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Hydrogen-Bond-Directed Catalysis: Faster, Regioselective and Cleaner Heck
Arylation of Electron-Rich Olefins in Alcohols

Zeynab Hyder, Jiwu Ruan, and Jianliang Xiao*!"!

Abstract: A general method for the re-
gioselective Heck reaction of electron-
rich olefins is presented. Fast, highly
regioselective Pd-catalysed o-arylation
of electron-rich olefins, vinyl ethers
(1a-d), hydroxyl vinyl ethers (1e,f),
enamides (1g,h) and a substituted
vinyl ether (1i) has been accomplished
with a diverse range of aryl bromides
(2a-r), for the first time, in cheap,
green and easily available alcohols with
no need for any halide scavengers or
salt additives. The reaction proceeds

particularly in ethylene glycol. In the
latter, the arylation can be catalysed at
a palladium loading of 0.1 mol% and
finish in as short a time as 0.5 h. The
remarkable performance of the alcohol
solvents in promoting a regiocontrol is
attributed to their hydrogen-bond-do-
nating capability, which is believed to
facilitate the dissociation of halide
anions from Pd", and hence, the gener-
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ation of a key ionic Pd"™-olefin inter-
mediate responsible for the o product.
This belief is further strengthened by
the study of a benchmark arylation re-
action in 21 different solvents. The
study revealed that exclusive a-regiose-
lective arylation takes place in almost
all of the protic solvents, and there is a
rough correlation between the a-aryla-
tion rates and the solvent parameter
E;N. The method is simpler, cleaner
and more general than those estab-
lished thus far.

with high efficiency, leading exclusively
to the o-products, in 2-propanol and

Introduction

The formation of new sp* C—C bonds through the palladi-
um-catalysed Heck reaction is one of the most important
tools in synthetic chemistry due to its simplicity, its tolerance
of various functional groups and the easy availability of sub-
strates.!! Most Heck reactions deal with electron-deficient
olefins or those with electron-withdrawing substituents, such
as -CN or -CO,R, for which arylation or vinylation occurs at
the least-substituted terminal 3 position of the double bond.
This chemistry has been exploited in a diverse range of
areas, which includes the synthesis of natural products and
bioactive compounds."?) However, a regioselectivity issue
exists when electron-rich olefins, such as acyclic enol ethers,
silanes and enol amides, are employed; these olefins tend to
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afford a mixture of branched o and linear f§ regioisomers
under normal Heck conditions (Scheme 1).1°¢"331 They are
also generally associated with high catalyst loadings and low
turnover frequencies (TOFs).

a [Pd]
Ar—X  + Bﬁ —_— AR J\
R Ar’ R

Scheme 1.

Extensive research by the groups of Cabri,*° Hallberg
and Larhed,!'*® and others” has led to two effective meth-
ods to deal with the regioselectivity issue of electron-rich
olefins: 1) when aryl/vinyl halides are the substrates, stoi-
chiometric amounts of silver or thallium salts are added,
and 2) organotriflates (or tosylates and mesolates) have
been used instead of the halides." In both scenarios the
branched o-olefinic products are selectively produced.
These methods have significantly extended the utility of the
Heck reaction and led to a number of interesting applica-
tions in chemical synthesis.®®! However, there are short
comings associated with the methods: silver introduces
added cost, thallium salts are toxic and triflates are general-
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ly commercially unavailable in addition to being base sensi-
tive and thermally labile.

It is now generally accepted that the regioselectivity issue
exists because there are two competing reaction pathways in
the Heck reaction, as illustrated in Scheme 2.%>%!% The cat-
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Scheme 2.

ionic pathway (Scheme 2, pathway A) yields the a product,
whereas the neutral pathway (Scheme 2, pathway B) produ-
ces the [ product. Pathway A has a distinguishing feature
compared with pathway B: the former involves halide disso-
ciation from Pd", whereas the latter features phosphorus
dissociation. Given the electrophilic nature of cationic Pd",
pathway A is expected to favour electron-rich olefins.'!]
Silver and thallium salts act as halide scavengers, thereby
promoting pathway A. Similarly, the lability of the Pd—OTf
bond facilitates the formation of the cationic Pd"-olefin spe-
cies, thus leading to regioselective production of the
branched product.!”” It is also apparent that a monodentate
phosphorous ligand would favour pathway B, whereas a bi-
dentante ligand would be necessary for pathway A.

Recent DFT calculations have given more insight into the
mechanisms and show that when following pathway A elec-
tron-rich olefins indeed tend to afford the a-arylated olefin,
and this is driven primarily by electrostatic and frontier or-
bital interactions.!"”! In fact, the C—C bond forming olefin in-
sertion step may be viewed as an intramolecular nucleophil-
ic attack of the migrating aryl group at the olefin.'** More
recently, Amatore, Jutand and co-workers showed that iso-
butyl vinyl ether reacts with [Pd(dppp)(Ph)X] (X=1, OAc;
DPPP =1,3-bis(diphenylphosphino)propane) via indeed a
cationic species, [Pd(Ph)(dppp)(solvent)]*, but this can lead
to both o and B products.!'"”! The kinetic study led to the sug-
gestion of an altered mechanism, in which the olefin reacts
with the cationic solvato—Pd" species generated from halide
dissociation; a higher a regioselectivity results if the subse-
quent equilibria involving olefin coordination and insertion
are in favour of the branched product, and if the concentra-
tion of halide anion is low."*"]

Believing that the cationic Pd"-olefin species in pathway
A holds the key to the regioselectivity of electron-rich ole-
fins, we have shown in the last few years that a regiocontrol
in the coupling of aryl halides can be readily achieved by
using imidazolium ionic liquids as solvents.™") Under these
conditions, we believe that the key cationic Pd" species in
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pathway A is favoured, thus enhancing selectivity for the a
product. Ionic liquids are entirely composed of ions; hence,
electrostatic interactions would favour the generation of a
Pd"-olefin cation and a halide anion (Scheme 2, pathway
A) from two neutral precursors over that of a neutral Pd"-

olefin intermediate from the

same (Scheme 2, pathway B).

POX The method, alongside those
P/PdH r— ArJ\R developed by other groups,*!®!
R enables a highly regioselective

Heck reaction without the use
of halide scavengers or triflates,
with the possibility for recy-
cling.®™ One drawback of the
chemistry is that little is known
R about the toxicity of ionic lig-
uids, and they can be expensive

and laborious to synthesis."!
More recently, we demon-
strated that in the presence of hydrogen-bond-donating am-
monium salts, such as [HNEt;][BF,], the regioselective
Heck arylation of electron-rich olefins can be performed
equally well in common solvents, such as DMF."*Y We pro-
posed that before the rate-determining step, which is likely
to be the olefin insertion step,'*'>?) an equilibrium exists in
which addition of the potential hydrogen-bond donor shifts
the equilibrium to favour the cationic Pd"-olefin intermedi-
ate (Scheme 3). This leads to a higher concentration of the

.

(P\ ,Ar—| )

“Pd + X*--H-BD
P \l

R

P Ar
Pd -+ TN\ + H-BD
PPoX R

Scheme 3. H-BD: hydrogen-bond donor, for example, HNEt;*, HOH,
HOR.

cationic intermediate, and hence, a higher rate for formation
of the a product. We also showed that this acceleration in
the a arylation by potential hydrogen-bond-donating ammo-
nium salts is true in common solvents as well as in ionic lig-
uids. However, a negative aspect arising from the applica-
tion of such salts is that a large quantity of the salt is neces-
sary, namely, 1.5 equiv relative to the substrate, which gener-
ates waste that needs to be separated and disposed of, and
so has its associated environmental implications. In related
work, Vallin, Larhed and Hallberg showed that regiocontrol
can be achieved in a mixture of DMF/water or DMF/
MeOH," and very recently Larhed and co-workers report-
ed that water can be used as a solvent for fast, highly regio-
selective arylation.'¥ However, the chemistry of the latter
appears to be restricted to hydroxyl vinyl ethers.

In continuing our search for a cleaner, more economic
method for the regioselective Heck reaction, we now report
that the Heck arylation of electron-rich olefins with aryl hal-
ides can be most easily performed in alcohols, in a highly re-
gioselective and efficient manner that requires neither ionic

Chem. Eur. J. 2008, 14, 5555-5566


www.chemeurj.org

Heck Arylation of Electron-Rich Olefins

liquids/ionic additives nor halide scavengers (Scheme 4).?"*

Although alcohols such as 2-propanol and ethylene glycol
provide remarkably economic, safe and environmentally at-
tractive alternatives to commonly used dipolar solvents, they
have seldom been exploited in metal-catalysed coupling re-
actions. Of both practical and fundamental significance is
that our further studies point to the Heck regioselectivity
being directed by polar, protic solvents.

Ar—Br + Z R —»Pd_dppp ArJ\R
Alcohol
2 1 3

1a 1b 1c 1d
0 @]
L L
g SO0 SO N N X -OFEt
|
1e 1f 19 1h 1i
Scheme 4.
Results

As with the hydrogen-bond-donating ammonium salts, alco-
hols are also good hydrogen-bond donors and are known to
act as receptors for halide anions.*!! This feature could aid
the dissociation of a halide anion from Pd", thereby enhanc-
ing the concentration of the ionic Pd"-olefin species in path-
way A (Scheme 3).°¢22 In fact, short-chain alcohols are
known to have hydrogen-bond-donating capabilities similar
to imidazolium ionic liquids.””’ With this in mind, we set out
to investigate whether the regioselective Heck arylation of
electron-rich olefins could be achieved in a simple alcohol
such as 2-propanol.

We first examined the feasibility of the arylation of butyl
vinyl ether (1a) with 2-bromonaphthalene (2a) under the
previously established Pd-dppp catalysis.'”) Pd-dppp has
been shown to be the most successful catalyst for regioselec-
tive Heck arylation reactions in either molecular solvents or
ionic liquids."**713 As in our previous studies, the catalyst
used in this study was derived in situ from Pd(OAc), and
DPPP. Remarkably, the reaction of 1a with 2a at 115°C was
completed in 5 h with no linear product detected; ketone 4a
was isolated in excellent yield after acidification of 3a
(Table 1, entry 1). With such a simple protocol to hand, we
started to test the reactions of aryl bromides 2b-n with a
range of alkyl vinyl ethers (1a—c,e). In a typical reaction, a
mixture of 1, 2, Pd(OAc),, DPPP and triethylamine was
heated in 2-propanol (2 mL) under reflux in an inert atmos-
phere of N,; the ketone was obtained following hydrolysis
of 3. As can be seen in Table 1, good to excellent yields
were obtained for all of the reactions, and in no case was
the linear olefin detected or isolated. Because some reac-
tions failed to complete within 5 h, as for entry 1, extended
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times of up to 18-24 h were permitted, so that full conver-
sions were reached. We were also pleased to find that
simple removal of the catalyst and resulting salt through a
silica plug was sufficient to obtain immaculate purity. How-
ever, the para analogues (2h, 2j and 21) of aryl bromides
2g, 2i and 2k were sluggish when coupled with 1a, and full
conversions were not achieved in 24 h. The coupling of en-
amides with aryl bromides was even more sluggish, with in-
significant amounts of products being detected after a reac-
tion time of 36 h.

Ethylene glycol allows operation at a higher temperature,
and may render ionic pathway A (Scheme 2) more favoura-
ble by forming more effective hydrogen bonds with the bro-
mide anion and thus enhancing the concentration of the cat-
ionic Pd"-olefin species (Scheme 3).**! As an examination
of feasibility, we tested the arylation of 1a with 2a and
found that this benchmark reaction was completed within
2h. To probe the scope of the system, a series of vinyl
ethers were then tested in the arylation reaction with a
range of aryl bromides (Table 2). Since some substrates ne-
cessitated longer times, for example, the enamides, the rest
of the reactions were run overnight, and in the case of the
enamides up to 36 h was necessary (entries 25-30). The reac-
tions gave ketone products with good to excellent yields re-
gardless of the nature of the substituents on the aryl rings,
and again no linear product was observed. Of particular
note are para-substituted bromides 2h, 2j and 21, which can
now be completely olefinated, as also enamides 1g,h, which
have previously only been successfully arylated in a mixture
of ionic liquid and DMSO.[** The reaction proceeded clean-
ly, so that again separation by using a small silica plug was
usually sufficient to obtain pure products. When the enam-
ide coupling is carried out in an aprotic solvent, such as di-
oxane, aryl triflates have been the substrates instead of the
halides." Internal Heck vinylations of enamides have also
been performed with high regioselectivity by using vinyl tri-
flates as the substrates./®”’

In the absence of an acid, the arylation product arising
from 2-hydroxyethyl vinyl ether (1e) could cyclise to give
an alternative method for the synthesis of ketals, which may
find uses as intermediates for anti-HIV agents. This was first
demonstrated by Hallberg, Larhed and Nilsson by using aryl
triflates or halide scavengers for ArX (X=Br, I) in DMF;*]
however, the reaction can be slow and requires the addition
of dry acetic acid to complete ring closure or further heating
following the consumption of the arylbromide. When 1le
was arylated in ethylene glycol under the conditions given in
Table 2 but without subsequent hydrolysis, the correspond-
ing S-membered ketals were isolated in good yields
(Table 3). An example of 7-membered ketals is also provid-
ed (Table 3, entry 10). However, prolonged heating cleanly
turned it into 5-membered ketal 3ea, for which a yield of
73% was obtained (Scheme 5). Apparently, this product
arises from 3fa reacting with the solvent to give a more
thermodynamically stable product. The observation also
suggests that there may be an exchange between 3ea, 3fa
and ethylene glycol.
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Table 1. Regioselective arylation of olefins 1 in 2-propanol.l”!

o}
ProH H'
=\ + _ / » -
R ATBT g ArJLR ArJ\
1 2 3 4
Entry Olefin ArBr Product Yield [%] Entry Olefin ArBr Product Yield [%]
COMe COMe
1 1a 2a 4a oM 1 1a 2n ” /©/ an 83
COMe COMe
2 1a 2b 4b 88 120 1b 2a 4a 89
COMe O COMe
3 1a 2¢ 4c 94 130! 1b 2¢ 4c 74
OMe OMe
COMe COMe
4 1a 2d /©/ 4d 83 141! 1b 2e ©/ 4e 81
MeOC
COMe COMe
5 1a 2e ©/ 4e 87 151! 1b 2d /©/ 4d 92
MeOC
COMe COMe
6 1a 2t ©1F 4t 91 16 1c 2a 4a 82
COMe COMe
7 1a 2¢g 4g 76 17 1c 2d /©/ 4d 79
E MeOC
coMe COMe
8 1a 2i 4i 87 181 le 2a 4a 93
OMe
COMe COMe
9 1a 2k Q/ 4k 85 1914 1e 2d ©/ 4d 97
MeOC
COMe cOMe
10 1a 2m 4m 84 20 1e 2e ©/ 4e 85

CN

[a] Reaction conditions: 1 (3.0 equiv), 2 (1.0 mmol), Pd(OAc), (4.0 mol %), DPPP (8.0 mol %), NEt; (2.5 equiv) and iPrOH (2 mL) at 115°C, for 18-
24 h; 100% conversion and no linear products, as shown by '"H NMR analysis; isolated yields are reported; 4 was obtained after acidification of 3. [b] 5 h
reaction time. [c] 0.75 equiv 1b. [d] Ketals may be formed before the acidification (see Table 3).

Br © HO_~ O
[Pd] OH
T momron P [ ) en SO L%
3fa 3ea

2a 1f
Scheme 5.

We have previously shown that ketals are also formed in
similar reactions in ionic liquids."**? In both ethylene glycol
and ionic liquids, excellent o regioselectivities were main-
tained. As aforementioned, hydroxyl vinyl ethers also gave
excellent regioselectivity when water was used as the sol-
vent. Larhed and co-workers have also shown that the reac-
tion works to some degree even in toluene.'®! The hydroxyl
group thus appears to play a role similar to that of an alco-
hol solvent (see below).” In contrast, when carried out in
DMF with a tetradentate phosphine, the reaction of 1e fav-
oured the B product.!

In the reactions in ethylene glycol described above, the ar-
ylation procedure involved heating a mixture of all of the
reagents together. It was noted that the ethylene glycol solu-
tion turned dark almost immediately, which indicated the

www.chemeurj.org
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formation of palladium black.”) After a series of test reac-
tions, it became apparent that the presence of the olefin
from the beginning of the reaction enhanced the rate of Pd"
reduction to palladium black before it formed the Pd—dppp
catalyst. In accordance with this finding, when the olefin
substrate was added 3-4 min after the solution had been
heated the initial yellow-orange solution only turned dark
brown slowly, which suggested the presence of more Pd-
dppp complex in the catalytic reaction. In a separate experi-
ment, it was observed that in the presence of 1a, a solution
of Pd(OAc), in 2-propanol turned dark in less than 1 min at
room temperature; in its absence the solution remained
yellow for more than 20 h, which again indicated that Pd" is
easily reduced by the olefin.

Chem. Eur. J. 2008, 14, 5555-5566


www.chemeurj.org

Heck Arylation of Electron-Rich Olefins

Table 2. Regioselective arylation of olefins 1 in ethylene glycol.!

FULL PAPER

Entry Olefin ArBr Product Yield [%] Entry Olefin ArBr Product Yield [%]
COMe COMe
1 1a 2a 4a 93 16 1b 2h /©/ 4h 78
F
COMe COMe
2 1a 2b a8 17 le 2a 4
COMe
oC
3 1a 2¢ ” 4c 94 18 1c 2d O 4d 76
OMe MeOC
COMe COMe
4 1a 2d Q 4d 83 19 1d 2a 4a 78
MeOC
COMe COMe
5 1a 2e © de 87 20 le 2a 42 88
COMe COMe
6 1a 2f ©: 4t 76 21 le 2d /©/ 44
F MeOC
COMe COMe
7 1a 2g 4g 91 22 le 2h /©/ 4h 87
F
F
COMe COMe
8 1a 2h 1y ah 88 23 le 2n O an 8
F NC
COMe
COMe
9 1a 2i Q/ 4i 75 24 1f 2a 4a 93
OMe
COMe COMe
10 1a 2j O 4 79 250! 1g 2a OO N 3ga 78
MeO |
\
COMe N\COMe
11 1a 2k 4k 77 260! 1g 2b OQ 3gb 79
COMe
12 1a 21 /©/ 41 89 271! 1g 2e ©)L§’COM6 3ge 81
(o]
COMe
N
13 1a 2m Q 4m 83 28! 1h 2b 3nb 74
o 90
COMe _COMe
14 1a 2n 4n 84 290°! 1g 2h N 3gh 78
NC’
F
(@]
COMe N\ﬁ
15 1b 2a 4a 87 300! 1h 2g 3hg 82
F

[a] Reaction conditions: 1 (3.0 equiv), 2 (1.0 mmol), Pd(OAc), (5.0 mol % ), DPPP (10.0 mol %) and NEt; (2.5 equiv) in ethylene glycol (2 mL) at 145°C;
100% conversion and no linear products; isolated yields are reported; 4 was obtained after acidification of 3. [b] Conditions were the same as for [a],

omitting aqueous acidic work up.

This simple change in procedure was implemented in the
arylation and we were delighted to find that the reaction in
ethylene glycol proceeded at a much faster rate, even at
lower catalyst loadings. Selected examples are illustrated in
Table 4, which includes the coupling of 2-substituted olefin
1i. For all of the substrates, particularly previously “stub-
born” 2h, 2j and 21, the reaction time reduced dramatically
compared with those presented in Tables 1 and 2, at a lower
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catalyst loading of 1%. More remarkably, the reaction time
can be shortened to 0.5h at a catalyst loading of as low as
0.1 mol % (Table 4, entries 20-22). It is also worth noting
the successful arylation of aryl dibromides 2q and 2r
(Table 4, entries 10 and 11), which required only short times
for complete conversions. To the best of our knowledge,
these examples represent the fastest rates ever reported for
the Heck reaction of electron-rich olefins. We note that the

www.chemeurj.org
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Table 3. Arylation of hydroxyl vinyl ethers to form cyclic ketals."

Br 0.
A Pd—dppp
/\o/\M’NOH + R T ——— RL\ 042
Z ethylene glycol L n
1ef 2 3ef
Entry Olefin ArBr Product Yield [%)] Entry Olefin ArBr Product Yield [%)]
O,
O,
1 1le 2a CIO o) 3ea 88 6 le 2g Q/f\) 3eg 87
F
O
P! 0
2 le 2b CI 3eb 88 7 le 2h o) 3eh 85
F
(0] O
3 le 24 J@/Ct) Jed 89 8 le 2n Q/J;\) Jen 86
MeOC NC
O O
4 1e 2e ©/i/\) 3ee 81 9 1e 20 o) 3eo 83
CSFB
o) (0]
5 1le 2f 1 3ef 77 10 1f 2a OO O\} 3fa 69
F

[a] Reaction conditions as in Table 2, without aqueous acidic work up; 100% conversion and no linear products; isolated yields are reported.

catalyst loading could not be decreased to lower than
2.5mol% when the arylation was carried out in neat
water.!!®!

An additional advantage of the protocol is that it allows
both the Pd—dppp catalyst and solvent to be easily recycled
because the product could be extracted with a less polar sol-
vent. To demonstrate this, the regioselective arylation of 1e
with 2a was examined in ethylene glycol. Following each
run, the ketal was extracted with diethyl ether. As shown in
Scheme 6, the Pd/DPPP-ethylene glycol mixture was recy-
cled five times with no significant loss in catalytic activity.

Discussion

The study into the regioselectivity of the Heck reaction has
attracted a great deal of attention over the past two decades,
culminating with the advent of three effective methods to
control o regioselectivity (see above). It is surprising that a
simple change of solvents from the common dipolar sol-
vents, such as DMF, or ionic liquids to an alcohol affords
complete regiocontrol for electron-rich olefins with no need
for any halide scavengers. Naturally, one would like to ask
why the alcohol solvents are so effective in promoting the a
regioselectivity. We started this study by assuming that alco-
hols could act as hydrogen-bond donors to stabilise or sol-
vate the dissociated halide anions and thereby enhance the
concentration of the key cationic Pd-olefin intermediate
(Scheme 3). If this is true, other protic solvents would func-
tion in a similar manner. In particular, solvents with high
E;N values would be expected to give good a regiocontrol
because they are in general good hydrogen-bond donors.”®
To a large degree, the previous reports from the groups of
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Hallberg and Larhed and us on using a mixture of water/
DMFE,"" neat water™ and ammonium salts (e.g., HNEt,*
)54 to direct regioselection appear to support this view be-
cause all of these media possess hydrogen-bond-donating ca-
pabilities. To gather more evidence, we then screened a di-
verse range of solvents.

Our study of the arylation of 1a with 2d in 21 solvents is
summarised in Table 5. Depending on the results used, the
reaction of 1a with 2d can produce a mixture of o and f3 re-
gioisomers and the latter, if formed, is usually composed of
E and Z stereoisomers. The solvents examined span a wide
range of the solvent spectrum, as reflected in their dielectric
constants ¢, (7.2-191.3), dipole moments p (5.5x107-12.9 x
10 cm) and E{~ values (0.23-0.79). When examining the
results in Table 5, there appears to be no correlation be-
tween ¢ or p with either conversion or TOF*. However,
whereas the E;N values do not show a correlation with con-
version, there appears to be a link between this parameter
and TOF" In fact, plotting InTOF" against E;" reveals a
roughly linear relationship: the higher the E;Y values, the
faster the o product is formed (Figure 1). Because the EN
parameter measures largely the hydrogen-bond-donating ca-
pability of a solvent, this rough correlation suggests that
ionic pathway A (Scheme 2), and hence, the formation of
the o product are accelerated by hydrogen-bond donors,
which echoes our proposition mentioned above.

A closer look at Table 5 shows that the a product is exclu-
sively produced in all of the protic solvents except for N-
methylacetamide. The alcohols deserve particular attention
because the § product was never detected in these solvents,
and a clear correlation between the hydrogen-bond-donat-
ing capabilities and the TOF* exists. All of the terminal al-
cohols afforded higher TOF* than their internal isomers, of

Chem. Eur. J. 2008, 14, 5555-5566
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Table 4. Faster, regioselective arylation in ethylene glycol.l?)

FULL PAPER

Entry Olefin ArBr Product Time [h] Yield [%] Entry Olefin ArBr Product Time [h]  Yield [%]
COMe o
1 1a 2b 4b 05 77 126 1e 2a OO OJ 3ea 0.5 76
COMe o
2 1a 2d O 4d 05 83 139 1e 2e 3ee 2 88
MeOC O
o]
COMe
3 1a 2e @ 4e 05 85 14 1i 2a dia 3 72
COMe O
4 1a 2g © 4g 1 91 15 1i 2e ©)V 4ie 3 75
F
COMe Q
5 1a 2h /©/ 4n 1 89 16 1 2h /©)K/ 4ih 3 81
F F
COMe COMe
6 1a 2j O 4j 2 84 179 1a 2d Q 4d 3 87
MeO MeOC
COMe COMe
7 1a 2k Q 4k 05 78 184 1a 2j /©/ 4 3 74
MeO'
COMe
COMe
8 1a 21 /©/ 41 2 71 194 1a 2k Q/ 4k 3 72
O,
9 1a 2p @\com 4p 05 81 2064 fe 2a \) 3ea 05 73
COMe
(0]
100 1a 2q OO 4q 1 82 214 1e 2d OJ 3ed 05 76
MeOC
COMe
O,
10 1a 2r MeOC/Q\COMe 4r 15 69 22ledl 1e 2h Q/i/\) 3eh 05 71
F

[a] Reaction conditions: 1 (3.0 equiv), 2 (1.0 mmol), Pd(OAc), (1.0 mol %), DPPP (2.0 mol %) and NEt; (2.5 equiv) in ethylene glycol (2 mL) at 145°C,
with 1 added 3-4 min after the mixture containing all the other reagents had been heated at 145°C; 100 % conversion and no linear products detected;
isolated yields are reported; 4 was obtained after acidification of 3. [b] Conditions were the same as those given in [a]; however, compounds 2q and 2r
are dibromides, so 6.0 equiv of 1 were used. [c] Conditions were the same as those given in [a], omitting aqueous acidic work up. [d] Conditions were the
same as those given in [a] except lower quantities of Pd(OAc), (0.10 mol %) and DPPP (0.20 mol %) were used.

Pd—dppp
Ethylene glycol

Br
/\O/\/OH +

1e 2a

QO

Run 1 2 3 4 5

Isolated Yields [%] 91 87 84 82 86

Scheme 6.

which the best hydrogen-bond donor, ethylene glycol, stands
out as the best solvent. In sharp contrast, when performed
in largely non-protic poly(ethylene glycol) (My=2000)
using Pd(OAc), without ligand, the coupling of 1a with 2
yields exclusively the B product.*”

In recent studies by Amatore, Jutand and co-workers,
the high o regioselectivity observed in ionic liquids" was
attributed to the high ionic strength of the solvent, which

[14]
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encourages anion—cation separation and therefore enhances
the concentration of the Pd"-olefin cations, and consequent-
ly, the selectivity towards the a product. In both our pre-
vious™ and current investigations, increasing the ionic
strength is found to increase the arylation rates. Within the
limited range of variation in ionic strength we examined,
however, the ionic strength does not appear to impact on
the regioselectivity. For instance, introduction of 0.5 equiv
[NEt,][BF,] (relative to the arylbromide) to the arylation of
1a with 2d in DMF resulted in an increase in TOF by 1.5
times. Whereas this is consistent with the kinetic study of
Amatore and co-workers, which showed that [Pd-
(dppp)I(Ph)] reacts faster with an analogue of 1a at higher
ionic strength,™! the o/p ratio of the product from 1a and
2d remained at approximately 22:78. A similar observation
was made with NaPF,.*!]

Thus, it appears that it is the hydrogen-bond-donating ca-
pabilities that make simple alcohols such powerful solvents
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Table 5. Solvent effect on the Heck arylation of 1a by 2d.1Y
(0]
Br 1) Pd—dppp X OBu X
/\OBU + \N/©/ —hsolvent + \’H@/\/ + YQ/EBu
2)H*
o o o ® ° @
1a 2d
o B
Solvent B.p. [°C] & 1 [10°° cm] EN Conversion™ [%] a/plel EIZ TOF [h~]
1,2-dimethoxyethane 84.5 7.2 5.7 0.231 7.4 18:82 79:21 0.4
triethylene glycol dimethyl ether 216 7.6 7.4 0.253 4.4 69:31 80:20 1.0
hexamethylphosphoric triamide 233 29.3 18.5 0.315 60 11:89 74:26 2.1
N,N-dimethylformamide 153.1 36.71 12.7 0.386 34 2278 77:23 2.5
2-methyl-2-propanol 823 12.47 55 0.389 4.0 >99:1 - 1.4
N,N-dimethylacetamide 166.1 37.78 12.4 0.401 42 19:81 76:24 2.6
dimethyl sulfoxide 189 46.45 13.5 0.444 23 44:56 73:27 33
3-pentanol 1153 13.35 5.5 0.463 9.0 >99:1 - 3.0
2-pentanol 119 13.71 55 0.488 7.5 >99:1 - 2.5
2-butanol 99.5 16.56 5.5 0.506 10 >99:1 - 33
2-propanol 822 19.92 55 0.546 13 >99:1 - 43
2-methyl-1-propanol 107.9 17.93 6.0 0.552 14 >99:1 - 4.7
1-pentanol 138 13.9 5.7 0.568 16 >99:1 - 53
1-butanol 117.7 17.51 5.8 0.586 22 >99:1 - 7.3
1-propanol 972 20.45 55 0.617 30 >99:1 - 10
ethanol 783 24.55 5.5 0.654 28 >99:1 - 94
N-methylacetamide 206.7 191.3 12.8 0.657 49 60:40 75:25 9.7
triethylene glycol 288 23.69 10.0 0.682 7.5kl >99:1 - 15
diethylene glycol 245.7 31.69 7.7 0.713 21kl >99:1 - 42
N-methylformamide 200 182.4 12.9 0.722 31k >99:1 - 62
ethylene glycol 197.5 37.7 7.7 0.790 28l >99:1 - 56

[a] Reaction conditions: 1a (3.0 equiv), 2d (1.0 mmol), Pd(OAc), (1.0 mol %), DPPP (2.0 mol %), and NEt; (2.5 equiv) in solvent (2 mL) at 115°C for
3 h; average of two runs; solvent parameters from reference [28]. [b] Conversion refers to the total conversion of 2d into the a and 3 olefins and was de-
termined by 'H NMR spectroscopy. [c] When the B product was not detected by '"H NMR spectroscopy, a >99/1 ratio was assigned. [d] TOF refers to
turnover frequency for the a product calculated using the conversions. [e] 30 min reaction time.

T T T T T T T

02 03 04 05 06 07 08
Ef

Figure 1. Effect of the solvent parameter E;" on TOF® in the arylation of
4-bromoacetophenone with butyl vinyl ether (data taken from Table 5).

in accelerating the a regioselec-

tive Heck arylation. In fact, it

has long been known that such

solvents “exert an electrophilic C
pull on the departing anions in ’
much the same way that heavy

metal ions (Ag*, Hg?*) cata- Scheme?7.
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lyse nucleophilic substitution reactions of haloalkanes”,?!

which explains why no halide scavengers are necessary in al-
cohols. Analogous with the Syl nucleophilic substitution of
haloalkanes,™ the alcohols may not only solvate the ionised
bromide anion, they could also aid its departure from Pd"
as illustrated in Scheme 7.°>%

Conclusion

This report presents the first general, green method for the
Heck arylation of electron-rich olefins. Our results show
that highly efficient and regioselective arylation of these ole-
fins with aryl bromides can be readily carried out in simple
alcohols to circumvent the need for silver, thallium, or am-
monium salts, including ionic liquids. The chemistry is more
general, greener and less expensive than the methods re-
ported thus far. We believe that the excellent performance
of the catalytic system stems from the solvents being dipo-

= +
S P A
D P/Pd\l + Br--H--OR

R
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lar, and more importantly, hydrogen-bond donors. This
belief is further strengthened by the study of a benchmark
electron-rich olefin reacting with an arylbromide in 21 sol-
vents, which revealed that hydrogen-bond donating, protic
solvents accelerate a regioselective arylation. The higher the
E.N values, the faster this reaction becomes. Whereas the
detailed acceleration mechanism is yet to be scrutinised, we
may conclude that dipolar, hydrogen-bond donor solvents,
such as alcohols, promote the a arylation by facilitating bro-
mide dissociation from Ar—Pd"-Br and suppressing its re-
combination with the resulting cationic Ar—Pd" species by
hydrogen bonding. We note this proposition is not necessari-
ly in conflict with the mechanism suggested by Amatore,
Jutand and co-workers.'""! As pointed out by one of the ref-
erees, by quenching the halides by hydrogen bonding with
the solvent, the pathway leading to the § product is blocked,
thereby rendering the a product favourable.

More than three decades ago, Gutmann recommended
that reactive cations are best produced in solvents of high
acceptor numbers.’¥! These solvents are generally good hy-
drogen-bond donors, for example, water and short-chain al-
cohols. This recommendation still appears to be fitting for
the Heck reaction of electron-rich olefins.

Experimental Section

General: All reactions were carried out under a nitrogen atmosphere.
The olefins (1), aryl halides (2), Pd(OAc),, DPPP, triethylamine and all
solvents were purchased from Aldrich and were used as received. Chro-
matographic purifications were performed through a silica gel (mesh
230-400) plug for the ketals and ketones, and by the flash technique for
the enamides. '"H and *C NMR spectra were recorded on a Gemini 400
spectrometer at 400 ("H) and 100 MHz (**C); values are given in ppm
with reference to TMS as the internal standard in CDCl;. Mass spectra
were obtained by chemical ionisation (CI). The products were satisfacto-
rily characterised by 'H and "C NMR spectroscopies, MS and HRMS
and when possible, comparison of NMR spectra has been made with
available literature data, which includes our previous data.[™

Arylation procedures: A typical procedure is given for the arylation of
olefin 1a in ethylene glycol. An oven-dried, two-necked round-bottom
flask containing a stirrer bar was charged with an aryl halide (2;
1.0 mmol), Pd(OAc), (11 mg, 0.05 mmol), DPPP (41 mg, 0.1 mmol) and
solvent (2 mL) under nitrogen at room temperature. Following degassing
three times, olefin 1a (3.0 mmol) and NEt; (2.5 mmol) were sequentially
injected. The flask was placed in an oil bath, and the mixture was stirred
and heated at the desired temperature. After an appropriate reaction
time, the flask was removed from the oil bath and cooled to room tem-
perature. A small sample was then taken for analysis by NMR spectros-
copy. For products requiring acid hydrolysis, aqueous HCI (5%, 5 mL)
was added and following stirring for 0.5 h, CH,Cl, (2 mL) was added.
After separation of the CH,Cl, phase, the aqueous layer was extracted
with CH,Cl, (2x5mL), and the combined organic layer was washed with
water until neutrality, dried (Na,SO,), filtered and concentrated in vacuo.
Aryl methyl ketone 4 was isolated from crude product through a silica
gel filled Pasteur pipette using CH,Cl, as the eluent, which was then
evaporated. Aryl enamides were isolated from the crude product by flash
chromatography on silica gel using a mixture of ethyl acetate and hexane
(1:99 to 10:90) as the eluent.

The altered procedure was the same as above, except that the catalyst
loading was lowered and 1a was introduced 3-4 min after the mixture
containing all the other reagents had been heated at 145°C. The reaction
time was significantly shorter with the new procedure (Table 4). The sol-
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vent effect was studied by using the new procedure. The identity and
purity of the product was confirmed by 'H and *C NMR spectroscopies,
MS and HRMS.

1-(Naphthalen-2-yl)ethanone (4a): '"H NMR (400 MHz, CDCl;): 6 =8.40
(s, 1H), 8.00-7.98 (m, 1H), 7.91-7.89 (m, 1H), 7.84-7.81 (m, 2H), 7.57-
7.49 (m, 2H), 2.67 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6=198.5,
136.0, 134.8, 1329, 130.6, 130.0, 1289, 128.8, 1282, 127.2, 124.3,
27.1 ppm; CIMS: m/z (%): 188 (100) [M+NH,]*, 171 (90); HRMS: m/z
caled for C;,H;;O [M+H]*: 171.0810; found: 171.0811.

1-(Naphthalen-1-yl)ethanone (4b): 'HNMR (400 MHz, CDCL): 6=
8.76-8.74 (m, 1H), 7.90-7.87 (m, 1H), 7.83-7.77 (m, 2H), 7.56-7.52 (m,
1H), 7.47-7.43 (m, 1H), 7.40-7.36 (m, 1H), 2.65 ppm (s, 3H); *C NMR
(100 MHz, CDCly): 6=202.2, 136.0, 134.4, 133.4, 130.6, 129.0, 128.8,
128.4, 126.8, 126.2, 124.7, 30.3 ppm; CIMS: m/z (%): 188 (88) [M-+NH,]*,
171 (100); HRMS: m/z caled for C,H;;O [M+H]*: 171.0810; found:
171.0809.

1-(5-Methoxynaphthalen-2-yl)ethanone ~ (4¢c): 'HNMR (400 MHz,
CDCly): =824 (s, 1H), 7.89-7.88 (m, 1 H), 7.86-7.85 (m, 1 H), 7.62-7.60
(m, 1H), 7.09-7.01 (m, 2H), 3.81 (s, 3H), 2.56 ppm (s, 3H); “C NMR
(100 MHz, CDCly): 6=198.2, 160.2, 137.7, 133.1, 131.5, 130.4, 128.5,
1275, 125.1, 120.1, 106.2, 55.8, 26.9 ppm; CIMS: m/z (%): 201 (100)
[M+H]*; HRMS: m/z calcd for C;;H;;0, [M+H]* : 201.0916; found:
201.0916.

1,1'-(1,4-Phenylene)diethanone (4d): 'H NMR (400 MHz, CDCLy): 6=
7.94 (s, 4H), 2.55 ppm (s, 6H); *C NMR (100 MHz, CDCL): 6=197.7,
140.5, 128.8, 27.2 ppm; CIMS: miz (%): 180 (100) [M-+NH,]*; HRMS:
m/z caled for C,(H;,NO, [M+NH,]*: 180.1024; found: 180.1025.
Acetophenone (4e): 'H NMR (400 MHz, CDCl,): 6=7.97-7.94 (m, 2H),
7.58-7.53 (m, 1H), 7.48-7.43 (m, 2H), 2.60 ppm (s, 3H); “C NMR
(100 MHz, CDCl;): 6=198.4, 137.6, 133.4, 128.9, 128.7, 27.0 ppm; CIMS:
mlz (%): 121 (100) [M+H]* , 105 (86), 83 (30); HRMS: m/z caled for
CgHyO [M+H]": 121.0653; found: 121.0656.

1-(2-Fluorophenyl)ethanone (4 f): '"H NMR (400 MHz, CDCl,): 6 =7.83-
7.77 (m, 1H), 7.47-7.41 (m, 1H), 7.21-7.11 (m, 1H), 7.09-7.07 (m, 1H),
2.57 ppm (s, 3H); "*CNMR (100 MHz, CDCLy): §=196.2, 162.6 (d, J-
(CF)=255Hz), 135.0 (d, J(CF)=9.0Hz), 131.0 (d, J(C,F)=2.0 Hz),
126.1 (d, Jer=24 Hz), 124.7 (d, Joz=3.0 Hz), 117.0 (d, J(CF)=24 Hz),
31.7 ppm; CIMS: m/z (%): 156 (100) [M+NH,]*; HRMS: m/z calcd for
CgH,;FNO [M+NH,)*: 156.0825; found: 156.0828.
1-(3-Fluorophenyl)ethanone (4g): 'H NMR (400 MHz, CDCl,): 6 =7.75-
7.71 (m, 1H), 7.65-7.61 (m, 1H), 7.48-7.41 (m, 1H), 7.29-7.23 (m, 1H),
2.60 ppm (s, 3H); *C NMR (100 MHz, CDCly): 6=197.0, 163.25 (d, J-
(CF)=248 Hz), 139.6 (d, J(CF)=6.0Hz), 130.6 (d, J(C,F)=8.0Hz),
1245 (d, J(CF)=3.0Hz), 1204 (d, J(CF)=22Hz), 115.3, 26.9 ppm;
CIMS: m/z (%): 156 (100) [M+NH,]*; HRMS: m/z calcd for CgH,;FNO
[M+NH,]*: 156.0825; found: 156.0827.

1-(4-Fluorophenyl)ethanone (4h): '"H NMR (400 MHz, CDCl,): 6 =8.01-
7.96 (m, 2H), 7.16-7.10 (m, 2H), 2.59 ppm (s, 3H); *C NMR (100 MHz,
CDCly): 6=196.9, 166.1 (d, J(C,F)=250 Hz), 134.0 (d, J(CF)=3.0 Hz),
1313 (d, J(C,F)=9.0 Hz), 116.0 (d, J(C,F)=22 Hz), 26.8 ppm; CIMS:
mlz (%): 156 (100) [M+NH,]*; HRMS: m/z caled for CgH,;FNO
[M+NH,]*: 156.0825; found: 156.0829.

1-(3-Methoxyphenyl)ethanone (4i): 'HNMR (400 MHz, CDCl,): 6=
7.53-7.44 (m, 2H), 7.36-7.30 (m, 1H), 7.10-7.06 (m, 1H), 3.81 (s, 3H),
2.56 ppm (s, 3H); "CNMR (100 MHz, CDCl,): 6=198.2, 160.3, 139.4,
129.9, 121.5, 120.0, 112.8, 55.8, 27.0 ppm; CIMS: m/z (%): 168 (100)
[M+NH,]*, 151 (32) [M+H]*; HRMS: m/z caled for C,H,,0, [M+H]*:
151.0759; found: 151.0759.

1-(4-Methoxyphenyl)ethanone (4j): '"H NMR (400 MHz, CDCl,): 6=7.78
(d, /=89 Hz, 2H), 6.78 (d, /=89 Hz, 2H), 3.71 (s, 3H), 2.39 ppm (s,
3H); "CNMR (100 MHz, CDCL): 6=196.9, 163.8, 130.9, 130.8, 114.0,
55.7,26.5 ppm; CIMS: m/z (%): 168 (36) [M+NH,]*, 151 (100) [M+H]";
HRMS: m/z caled for C,H,,0, [M+H]": 151.0759; found: 151.0759.
1-m-Tolylethanone (4k): '"H NMR (400 MHz, CDCl;): 6=7.76-7.71 (m,
2H), 7.35-7.28 (m, 2H), 2.58 (s, 3H), 241 ppm (s, 3H); "CNMR
(100 MHz, CDCl,): 6=198.7, 138.7, 137.6, 134.2, 129.2, 128.9, 126.0, 27.0,
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21.7 ppm; CIMS: m/z (%): 152 (100) [M+NH,]*, 135 (32); HRMS: m/z
caled for CoH,;O [M+H]*: 135.0810; found: 135.0811.

1-p-Tolylethanone (41): 'HNMR (400 MHz, CDCly): 6=7.85 (d, J=
8.0Hz, 2H), 7.23 (d, J=8.0 Hz, 2H), 2.55 (s, 3H), 2.39 ppm (s, 3H);
BC NMR (100 MHz, CDClLy): 6=198.1, 144.2, 135.2, 129.6, 128.8, 26.8,
21.9 ppm; CIMS: m/z (%): 152 (100) [M+NH,]*, 135 (76); HRMS: m/z
caled for CoH,;O [M+H]*: 135.0810; found: 135.0809.

3-Acetylbenzonitrile (4m): 'HNMR (400 MHz, CDCl;): 6=8.26-8.18
(m, 2H), 7.88-7.84 (m, 1H), 7.68-7.62 (m, 1H), 2.64 ppm (s, 3H);
BCNMR (100 MHz, CDCly): 6=196.3, 138.1, 136.4, 132.7, 132.4, 130.1,
118.4, 113.4, 27.0 ppm; CIMS: m/z (%): 163 [M+NH,]*, (100); HRMS:
mlz caled for CoH;;N,O [M+NH,]*: 163.0871; found: 163.0867.
4-Acetylbenzonitrile (4n): '"HNMR (400 MHz, CDCl;): 6=8.06 (d, J=
6.6 Hz, 2H), 7.79 (d, J=6.6 Hz, 2H), 2.65ppm (s, 3H); “"CNMR
(100 MHz, CDCLy): 6=197.2, 142.0, 133.2, 129.2, 117.7, 115.6, 27.1 ppm;
CIMS: m/z (%): 163 [M+NH,]*, (100); HRMS: m/z caled for C;H;;N,O
[M+NH,]*: 163.0871; found: 163.0866.
N-Methyl-N-(1-(naphthalen-2-yl)vinyl)acetamide (3ga): '"H NMR
(400 MHz, CDCly): 6="7.82-7.68 (m, 4H), 7.48-7.38 (m, 3H), 5.72 (s,
1H), 5.22 (s, 1H), 3.07 (s, 3H), 1.96 ppm (s, 3H); *C NMR (100 MHz,
CDClLy): 6=171.4, 149.5, 134.0, 133.7, 133.1, 129.6, 1289, 128.0, 127.1,
126.0, 125.3, 123.9, 113.2, 36.1, 222 ppm; CIMS: m/z (%): 226 (100)
[M+H]*; HRMS: m/z caled for CsH (NO [M+H]*: 226.1232; found:
226.1227.

N-Methyl-N-(1-(naphthalen-1-yl)vinyl)acetamide (3gb): 'H NMR
(400 MHz, CDCl;): 6=8.18-8.14 (m, 1H), 7.82-7.64 (m, 2H), 7.50-7.28
(m, 4H), 539 (s, 1H), 5.14 (s, 1H), 3.01 (s, 3H), 2.12 ppm (s, 3H);
BCNMR (100 MHz, CDCly): 6=169.6, 148.2, 133.7, 133.2, 129.4, 129.1,
128.0, 127.1, 126.9, 125.6, 123.9, 124.0, 113.6, 35.3, 24.2 ppm; CIMS: m/z
(%): 226 (100) [M+H]*; HRMS: m/z caled for C;sH;(NO [M+H]*:
226.1232; found: 226.1233.

N-Methyl-N-(1-phenylvinyl)acetamide  (3ge): 'HNMR (400 MHz,
CDCly): 6=7.31-7.25 (m, 5H), 5.58 (s, 1H), 5.11 (s, 1H), 2.98 (s, 3H),
1.91 ppm (s, 3H); "CNMR (100 MHz, CDCL,): 6=171.0, 149.4, 135.9,
129.3, 125.9, 112.6, 53.9, 35.7, 22.0 ppm; CIMS: m/z (%): 176 (100)
[M+H]*; HRMS: m/z caled for C;H,NO [M+H]*: 176.1075; found:
176.1074.

1-(1-(Naphthalen-1-yl)vinyl)pyrrolidin-2-one (3hb): '"H NMR (400 MHz,
CDCLy): 6=791-7.88 (m, 1H), 7.83-7.79 (m, 2H), 7.48-7.38 (m, 4H),
5.80 (s, 1H), 5.11 (s, 1H), 3.18 (t, J=7.0 Hz, 2H), 2.48 (t, /=8.0 Hz, 2H),
1.85-1.81 ppm (m, 2H); “C NMR (100 MHz, CDCL): 6=174.5, 142.3,
135.9, 133.7, 131.7, 129.3, 128.8, 127.5, 127.1, 126.8, 125.7, 125.1, 108.5,
48.9, 32.8, 18.4 ppm; CIMS: m/z (%): 238 (100) [M+H]"; HRMS: m/z
caled for C¢H;(NO [M+H]*: 238.1232; found: 238.1231.
N-(1-(4-Fluorophenyl)vinyl)-N-methylacetamide (3gh): '"H NMR
(400 MHz, CDCl;): 6=7.41-7.37 (m, 2H), 7.10-7.05 (m, 2H), 5.62 (s,
1H), 5.21 (s, 1H), 3.08 (s, 3H), 2.02 ppm (s, 3H); *C NMR (100 MHz,
CDCLy): 6=171.2, 163.7 (d, J(C,F)=249 Hz), 148.6, 1279 (d, J(C,F)=
8.0 Hz), 124.0, 116.4 (d, J(C,F)=24 Hz), 112.4, 35.8, 22.1 ppm; CIMS:
mlz (%): 194 (100) [M+H]*; HRMS: m/z caled for C;;H;;FNO [M+H]*:
194.0981; found: 194.0976.

1-(1-(3-Fluorophenyl)vinyl)pyrrolidin-2-one (3hg): 'H NMR (400 MHz,
CDCly): 6=7.34-7.27 (m, 2H), 7.18-6.98 (m, 2H), 5.39 (s, 1H), 5.24 (s,
1H), 3.63-3.46 (m, 2H), 2.58-2.43 (m, 2H), 2.17-2.05 ppm (m, 2H);
C NMR (100 MHz, CDCly): 6=172.8, 163.2 (d, J(C,F) =245 Hz), 1432,
139.1 (d, J(CF)=8.0 Hz), 130.3 (d, J(C,F)=8.0 Hz), 128.7, 122.4, 115.6
(d, J(C,F)=21Hz), 109.4, 49.9, 32.2, 18.9 ppm; CIMS: m/z (%): 206
(100) [M+H]*; HRMS: m/z caled for C,H;;FNO [M+H]* : 206.0981;
found: 206.0985.

2-Methyl-2-(naphthalen-2-yl)-1,3-dioxolane (3ea): '"H NMR (400 MHz,
CDCl;): 6=7.86 (s, 1H), 7.74-7.69 (m, 3H), 7.49-7.46 (m, 1H), 7.36-7.33
(m, 2H), 3.97-3.92 (m, 2H), 3.70-3.65 (m, 2H), 1.64 ppm (s, 3H);
C NMR (100 MHz, CDCly): 6=139.7, 132.0, 129.2, 127.2, 127.0, 126.6,
125.1, 125.0, 122.9, 122.7, 107.9, 63.5, 26.6 ppm; CIMS: m/z (%): 215
(100) [M+H]*; HRMS: m/z caled for C,H;sO, [M+H]*: 215.1072;
found: 215.1077.
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2-Methyl-2-(naphthalen-1-yl)-1,3-dioxolane (3eb): 'H NMR (400 MHz,
CDCl,): 6=8.51 (d, /=9.0Hz, 1H), 7.72-7.64 (m, 3H), 7.40-7.27 (m,
3H), 3.97-3.93 (m, 2H), 3.68-3.65 (m, 2H), 1.78 ppm (s, 3H); *C NMR
(100 MHz, CDCly): 6=137.4, 133.5, 129.3, 128.0, 127.6, 125.3, 124.7,
124.3, 123.8, 122.6, 108.6, 61.2, 26.5 ppm; CIMS: m/z (%): 215 [M+H]*
(100); HRMS: m/z caled for C,H;sO, [M+H]*: 215.1072; found:
213.1078.

1-(4-(2-Methyl-1,3-dioxolan-2-yl)phenyl)ethanone (3ed): '"H NMR
(400 MHz, CDCl,): 0=7.83 (d, /J=8.0 Hz, 2H), 7.47 (d, J=8.0 Hz, 2H),
3.96-3.91 (m, 2H), 3.67-3.64 (m, 2H), 2.48 (s, 3H), 1.54 ppm (s, 3H);
BCNMR (100 MHz, CDCL3): 6=197.9, 148.9, 137.1, 128.7, 125.9, 108.8,
64.9, 27.7, 26.9 ppm; CIMS: m/z (%): 207 (100) [M+H]"; HRMS: m/z
caled for C,H;5s05 [M+H]*: 207.1021; found: 207.1023.
2-Methyl-2-phenyl-1,3-dioxolane (3ee): '"H NMR (400 MHz, CDCl;): 6=
7.38-7.35 (m, 2H), 7.20-7.11 (m, 3H), 3.90-3.85 (m, 2H), 3.63-3.58 (m,
2H), 1.53ppm (s, 3H); "CNMR (100 MHz, CDCly): §=143.9, 128.5,
128.2, 125.7, 109.2, 64.8, 28.0 ppm; CIMS: m/z (%): 165 [M+H]*, (100);
HRMS: m/z caled for C,,H,;0, [M+H]": 165.0916; found: 165.0919.
2-(2-Fluorophenyl)-2-methyl-1,3-dioxolane (3ef): 'H NMR (400 MHz,
CDCly): 6=7.43-7.40 (m, 1H), 7.20-7.14 (m, 1H), 7.01-6.96 (m, 2H),
4.00-3.96 (m, 2H), 3.76-3.72 (m, 2H), 1.67 ppm (s, 3H); “C NMR
(100 MHz, CDCl): 0=160.4 (d, J(CF)=248 Hz), 1289 (d, J(CF)=
9.0 Hz), 128.8 (d, J(C,F)=4.0 Hz), 126.2 (d, J(C,F)=3.0 Hz), 122.5 (d, J-
(CF)=4.0Hz), 115.4 (d, J(C)F)=22 Hz), 106.3 (d, J(C,F)=4.0 Hz), 63.7,
25.1 ppm; CIMS: m/z (%): 183 (100) [M+HT], 167 (43); HRMS: m/z
caled for C,H,FO, [M+H]*: 183.0821; found: 183.0825.
2-(3-Fluorophenyl)-2-methyl-1,3-dioxolane (3eg): 'HNMR (400 MHz,
CDCLy): 6=7.24-7.08 (m, 3H), 6.91-6.85 (m, 1H), 3.97-3.93 (m, 2H),
3.70-3.67 (m, 2H), 1.55 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6=
161.8 (d, J(C,F)=244 Hz), 145.3 (d, J(C,F)=6.0 Hz), 128.8 (d, J(CF)=
8.0 Hz), 119.9 (d, J(C,F)=3.0 Hz), 113.5 (d, J(C,F)=21 Hz), 111.5 (d, J-
(CF)=22Hz), 1073 (d, J(CF)=2.0Hz), 63.5 (d, J(C,JF)=9.0Hz),
26.5 ppm (d, Jog=17 Hz); CIMS: m/z (%): 183 (100) [M+H]™, 167 (53);
HRMS: m/z caled for C(H,FO, [M+H]*: 183.0821; found: 183.0825.
2-(4-Fluorophenyl)-2-methyl-1,3-dioxolane (3 eh): 'HNMR (400 MHz,
CDCly): 6=7.37-7.30 (m, 2H), 6.91-6.85 (m, 2H), 3.94-3.87 (m, 2H),
3.69-3.62 (m, 2H), 1.52 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6=
163.3 (d, J(C,F)=246 Hz), 140.1 (d, J(C,;F)=3.0 Hz), 128.0 (d, J(CF)=
9.0 Hz), 112.7 (d, J(C,F) =21 Hz), 109.4, 65.3, 28.5 ppm; CIMS: m/z (%):
183 (100) [M+H]*; HRMS: m/z caled for C(H,,FO, [M+H]*: 183.0821;
found: 183.0825.

4-(2-Methyl-1,3-dioxolan-2-yl)benzonitrile (3en): '"HNMR (400 MHz,
CDCly): 6=7.58-7.52 (m, 4H), 4.00-3.97 (m, 2H), 3.69-3.66 (m, 2H),
1.63 ppm (s, 3H); "CNMR (100 MHz, CDCLy): 6=147.7, 131.2, 125.2,
117.7, 110.8, 107.2, 64.1, 27.1 ppm; CIMS: m/z (%): 207 (100) [M+NH,]*
; HRMS: m/z caled for C;{H;,NO, [M+H]*: 190.0868; found: 190.0865.
2-(4-Perfluorohexylphenyl)-2-methyl-1,3-dioxolane ~ (3eo): 'HNMR
(400 MHz, CDCl;): 6=7.67-7.59 (m, 4H), 4.08-4.02 (m, 2H), 3.80-3.71
(m, 2H), 1.63 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6 =149.1, 133.1-
(t, J(CF)=24 Hz), 132.6, 126.5 (t, J(C,F)=7 Hz), 108.6, 65.0, 27.8 ppm.
The carbons in the perfluorocarbon chain were not observed.
2-Methyl-2-(naphthalen-2-yl)-1,3-dioxopane (3 fa): '"H NMR (400 MHz,
CDCl;): 6=8.01 (s, 1H), 7.88-7.81 (m, 3H), 7.67-7.65 (m, 1H), 7.49-7.46
(m, 2H), 3.86-3.81 (m, 2H), 3.68-3.63 (m, 2H), 1.74-1.58 (m, 4H),
1.51 ppm (s, 3H); "CNMR (100 MHz, CDCLy): 6=142.5, 133.5, 133.2,
128.8, 128.4, 128.2, 127.9, 126.3, 125.2, 124.7, 103.1, 63.6, 29.9, 27.8 ppm;
CIMS: m/z (%): 243 (100) [M+H]*, 188 (85); HRMS: m/z caled for
C,H,9O, [M+H]": 243.1385; found 243.1384.

1-(Thiophen-2-yl)ethanone (4p): '"H NMR (400 MHz, CDCl;): 6="7.71-
7.70 (m, 1H), 7.65-7.63 (m, 1H), 7.14-7.12 (m, 1H), 2.57 ppm (s, 3H);
BCNMR (100 MHz, CDCly): 6=191.8, 145.0, 134.2, 132.9, 1285,
27.3 ppm; CIMS: m/z (%): 144 (100) [M+NH,]*, 124 (39); HRMS: m/z
caled for C;H,SO [M+H]*: 127.0218; found: 127.0221.
1,1'-(Naphthalene-1,4-diyl)diethanone (4q): 'H NMR (400 MHz, CDCl;):
0=8.53-8.50 (m, 2H), 7.81 (s, 2H), 7.63-7.61 (m, 2H), 2.74 ppm (s, 6H);
BCNMR (100 MHz, CDClLy): 6=202.5, 140.1, 130.1, 128.5, 126.4, 126.0,
30.9 ppm; CIMS: m/z (%): 230 (100) [M+NH,]*.
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1,1’-(Thiophene-2,5-diyl)diethanone (4r): 'H NMR (400 MHz, CDCL):
0=7.60 (s, 2H), 2.51 ppm (s, 6H); B*CNMR (100 MHz, CDCl,): 6=
191.2, 150.1, 132.2, 27.3 ppm; CIMS: m/z (%): 186 (100) [M+NH,]*.
1-(Naphthalen-2-yl)propan-1-one (4ia): 'H NMR (400 MHz, CDCL;): 0 =
8.40 (s, 1H), 7.98-8.00 (m, 1H), 7.89-7.87 (m, 3H), 7.54-7.42 (m, 2H),
3.02 (q, J=72Hz, 2H), 124ppm (t, J=72Hz, 3H); “CNMR
(100 MHz, CDCly): 6=201.2, 136.0, 134.7, 133.9, 133.0, 130.0, 12838,
128.3, 127.2, 126.3, 124.4, 32.3, 89 ppm; CIMS: m/z (%): 202 (70)
[M+NH,]*, 185 [M+H]*, (100); HRMS: m/z caled for C;;H,;0 [M+H]*:
185.0966; found: 185.0971.

Propiophenone (4ie): 'HNMR (400 MHz, CDCly): 6=7.98-7.95 (m,
2H), 7.57-7.53 (m, 1H), 7.49-7.43 (m, 2H), 3.01 (q, /J=7.2 Hz, 2H),
123 ppm (t, J=7.2Hz, 3H); "CNMR (100 MHz, CDCL): 6=201.2,
137.3, 133.3, 129.0, 128.4, 32.2, 8.7 ppm; CIMS: m/z (%): 152 (100)
[M+NH,]*, 135 (68) [M+H]*; HRMS: m/z caled for C;H,O [M+H]*:
135.0810; found: 135.0806.

1-(4-Fluorophenyl)propan-1-one (4ih): 'H NMR (400 MHz, CDCl;): 0=
7.90-7.92 (m, 2H), 7.06-7.02 (m, 2H), 2.90 (q, J=7.2 Hz, 2H), 1.15 ppm
(t, J=7.2 Hz, 3H); "*CNMR (100 MHz, CDCL): 6=199.6, 166.0 (d, J-
(CF)=254 Hz), 133.7 (d, J(CF)=3.0Hz), 131.0 (d, J(C,F)=9.0 Hz),
116.0 (d, J(CF)=22Hz), 32.1, 8.6 ppm; CIMS: m/z (%): 153 (67)
[M+H]*, 123 (100); HRMS: m/z caled for C;H(FO [M+H]*: 153.0716;
found: 153.0716.
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