? To address this issue, we optimized the structures of
[PdBr(Ph)(mBDPP)] and [PdBr(Ph)(DPPP)] by DFT calcula-

J. Org. ChemVol. 71, No. 19, 2006 7469



JOCNote

FIGURE 1. Structures of [PdBr(Ph)(DPPP)] (left) and [PdBr(RhDPP)]

(right) obtained from DFT optimization, with hydrogen atoms omitted

for clarity. Selected bond lengths (A) and angles (deg)=Pd14, 2.439; P15Pd14, 2.324; C19Pd14, 2.061; P#Pd14-P15, 95.273; P7Pd18,

2.421; P17Pd18, 2.541; C32Pd18, 2.033; P17Pd18-P7, 94.411.

tions using the B3LYP functional. The optimized structures are
illustrated in Figure 1. In terms of structure, [PdBr(Ph)(DPPP)]
resemble a structurally characterized compound, [PdCI(Ph)-
(DPPP)]Y” Thus, in both compounds the P& bond trans to
the phenyl is longer, 2.439 vs 2.324 A in the bromide compound
and 2.350 vs 2.239 A in the chloride analogue, and thBd-P
angle is 95.27 in the former and 96.70in the latter. A
comparison of thenBDPP and DPPP compounds reveals that
they display similar ligand bite angles, 94.41 vs 98.27
However, the PaP bonds in thenBDPP complex are signifi-
cantly longer, by ca. 0.1 A for both Pd® bonds. This is
reminiscent of previous studies that show that the-Pdond
distances in a related PdHmBDPP complex are slightly
longer than those in the analogous Pd{[DPPP comple%!2.18

As a consequence of this weaker bonding of the phosphine to
the Pd(ll), the partial charge at palladium is notably higher in
[PdBr(Ph)mBDPP)] (—0.0155) than in [PdBr(Ph)(DPPP)]
(—0.3066), and in line with this, the phosphorus atoms in the
former are less positively charged. Thus, we can tentatively
ascribe the highea-selectivity of P&-mBDPP to the electron
deficiency at the palladium, which shifts the following equi-
librium (eq 1) in favor of the cationic palladium species and

G

/\
R

+

<P: . _\\A _ ( )
+ Br eq.

hence the ionic pathway, and facilitates the 1,2-insertion step
that leads to ther-product (Scheme 1). The lower activity of
the Pd-(R,R)-BDPP catalyst (Table 1) also appears to fit in
with this explanation, as the palladium center in [PdBr(Ph)-
{(RR)-BDPP}] is more negatively charged than that in [PdBr-
(Ph)(mBDPP)]1° Previous DFT calculations have shown that
electron-withdrawing groups on ligands lower the insertion
barriers and render the PdHblefin intermediate more stablé.

(17) Herrmann, W. A.; Brfmer, C.; Priermeier, T.; ®le, K. J.
Organomet. Cheml994 481, 97.

(18) Milani, B.; Vicentini, L.; Sommazzi, A.; Garbassi, F.; Chiarparin,
E.; Zangrando, E.; Mestroni, @. Chem. Soc., Dalton Tran$996 3139.

(19) The average charge on palladium in [PdBr{PR)R)-BDPP}] is
—0.1271 at the same level of DFT calculations.
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In summary, the results presented in this paper show that
Pd—mBDPP is capable of catalyzing regioselective internal
arylation of electron-rich olefins by aryl bromides in a common
solvent DMSO with no need for any halide scavengers. While
the effect ofmBDPP is probably steric in origin, the enhanced
o-regioselectivity appears to stem from the palladium becoming
electron-deficient on going from POPPP to PedmBDPP.
This interplay of ligand steric and electronic properties and their
effects on olefin coordination and aryl insertion point to a new
way for effecting regiocontrol in the Heck reaction, which has
thus far been tackled by using triflaf#$c8halide scavengef8 e
or ionic liquids®

Experimental Section

Specific procedures are given for the olefination of 1-bromo-
naphthalene 1b) by n-butyl vinyl ether @) in DMSO; similar
procedures were followed for other coupling reactions. An oven-
dried, screw-capped reaction tube containing a stir bar was charged
with 1b (1.0 mmol), Pd(OAg) (2 mol %), mBDPP (4 mol %), and
DMSO (1 mL) under nitrogen at room temperature. Following
degassing three timeg, (2.0 mmol) and NEt (1.5 mmol) were
injected sequentially under nitrogen. The mixture was heated to
115°C and stirred at this temperature for 36 h. The reaction mixture
was then cooled to room temperature and acidified by addition of
10 mL of 20% HCI. The product was extracted with §&Hb (3 x
10 mL). The combined organic layer was washed with water until
neutrality, dried (MgSQ), filtered, and concentrated in vacuo. A
small sample was taken for NMR analysis to determine the
conversion. The arylated keto® (160.7 mg, 0.94 mmol, 94%
yield) was isolated as a white powder out of the crude product by
flash chromatography on silica gel using a mixture of ethyl acetate
and hexane (1:3 to 1:0) as eluant.
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